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       To my family and Mikael !

“Involuntary tremulous motion, with lessened

  muscular power, in parts not in action and even

  when supported; with propensity to bend the trunk

  forward, and to pass from a walking to a running

  pace, the senses and intellects being uninjured.”

 Words from James Parkinson in 1817.





ABSTRACT

Mesencephalic dopamine (mesDA) neurons degenerate in patients with Parkinson’s

disease. In order to develop new treatment strategies for rescuing or replacing

degenerating mesDA neurons, an improved understanding of the development and

survival of these neurons in the normal brain is required.

In paper I we identify two key players, Lmx1a and Msx1, implicated in the

specification of mesDA neurons. Lmx1a and Msx1 are important for ensuring the

correct mesDA neuron differentiation cascade by suppressing alternative cell fates,

promoting neurogenesis and inducing the generation of mesDA neurons.

In papers I and II we provide evidence that over-expression of Lmx1a both in

mouse and human embryonic stem cells leads to an efficient generation of authentic

mesDA neurons. These in vitro engineered mesDA neurons might, in the future, be

used as a cell source in cell replacement therapy for patients with Parkinson’s disease.

However, to ensure a safe treatment, the use of embryonic stem cells depends on

avoiding adverse effects such as uncontrolled cell growth.

In papers II and III we show that an enrichment for embryonic stem cell-

derived progenitor cells or mature neurons, prior to grafting, removes unwanted

dividing cells. Moreover, a higher number of mesDA neurons are present in the grafts

after transplantation of sorted neurons, compared to progenitor cells.

In paper IV, we show that ligands for the retinoic X receptor are present in the

mesDA neuron domain in vivo, and that they mediate neuronal survival in primary

mesDA neurons expressing both Nurr1 and the retinoic X receptor. These factors

might be of interest as a potential treatment strategy to enhance survival of

endogenous or transplanted mesDA neurons for patients with Parkinson’s disease.

The work presented in this thesis has increased the knowledge concerning the

development of mesDA neurons and has helped to establish a protocol enabling the

production of highly purified mesDA neurons. This knowledge can facilitate the

establishment of new therapies for patients with Parkinson’s disease, be a useful tool

in drug screenings and help to identify additional factors important for the

development, survival and maintenance of the mesDA system.
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FoxA Forkhead/winged helix transcription factor
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Gbx Gastrulation brain homeobox

GDNF Glial cell line-derived neurotrophic factor

h human
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ICM Inner cell mass

iPS cells Induced pluripotent stem cells

KI Knock-in
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MACS Magnetic-activated cell sorting
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MPP+ 1-methyl-4-phenylpyridinium
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NR Nuclear receptor
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PET Position emission tomography

Pitx3 Pituitary homeobox factor 3

PSA Polysialic acid
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INTRODUCTION

Parkinson’s disease (PD) is the second most common neurodegenerative disorder after

Alzheimer’s disease. It is mostly a disease of the elderly and affects around 1% of the

population above the age of 65. Typical symptoms for patients with PD are resting

tremor, muscle stiffness, loss of motor function or slowed ability to start and continue

movements. The major neuropathological feature is a progressive degeneration of

dopamine (DA) neurons located in the substantia nigra pars compacta (SN) of the

ventral (v) midbrain (MB). Although James Parkinson described the disease almost 200

years ago, little is known about the etiology and no cure is available. However, there

are indications that mutations of certain genes and the exposure to certain toxins can

lead to PD. Current PD therapies are focused on symptomatic treatment by

pharmacological DA replacement in addition to surgical options, such as deep brain

stimulation. The most widely used therapy is levodopa (L-dopa). Although initially

successful, patients experience reduced efficiency and unwanted side effects of this

drug therapy already after a few years. It is therefore important to develop new

strategies whereby the normal release and uptake of DA can be restored. Cell

replacement therapy aims to restore lost functions by substituting degenerating cells

with new functional cells. PD is an ideal disease for cell replacement therapy, since it is

a slowly progressing disease and characterized by the preferential loss of one type of

neurons. Also, open-label clinical trials have provided proof-of-principle that DA

neurons isolated from human fetuses can survive after grafting to the diseased brain and

provide long-lasting symptomatic relief for patients with PD. However, the use of

tissue from human fetuses comes with ethical and practical problems. Further

development of cell replacement therapy will, therefore, critically depend on finding

alternative tissue sources so that unlimited numbers of DA neurons can be obtained.

In this thesis, I will describe how DA neurons located in the vMB are

generated, establish connections with their target cells and survive, and how this

knowledge can help us produce DA neurons from embryonic stem (ES) cells, which in

the long term could be used in cell replacement therapy for patients with PD.

1
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1. The dopamine system

The adult human nervous system consists of two cell types: neurons and glia, and can

be divided into two parts: the central nervous system (CNS), consisting of the brain and

the spinal cord, and the peripheral nervous system. Of the 100 billion neurons in the

brain only a fraction, one million, signal through the neurotransmitter DA (Björklund

and Lindvall, 1984). A majority of the DA cells are located in the vMB.

1.1 The neurotransmitter dopamine

In the late 1950´s, Arvid Carlsson identified DA as a neurotransmitter (Carlsson et al.,

1958) and in the year 2000 he received the Nobel Prize for this discovery. DA is a

catecholamine and a precursor of noradrenaline and adrenaline, two other

catecholamines which function as neurotransmitters. DA is biosynthesized in the body

(mainly by nervous tissue and the medulla of the adrenal glands) from the blood-borne

primary amino acid L-tyrosine via a two-step reaction, reviewed by (Elsworth and

Roth, 1997). First, tyrosine is converted into L-dopa by neurons that express the rate-

limiting enzyme tyrosine hydroxylase (TH). Second, L-dopa is decarboxylated by

aromatic amino acid decarboxylase (AADC) to produce DA. In neurons, DA is

packaged into vesicles, by the vesicular monoamine transporter (VMAT) 2, which are

then released into the synaptic cleft in response to a presynaptic action potential. DA is

inactivated by reuptake via the dopamine transporter (DAT) and is degraded into the

inactive metabolites 3,4-dihydroxyphenylacetic acid, 3-methoxytyramine and

homovanillic acid by catechol-o-methyl transferase (COMT) and monoamine oxidase

(MAO). The DA that is not broken down by enzymes is repackaged into vesicles for

reuse.

      

Figure 1. The schematic picture of a

nerve terminal illustrates the synthesis,

package, release and re-uptake of DA.
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1.2 Location and function of dopamine cells in the brain

The first detailed description of the distribution of catecholamine neurons in the rat

brain was published in the beginning of 1960’s (Carlsson et al., 1962; Dahlström and

Fuxe, 1964; Falck et al., 1962). Twelve groups of catecholaminergic cells (A1–A12)

were identified by using the formaldehyde histofluorescence method. Four additional

cell groups, A13–A16, were added later (Björklund and Dunnett, 2007; Björklund and

Lindvall, 1984; Dahlström and Fuxe, 1964). DA neurons are found in nine out of these

sixteen cell groups and are located in the mesencephalon (groups A8-A10), the

diencephalon (groups A11-A15) and in the olfactory bulb (group A16).

Figure 2. Distribution of DAergic cell groups in the rodent brain. The DA neurons in the brain are
localized in nine (from A8-A16) distinctive cell groups, distributed from the mesencephalon to the
olfactory bulb, as illustrated schematically in a sagital view, in (A) the developing and (B) the adult rat
brain. In (B) the principal projections of the DA cell groups are illustrated by arrows. The dorsal-ventral
(DV), anterior-posterior (AP) and rostral-caudal (RC) axes are also seen. Abbreviations: LGE1: Lateral
ganglionic eminence. This picture is adapted with kind permission from A. Björklund (Björklund and
Dunnett, 2007).

Most of the DA neurons (75%) are located in the vMB and can be divided into three

groups named: Retrorubal field (RRF; group A8), SN (group A9) and ventral tegmental

area (VTA; group A10) (Björklund and Lindvall, 1984; Dahlström and Fuxe, 1964).

Neurons of the VTA and RRF project to the ventral parts of the striatum (nucleus

accumbens and olfactory tubercle), amygdala and cortex, and are part of the

mesolimbic and mesocortical systems, which are involved in the modulation of

cognitive and emotional/rewarding behaviors, reviewed by (Smidt and Burbach, 2007).

Over-stimulation of VTA DA neurons has been associated with schizophrenia and drug

addiction. DA neurons of the SN innervate mainly the dorsal-lateral striatum (caudate

and putamen), forming the nigrostriatal pathway (Ungerstedt, 1971a). They are

                                                  
1 LGE: Cells of the LGE give rise to striatal projection neurons as well as interneurons.
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integrated in a complex network including cortical areas that control voluntary

movements and, as previously mentioned, degenerate in patients with PD, reviewed by

(Lang and Lozano, 1998a, b). An increased understanding of the biological

mechanisms underlying the generation of mesencephalic (mes) DA neurons during

development of the normal brain is essential, in order to enable restoration of lost

mesDA neurons in PD patients using ES cells. Therefore, in the next chapter I will give

a description how the CNS, MB and mesDA neurons are formed.

2. Development of the central nervous system

2.1 From fertilization to the formation of the central nervous system

About one day after fertilization, the embryo starts to divide (Gilbert, 2003). After a

few divisions, a blastocyst with two separated layers; the inner cell mass (ICM) and the

trophoblast is formed (Dyce et al., 1987; Fleming, 1987). The ICM is comprised of

pluripotent cells that are utilized to generate ES cell lines. These pluripotent cells

contribute to form the embryo and are capable of generating all the cell types of an

organism (Evans and Kaufman, 1981; Martin, 1981). In chapter 4, I will give a more

detailed description on ES cells and how they can be manipulated in vitro to generate

mesDA neurons. During a process called gastrulation, the cells of the blastocyst

rearrange into three germ layers: endoderm, mesoderm and ectoderm, that later form

different parts of the body (Gilbert, 2003). The CNS is derived from the neural tube and

originates from a portion of ectodermal cells. During gastrulation, the developing

ectoderm is positioned along the midline of the anterior-posterior2 (AP) axis, forming a

morphologically distinct structure: the neural plate. Shortly after gastrulation, the

vertebrate neural plate becomes subdivided into four distinct territories along the AP

axis: the presumptive forebrain (FB) (telencephalon and diencephalon), MB

(mesencephalon), hindbrain (HB) (metencephalon and myelencephalon) and spinal

cord, and slightly later along its dorsoventral3 (DV) axis (Lumsden and Krumlauf,

1996; Rubenstein and Beachy, 1998; Rubenstein et al., 1998; Simon et al., 1995).

During neurulation, the cells of the neural plate elongate, thicken, roll up and

eventually close to form the neural tube (Gilbert, 2003). Because the spinal cord has a

relatively simple anatomy, it has been selected as a model for the rest of the neural

                                                  
2 Anterior-posterior (AP): From head end to opposite end of body or tail.
3 Dorsal-Ventral (DV): From spinal column (back) to belly (front).
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tube. Therefore, I will next give a description of how the neural tube is patterned along

its DV axis based on studies in the spinal cord. In figure 2, the different axes (AP, DV

and rostral-caudal4 (RC) axes) are seen.

2.2 Dorsal-ventral patterning of the neural tube

DV patterning appears to be specified already by the point of sperm entry (Gilbert,

2003). One cell of the first two blastomeres seems predisposed to become ICM, while

the other seems predisposed to form the cells of the trophoblast. As development

proceeds, specialized cellular groups, acting as organizing centers, maintain polarity. In

the neural tube, cells of the floor plate and the roof plate are critical signaling centers

occupying the ventral and the dorsal midline, respectively, along the entire AP axis of

the developing CNS. These organizing centers, together with the notochord5, secrete

diffusible molecules, which determine cell fate in adjacent tissues. In the ventral part of

the neural tube, the notochord secretes the soluble factor Sonic hedgehog (Shh), and

induces the most medial cells of the neural tube to become the floor plate cells and to

subsequently also secrete Shh (Dessaud et al., 2008; Marti et al., 1995; Placzek and

Briscoe, 2005; Roelink et al., 1995). The diffusion of Shh from the ventral to the dorsal

side establishes a gradient within the neural tube.

On the dorsal side, epidermis6 establishes a second signaling center (the roof

plate cells) in the most dorsal part of the neural tube (Gilbert, 2003). The cells of the

roof plate produce proteins of the bone morphogenetic protein (BMP)- and Wingless-

related MMTV integration site (Wnt) families, reviewed by (Chizhikov and Millen,

2005). BMPs, and to a lesser extent Wnts, are considered to be the major components

of roof plate signaling and act as graded morphogens for interneuron specification and

differentiation in the developing dorsal spinal cord. Additionally, retinoic acid (RA)

signaling has been proposed to influence DV patterning in the spinal cord (Dessaud et

al., 2008; Pierani et al., 1999; Sockanathan and Jessell, 1998; Wilson et al., 2004).

Shh-, RA-, BMP- and Wnt signaling pathways interact to instruct the synthesis

of different homeo-domain (HD) containing- and basic helix-loop-helix (bHLH)

transcription factors along the DV axis, so that specific neuronal subtypes are generated

at defined positions of the neural tube, reviewed in (Chizhikov and Millen, 2005;

                                                  
4 Rostral-caudal (RC): From head end to opposite end of body or tail. A synonym is anterior-posterior.
5 Notochord: A rod-like population of mesodermal cells that is found on the ventral surface of the neural

tube.
6 Epidermis: A structure derived from ectoderm that is located on the dorsal side of the neural tube.
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Dessaud et al., 2008; Jessell, 2000).

2.3 Anterior-posterior patterning of the neural tube

As mentioned in section 2.1, the neuroectoderm is divided into distinct compartments

along its AP axis (FB, MB, HB and the spinal cord) even before the neural plate has

become a neural tube (Gilbert, 2003). After the first division, a subsequent refined

patterning occurs, and by embryonic day (E) 9.5 the main regions of the mouse CNS

can be clearly distinguished morphologically. Next, I will give a description of the

refined AP patterning that occurs in the MB.

2.3.1. Specification of the midbrain neuronal field

Early in development (starting at E7.5), the MB territory is established caudally to the

FB and rostrally to the HB (see figure 2), reviewed by (Wurst and Bally-Cuif, 2001).

The initial development of the MB is regulated by the isthmus7 located in the boundary

between the future MB and HB (mid-hindbrain boundary (MHB)). Its position is

established by the mutual repression of two HD-containing transcription factors; the

orthodenticle homologue, Otx2, in the MB and gastrulation brain homeobox (Gbx) 2 in

the HB (Acampora et al., 1997; Broccoli et al., 1999; Wassarman et al., 1997). It is

believed that factors, such as fibroblast growth factors (FGFs), Wnt and RA, define the

Otx2/Gbx2 boundary at early developmental stages, reviewed in (Hidalgo-Sanchez et

al., 2005). The roles of Otx2 and Gbx2 in the regionalization of the MB and HB have

been examined by a series of loss- and gain-of-function experiments (Acampora et al.,

1995; Ang et al., 1996; Broccoli et al., 1999; Katahira et al., 2000; Matsuo et al., 1995;

Millett et al., 1999; Rhinn et al., 1999; Wassarman et al., 1997). Multiple signaling and

regulatory molecules function as effectors downstream of Otx2 and Gbx2, including

the HD-containing transcription factors Engrailed (En) 1/2, LIM-homeobox factor

(Lmx) 1b, Pax 2/5/8 and the signaling molecules FGF8 and Wnt1. All these factors are

important for maintaining the isthmic region (Adams et al., 2000; Chi et al., 2003;

Hynes and Rosenthal, 1999; Wurst and Bally-Cuif, 2001), but only FGF8 can by itself

induce an ectopic isthmus-like organizing center (Crossley et al., 1996; Martinez et al.,

1999). Wnt1 is important for the proper induction of the isthmus and most of the MB

and the rostal HB fail to be established in the absence of Wnt1 (McMahon and Bradley,

1990; McMahon et al., 1992).

                                                  
7 Isthmus: a neuroepithelial signaling center located in the boundary between the future MB and HB.
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2.4 Development of dopamine neurons in the ventral midbrain

In mice, mesDA progenitor cells start to be induced in the midline of the vMB close to

the ventricular surface at around E9.0 by the combined action of Shh and FGF8,

reviewed by (Hynes and Rosenthal, 1999). In addition, Wnt1 and transforming growth

factor (TGF) # have been implicated in the generation of mesDA neurons (Farkas et al.,

2003; Joksimovic et al., 2009; Prakash et al., 2006; Roussa et al., 2006). Unlike other

parts of the neural tube, it has been suggested that the floor plate in the MB undergoes a

conversion from a glial zone to a neural proliferative zone, which mesDA progenitors

arise from (Bonilla et al., 2008; Kittappa et al., 2007; Ono et al., 2007). In rodents,

mesDA neurons develop in a few days and in humans, over a period of 6-7 weeks

(Almqvist et al., 1996; Altman and Bayer, 1981; Bayer et al., 1995; Di Porzio et al.,

1990; Foster et al., 1988; Freeman et al., 1991; Marti et al., 2002; Silani et al., 1994;

Specht et al., 1981; Verney et al., 1991). TH starts to be expressed around E11 in the

vMB of mice embryos (Kawano et al., 1995). In humans, TH expression has been

found as early as after 4.5 weeks (Almqvist et al., 1996), although most reports indicate

that TH starts to be expressed one or two weeks later (Freeman et al., 1991; Silani et al.,

1994; Verney et al., 1991).

2.4.1 Extrinsic cues important for the generation of dopamine neurons

MesDA progenitor cells are induced along the DV axis by high levels of Shh, produced

by the notochord and floor plate cells, and along the AP axis by FGF8, secreted from

the isthmus (Crossley et al., 1996; Ho and Scott, 2002; Hynes et al., 1995a; Hynes et

al., 1995b; Lee et al., 1997; Rhinn and Brand, 2001; Wang et al., 1995; Ye et al., 1998).

Shh and FGF8 have been shown to be both necessary and sufficient for the generation

of ectopic mesDA neurons in rat embryo explant cultures, and the intersection of Shh

and FGF8 induces DA cells rostral to the isthmus (Ye et al., 1998).

Figure 3. The schematic picture depicts the brain of
a mouse embryo. MesDA neurons are generated in
the vMB by the combined action of Shh and FGF8
(compliments of Ulrika Marklund).

7
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A crucial role for Wnt1 in the development of mesDA neurons has also been

demonstrated. For example, the number of mesDA neurons was severely reduced in the

Wnt1-/- mutant embryos, and Shh and FGF8 were unable to induce ectopic mesDA

cells in the FB of these embryos (Prakash et al., 2006).                                   

Recent studies have suggested that TGF-# signaling is essential for the proper

generation of mesDA neurons (Farkas et al., 2003; Roussa et al., 2006). TGF-# is

expressed in the area from which mesDA neurons develop, and neutralization of TGF-

#, before the generation of mesDA neurons, resulted in a significant reduction in the

number of mesDA cells in chicken experiments (Farkas et al., 2003). Moreover, in

TGF-# double knock-out mice (TGF-#2-/-; TGF-#3-/-), the number of generated TH+

cells was decreased (Roussa et al., 2006).

In addition to these early functions of Wnt1 and TGFs, roles of these factors in

the terminal differentiation and maintenance of mesDA neurons in chicken and mice

have also been demonstrated (Blum, 1998; Farkas et al., 2003; Krieglstein et al., 1998;

Peterziel et al., 2002; Prakash et al., 2006; Roussa et al., 2004).

2.4.2 Early differentiation of dopamine progenitor cells

For a long time, the only known marker specifically expressed in proliferating DA

cells, was an aldehyde dehydrogenase, Aldh1a1 (also called AHD2 or Raldh1).

Aldh1a1 is involved in the production of RA (Lindahl and Evces, 1984), which, via

binding to the RA receptor and retinoid X receptor (RXR) has crucial roles in neuronal

patterning, differentiation, axonal outgrowth and survival, reviewed by (Maden, 2007).

Aldh1a1 starts to be expressed at E9.5 in proliferating Shh+ vMB cells, and becomes

progressively more restricted from E13.5 (Wallén and Perlmann, 2003; Wallén et al.,

1999). In adult brains, Aldh1a1 is mainly confined to DA cells of the SN (Chung et al.,

2005b; Jacobs et al., 2007; McCaffery and Dräger, 1994). In agreement with the

expression pattern of Aldh1a1, RA is synthesized in the mesDA area from early

development to adult stages (McCaffery and Dräger, 1994; Niederreither et al., 2002),

suggesting that it has important functions during the generation of mesDA neurons.

In vitro, RA can promote maturation of a DAergic cell line (Castro et al., 2001),

but appears unable to induce TH expression in the same cell line (Jacobs et al., 2007).

Recently, a role for RA in the development of mesDA neurons in vivo was observed

(Jacobs et al., 2007). Jacobs and co-workers showed that Aldh1a1 is under the

transcriptional control of the pituitary homeobox factor (Pitx) 3 (described in more

8
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detail in the next section), and that Aldh1a1 expression is highly reduced in Pitx3-/-

mice. Furthermore, the mesDA depletion seen in Pitx3-/- mice could be compensated

for by maternal dietary RA administration between E10.75 and E13.75. Once the

correct neuronal identity is established, mesDA neurons appear to be maintained

without further RA treatment. A crosstalk between Aldh1a1 and Pitx3 has also been

suggested in ES cell-derived DA neurons, since Pitx3 can bind to the Aldh1a1

promoter (Chung et al., 2005b). Furthermore, transgenic expression of Pitx3 in ES cells

can lead to an increased amount of TH+ neurons co-expressing Aldh1a1 after

differentiation. Interestingly, downregulation of Aldh1a1 and other components of the

RA-synthesis pathway have been correlated to PD (Buervenich et al., 2005; Buervenich

et al., 2000; Galter et al., 2003; Grunblatt et al., 2004).

Otx2 has also been suggested to play a role in the development of mesDA

neurons (Omodei et al., 2008; Prakash et al., 2006; Puelles et al., 2003; Puelles et al.,

2004; Vernay et al., 2005), in addition to its early functions in the specification of the

MB neuronal field, described in section 2.3.1. It has been indicated that Otx2, together

with Otx1, is required to control the positioning of Shh and FGF8 expression, and that

failure of this control generates a profound alteration in the identity code of progenitor

domains in the vMB (Puelles et al., 2003). Otx2 has also been shown to be required in

the vMB to suppress the HD-containing transcription factor Nkx2.2, to prevent the

generation of serotonergic (5-HT) neurons in the mesDA cell domain (Prakash et al.,

2006; Puelles et al., 2004). Furthermore, it has been suggested that Otx2 and Wnt1 may

be engaged in a positive-feedback loop required for proper development of mesDA

neurons (Prakash et al., 2006). Recently, Omodei and colleagues provided evidence

that Otx2 exerts a crucial influence over mesDA neurogenesis by regulating the

proliferative activity and differentiation of mesDA progenitors (Omodei et al., 2008).

2.4.3 Maturation and postmitotic differentiation of dopamine neurons

After the initial round of induction and specification described in previous sections,

mesDA progenitor cells gradually become postmitotic. As mesDA precursor cells exit

the cell cycle (between E10.0-E13.5 in mice), they migrate away from the ventricular

surface (Bayer et al., 1995; Foster et al., 1988; Kawano et al., 1995). Early phenotypic

markers of mesDA neurons, such as the orphan nuclear receptor (NR) Nurr1, TH and

AADC, are induced at this time, reviewed in (Smits et al., 2006). Subsequent

maturation of mesDA neurons (E12.0-E15.0 in mice) is characterized by the expression

of synaptic markers and DAT. DAT expression is specific to the DA populations,
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unlike TH and AADC, which also are expressed in other catecholaminergic cell types

(Dahlström and Fuxe, 1964). Gene expression and mouse mutant studies have

implicated several transcription factors in the maturation and postmitotic differentiation

of mesDA neurons, including Nurr1, Pitx3, En1/2, Lmx1b, FoxA1/2 and Ngn2

(Andersson et al., 2006; Ferri et al., 2007; Hwang et al., 2003; Kele et al., 2006;

Maxwell et al., 2005; Nunes et al., 2003; Saucedo-Cardenas et al., 1998; Simon et al.,

2001; Smidt et al., 2000; Smidt et al., 2004; Smidt et al., 1997; van den Munckhof et

al., 2003; Zetterström et al., 1997).

Expression of Nurr1/Nr4a2 is important for maturation of mesDA neurons.

Nurr1 is induced in the subventricular cell population at approximately E10.5 as

DAergic proliferating progenitor cells begin to acquire a mature DA neuron phenotype

(Saucedo-Cardenas et al., 1998; Wallén et al., 1999; Zetterström et al., 1997). At this

time point, expression is restricted to the MB, but subsequently extends to other CNS

regions including the cortex and hippocampus (Zetterström et al., 1996a; Zetterström et

al., 1996b). Nurr1-/- mice fail to express mesDA phenotypic markers, including TH,

VMAT and DAT (Smits et al., 2003; Wallén et al., 2001; Wallén et al., 1999).

However, other markers of mesDA neurons, such as Pitx3, Lmx1b and En1 remain

unaltered at early stages (Castillo et al., 1998; Saucedo-Cardenas et al., 1998;

Zetterström et al., 1997). At E15.5, these markers are also reduced or absent from the

mesDA population (Smits et al., 2003; Wallén et al., 1999). Nurr1-/- mice seem to

display deficits in mesDA migration and target innervation (Wallén et al., 1999), as

determined by retrograde fluorogold labeling. Moreover, mutations in the Nurr1 gene

have been implicated in a rare familial form of late-onset PD (Le et al., 2003), although

other studies have failed to verify this finding, reviewed in (Biskup et al., 2008).

Polymorphisms in the Nurr1 gene have been associated with sporadic PD in some

populations (Xu et al., 2002; Zheng et al., 2003), but not in others (Hering et al., 2004;

Tan et al., 2003). Analysis of conditional knock-out mice could give a better

understanding of what functions Nurr1 has during late embryonic stages and in the

adult brain.

Pitx3 is expressed in mesDA neurons from E11.5 (Smidt et al., 1997) and is

involved in the terminal differentiation, early maintenance and survival of mesDA

neurons (Hwang et al., 2003; Maxwell et al., 2005; Nunes et al., 2003; Smidt et al.,

2004; van den Munckhof et al., 2003). Pitx3-/- mice display initially normal expression

of TH, but by E12.5 a reduction of TH+ cells in the vMB is observed (Maxwell et al.,

2005). At E14.5, it is evident that the loss of DA neurons is more severe in the forming
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SN than in the VTA. By analysis of aphakia mice, which harbor a natural deletion in

Pitx3, other developmental defects have also been observed, including altered mesDA

migration (Hwang et al., 2003; Nunes et al., 2003; Smidt et al., 2004; van den

Munckhof et al., 2003). Since there is an increased vulnerability of SN DA neurons to

toxic insults, compared to VTA DA neurons, it has been suggested that these neurons

are heterogeneous and derived from different pools of DA progenitor cells (Betarbet et

al., 2000; Chung et al., 2005a; Damier et al., 1999; Dauer and Przedborski, 2003;

Greene et al., 2005; Grimm et al., 2004; McNaught et al., 2004). Results from Pitx3

mutant mice i.e. Pitx3-/- mice (Maxwell et al., 2005) and the aphakia mice (Hwang et

al., 2003; Nunes et al., 2003; Smidt et al., 2004; van den Munckhof et al., 2003),

together with results from TGF-$-/- mice, which present a 50% decrease in the number

of SN DA neurons without any effect on the VTA population (Blum, 1998), indicate

that distinct developmental programs for SN and VTA mesDA neurons exist.

Interestingly, mutations in the human Pitx3 gene have been linked to PD (Bidinost et

al., 2006; Fuchs et al., 2007). A recent publication described a family with two

members homozygous for a deletion mutation in the Pitx3 gene (Bidinost et al., 2006).

The affected family members had neurological abnormalities, including choreic

movements of the head and the trunk.

En1/2 are initially expressed in the early (E8.0-8.5 in mice) MB and are

required for maintaining the isthmic region, as described in section 2.3.1. Subsequently,

these factors are expressed specifically in postmitotic mesDA neurons (from

approximately E11.0) (Simon et al., 2001). En1 is widely expressed in mesDA neurons,

whereas En2 has a more restricted expression pattern in the adult vMB. Single mutants

for En1 and En2 do not produce a reduction in the number of mesDA neurons.

However, in En1/2 double mutants, mesDA neurons are reduced in numbers, but

mature in a phenotypically correct way. At E14.0 there is a complete loss of all TH+

neurons in the vMB. This suggests two different roles for the En genes: one in the

generation and one in the maintenance of mesDA neurons. Also, in vitro studies

confirms this suggestion, since En1/2 proteins are cell-autonomously required for DA

cell survival through their regulation of apoptosis (Alberi et al., 2004). Moreover, a clue

about the late role of the En genes has been demonstrated in vivo, since En1+/-/En2-/-

mutant mice reveal a degeneration of SN DA neurons in postnatal brains, without any

morphological alterations in the MB-HB structures (Sgado et al., 2006).

Lmx1b is expressed in the MB already from E7.5, with a prolonged expression

in DA neurons (Smidt et al., 2000). Lmx1b-/- mice express Nurr1 and TH normally at
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early time points, but fail to express Pitx3, demonstrating that Lmx1b is required for the

induction of Pitx3 in mesDA neurons. At E16.0, the mesDA population appears to be

lost, suggesting that Lmx1b is required to sustain the DA cell fate. However, the null

mutants of Lmx1b result in structural malformation of the MB-HB structures. Whether

the phenotype of the mutant embryos is due to an intrinsic role in the mesDA lineage,

or to a consequence of the malformations caused by the earlier MB-HB patterning

defects remained unclear for many years. However, by deleting Lmx1b in mesDA

neurons at different time points during development, it was discovered that Lmx1b

expression is dispensable for mesDA neuron differentiation and maintenance, and that

the loss of mesDA neurons in Lmx1b-/- mice is due to the disruption of inductive

activity of the isthmus in the absence of Lmx1b at the MHB (Guo et al., 2008).

Ngn2 and Mash1 are proneural factors, belonging to the family of bHLH-

transcription regulators and confer mostly general neuronal, but also subtype-specific,

properties to differentiating neuroepithelial cells, reviewed in (Bertrand et al., 2002).

Recently, Ngn2 has been implicated in mesDA neuron development (Andersson et al.,

2006; Kele et al., 2006). Ngn2 expression is initiated at E10.75 and is almost

exclusively located to the ventricular zone of the vMB and to few postmitotic Nurr1+

cells. In the absence of Ngn2, the mesDA neuronal population is initially reduced to

approximately 10-20% but recover postnatally to about 50-60% compared to wild-type

mice. This recovery is probably due to the redundant activity of Mash1, which is

expressed in the same region as Ngn2 (Kele et al., 2006). The remaining mesDA

neurons in the Ngn2-/- mice differentiate normally into SN and VTA subpopulations

and establish proper connections with their target fields in the FB. Over-expression of

Ngn2 in the dorsal MB does not promote the generation of mesDA neurons, although

overall neurogenesis is enhanced, indicating that Ngn2 can not specify a mesDA

neuronal fate in neural precursor cells. Since neighboring cell populations, such as the

motor neurons, are not affected in the Ngn2-/- mutants, Ngn2 appears to be specifically

required by mesDA precursors for the acquisition of generic neuronal properties

(Andersson et al., 2006). Ngn2 and Mash1 have been placed downstream of Otx2,

since removal of Otx2 expression in the MB from E10.5 and onwards causes a loss of

expression of the proneural genes and consequently decreased neurogenesis from the

ventral midline (Vernay et al., 2005). Subsequently, mesDA neurons are missing at the

midline of the vMB. Ngn2 has also been placed downstream of the forkhead/winged

helix transcription factors FoxA1 (HNF3$) and FoxA2 (HNF3#).
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FoxA1 and FoxA2, expressed in a wide domain of vMB progenitor cells (Ang

et al., 1993; Monaghan et al., 1993; Sasaki and Hogan, 1993), have recently been

shown to be important for the development of mesDA neurons. FoxA2-/- mice die at

E9.5 due to gastrulation defects (Ang and Rossant, 1994; Weinstein et al., 1994). The

mutant embryos lack a notochord, and consequently floor plate development and DV

patterning of the neural tube are disrupted (Ang and Rossant, 1994). However,

additional functions of these proteins in the vMB were suggested as FoxA1/A2 are

expressed in mesDA progenitors, and since the expression of FoxA2 is maintained in

postmitotic mesDA neurons (Ang et al., 1993; Ferri et al., 2007; Kittappa et al., 2007;

Monaghan et al., 1993; Puelles et al., 2003; Sasaki and Hogan, 1993). By analyzing the

phenotype of conditional FoxA1/A2 double mutant mouse embryos, it was discovered

that FoxA1/A2 positively regulate neurogenesis in mesDA progenitors by inducing

Ngn2 expression. Subsequently, high levels of FoxA1/A2 regulate the early expression

of Nurr1 and En1 in immature mesDA neurons, and the late expression of AADC and

TH in mature neurons (Ferri et al., 2007). In addition, FoxA2+/– mice develop

Parkinsonian-like symptoms, and a correlative selective degeneration of SN DA

neurons (Kittappa et al., 2007).

In conclusion, many transcription factors are implicated in the postmitotic

differentiation of mesDA neurons. However, none appear sufficient individually to

induce the mesDA phenotype, suggesting that a complex network of genes instruct

mesDA progenitor cells to become postmitotic (see figure 6 on page 40).

2.5 Migration and target innervation

In addition to ensuring the DAergic phenotype, the process of mesDA cell

differentiation involves migration of DA precursor cells to their right positions in the

MB, axon extension and target innervation.

2.5.1 Migration to ensure the A8-A10 cell groups in the midbrain

In early stages, mesDA progenitor cells are located in the floor plate of the MB as a

thin layer of cells surrounding the third ventricle, reviewed by (Ang, 2006). In order to

form the proper localization of the A8-A10 areas in the growing brain, mesDA cells

migrate away from the ventricular zone. Two main theories regarding migration of

mesDA neurons have been proposed: one involving migration along radial glia

(Kawano et al., 1995), and another involving a combination of migration along radial

glia and along nerve fibers on other neurons (Hanaway et al., 1971). When mesDA
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neurons have migrated to their correct localizations (at around E15 in mice), the

characteristic “butterfly” shape of DA neurons in the SN and VTA can be detected (Hu

et al., 2004).

                              

Figure 4. The butterfly shape of mesDA neurons is seen in a coronal section of a four months old mouse
brain (compliments of Banafsheh Kadkhodaei).

2.5.2 Dopamine neurons finding their targets

Before the subdivision of the different DA groups in the vMB, mesDA cells start to

extend axons towards their target cells (starting at E11.5 in mice, E13 in rats and 8

weeks in humans) (Freeman et al., 1991; Prakash and Wurst, 2006; Silani et al., 1994;

Smidt and Burbach, 2007). Chemorepulsive and attractive guidance cues have been

suggested to be present along the mesDA axonal pathway to influence the trajectory of

axons (Gates et al., 2004; Nakamura et al., 2000). Axons from the MB form two large

bundles, the medial forebrain bundles (MFBs), which run in the ventro-lateral parts of

the telecephalon. Starting at E17 in rats, striatum attracts mesDA axons by releasing

chemoattractive molecules, reviewed by (Van den Heuvel and Pasterkamp, 2008). In

humans, TH fibers are reported to first appear in striatum after 9 weeks (Silani et al.,

1994). At E19 in rats, a dense innervation of DA fibers can be found in the striatum,

and axon collaterals start to display a preference for the ventral or dorsal parts, by the

selective elimination of VTA and SN axons innervating the dorsal and ventral striatum,

respectively, reviewed by (Van den Heuvel and Pasterkamp, 2008). The two best

described markers that distinguish between the subtypes of SN and VTA DA neurons

are Girk2 and Calbindin (Liang et al., 1996; Schein et al., 1998). From E20 in rats, the

first mesDA axons extend towards cortex, reviewed by (Van den Heuvel and

Pasterkamp, 2008). The cortex has a chemorepulsive influence on mesDA axons,

which might prevent them from innervating inappropriate cortical areas. Three parts of

cortex (the cingulate-, prefrontal- and perirhinal cortex) receive a dense DAergic input

in adult rats, but sparse innervation is also seen in other cortical regions, reviewed by

(Björklund and Dunnett, 2007).
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Figure 5. MesDA neurons project to (A) striatal-, (B) limbic- and (C) cortical areas. Cells located in the
SN (red dots in (A)) innervate the dorsal-lateral striatum (red area in (A)), whereas VTA neurons project
to both limbic- and cortical FB regions, as illustrated in (B) and (C), respectively. This picture is adapted
with kind permit from A. Björklund (Björklund and Dunnett, 2007).

3. Parkinson’s disease

PD is named after the English physician James Parkinson, who made a detailed

description of the disease in his essay: An Essay on the Shaking Palsy (Parkinson,

1817). PD is a chronic and progressive disease and is the second most common

neurodegenerative disorder in the world, after Alzheimer’s disease (Hirtz et al., 2007).

The prevalence of PD is around 1% of individuals over the age of 65 years, with

disease in males being slightly more prevalent than in females. Although the main

cause of PD remains unknown, there is increasing evidence that it is a complex disorder

caused by a combination of genetic- and environmental factors, reviewed in

(Fernandez-Espejo, 2004; Yang et al., 2009b). Two forms of PD are recognized: a

‘familial’ or early-onset PD (affecting 5-10% of all patients) and an ‘idiopathic’ or late-

onset PD (affecting about 90% of all patients) that does not appear to exhibit

heritability, reviewed in (Belin and Westerlund, 2008; Biskup et al., 2008; Fernandez-

Espejo, 2004; Hardy et al., 2006; Maguire-Zeiss and Federoff, 2003).

3.1 Neuropathology and symptoms

The major neuropathological feature of PD is a progressive degeneration of DA

neurons located in the SN of the vMB (Hoehn and Yahr, 1967). In addition, there is an
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accumulation of protein ($-synuclein) aggregates that form Lewy bodies in the

remaining surviving neurons (Spillantini et al., 1998). Whether accumulation of $-

synuclein contributes to the loss of DA neurons remains unclear, reviewed in (Irvine et

al., 2008). However, recently a clue as to the toxicity of accumulation of this protein

was suggested (Yang et al., 2009a). Furthermore, active neuroinflammation is present

in PD, reviewed by (Whitton, 2007). There is an activated microglia response leading

to an increased microglial cytokine expression in the SN, which is believed to

contribute to neurodegeneration.

SN DA neurons are part of the basal ganglia, a group of brain nuclei important

for motor control and specialized in the synthesis, storage and release of DA, reviewed

by (Galvan and Wichmann, 2008). Degeneration of SN DA neurons leads to decreased

striatal DAergic neurotransmission, which results in a general decrease of activity in

the motor cortex. Accordingly, the main symptoms of PD are: rigidity8, akinesia9 and

bradykinesia10, in addition to resting tremor, reviewed by (Clough, 1991). Generally,

symptoms do not appear until there is at least a 50% loss of DA neurons in the SN,

which results in 70-80% loss of DA activity in the striatum (Fearnley and Lees, 1991).

At more advanced stages of PD, the degeneration of other neurons, such as DA neurons

in the VTA and noradrenergic neurons in the locus coeruleus, leads to postural and

autonomic dysfunction, depression, cognitive- and sensory deficits, reviewed in

(Caballol et al., 2007; Poewe, 2008; Truong et al., 2008).

3.2 Animal models

In order to develop new therapies for PD patients and to understand the

pathophysiology of the disease, PD animal models have been developed. Specific DA

toxins (6-hydroxydopamine (6-OHDA) and 1-methyl-4-phenyl-1, 2, 3, 6-

tetrahydropyridine (MPTP)) have been used for many years, in order to lesion the

nigrostriatal pathway in rodents or primates. However, more recently, agents with a

general toxicity (paraquat-maneb, rotenone or epoxomicin) and genetic models have

been developed, to mimic the etiology and pathology of PD, reviewed in (Meredith et

al., 2008a; Terzioglu and Galter, 2008). Furthermore, in addition to adult rodents,

neonatal animals can be used as PD models (Cunningham and McKay, 1993). In this

                                                  
8 Rigidity: Muscle stiffness.
9 Akinesia: Loss of motor function.
10 Bradykinesia: Slowed ability to start and continue movements.
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section, I will describe the MPTP- and 6-OHDA animal models.

3.2.1 The MPTP-animal models

The toxin MPTP was discovered in 1982, when a group of drug abusers developed PD

symptoms. Their symptoms were caused by self-administration of a synthetic heroin

analog contaminated with a by-product, MPTP (Ballard et al., 1985; Langston and

Ballard, 1983). MPTP is highly lipophilic and can easily cross the blood-brain barrier

after systemic administration. It is converted into the active metabolite 1-methyl-4-

phenylpyridinium (MPP+) by the enzyme MAO-B, located mainly in astrocytes. MPP+

is transported into DAergic neurons via DAT. Inside DA neurons, MPP+ accumulates

within the mitochondria and irreversibly inhibits complex I of the mitochondrial

respiratory chain (Mizuno et al., 1987; Nicklas et al., 1985), causing the production of

reactive oxygen species that induce apoptotic cell death (Kitamura et al., 2003;

Kitamura et al., 2000; Speciale, 2002).

MPTP is used mostly in mice and primates, since rats are relatively resistant to

MPTP, reviewed in (Meredith et al., 2008a). In mice, systemic MPTP treatment

induces bradykinesia, rigidity and posture abnormalities combined with a depletion of

DA neurons (Sedelis et al., 2000). Typically, no Lewy bodies are detected, although

one study using chronic delivery of low MPTP doses via osmotic pumps reported Lewy

body-like structures (Fornai et al., 2005). Acute or chronic PD models can be obtained

by different dosing regimens of MPTP, reviewed in (Meredith et al., 2008a; Meredith

et al., 2008b). However, MPTP is an unreliable toxin in mice, since it may not kill the

DA neurons but just damage the cells that subsequently recover after a few weeks,

reviewed in (Sedelis et al., 2001).

In primates, administration of MPTP produces a stable Parkinsonian syndrome

that replicates key PD features, including rigidity, bradykinesia and postural instability

(Burns et al., 1983; Stephenson et al., 2005). Similar to PD patients, MPTP-treated

monkeys present non-motor signs, including cognitive deficits (Schneider and

Kovelowski, 1990; Schneider and Pope-Coleman, 1995; Taylor et al., 1999) and

autonomic disturbances (Goldstein et al., 2003). Although typical Lewy body structures

have not been found, eosine-positive inclusion bodies have been reported in aged,

chronically MPTP-treated monkeys (Forno et al., 1993; Forno et al., 1986). Neural

inflammation has also been observed (Barcia et al., 2004; McGeer et al., 2003). In

addition, MPTP-treated primates are responsive to conventional DA replacement

treatments (Stephenson et al., 2005), and are perhaps the animal model that resembles

17



18

human PD the best.

3.2.2 The 6-OHDA animal models

6-OHDA is a hydroxylated analogue of DA, reviewed by (Beal, 2001) and was the first

agent to produce an animal model of PD (Ungerstedt, 1971b).  6-OHDA is taken up by

DAT and degeneration of DA neurons involves the formation of hydrogen peroxide

and hydroxyl radicals, reviewed by (Sachs and Jonsson, 1975; Schober, 2004). 6-

OHDA is unable to cross the blood-brain barrier and therefore has to be injected locally

into the brain. After injection into the SN or MFB a rapid cell death, within 1-3 days, is

seen. When the toxin is injected into the striatum, a retrograde degeneration of SN DA

neurons causes a slow partial lesion over several weeks, and has been used to mimic the

slow degeneration of DA neurons in patients with PD, reviewed in (Beal, 2001;

Deumens et al., 2002). A slow, but more complete DA lesion can be obtained by 6-

OHDA infusions into the striatum (Oiwa et al., 2003). 6-OHDA can also be injected

into the lateral ventricle of neonatal rodents, in order to lesion the nigrostriatal pathway

(Cunningham and McKay, 1993). 6-OHDA lesions do not result in Lewy body

formation, reviewed in (Meredith et al., 2008a). The toxin is effective in both mice and

rats and is predominantly used to produce unilateral lesions. A major advantage of this

model is that it causes a quantifiable motor deficit (rotation), due to supersensitivity in

DA receptors on the lesioned side (Ungerstedt, 1971b). Behavioral studies determining

the extent of lesions are described in section 4.1.2. 6-OHDA is probably the most

effective toxin for generating a hemi-Parkinsonian model in rats.

3.3 Treatments for patients with Parkinson’s disease

At present, there is no cure for PD. However, pharmacological treatments that increase

striatal levels of DA provide symptomatic relief and entered clinical practice in 1967,

reviewed by (Hornykiewicz, 2002). The first large study, reporting improvements in

patients with PD, resulted from treatment with L-dopa and was published in 1968

(Cotzias et al., 1968). L-dopa can cross the blood-brain barrier and is converted to DA

in cells that contains AADC, such as DA- and 5-HT neurons. The initially beneficial

effects of L-dopa treatment are, however, typically lost within 3-5 years, reviewed by

(Marsden, 1990), presumably because the activity of the drug is highly dependent upon

existing DAergic neurons that continue to progressively degenerate (Birkmayer and

Hornykiewicz, 1961; Hornykiewicz, 2002). Decreased effect of pharmacological
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treatments leads to variation of motor functions, e.g. on-off periods11 and dyskinesias12,

reviewed in (Olanow et al., 2004). Other pharmacological (such as DA agonists) and

surgical approaches (such as deep brain stimulation13) have been developed over the

years and produced variable relief of symptoms. To substitute degenerating DA

neurons with functional cells, or to prevent degeneration of DA neurons using

neurotrophic factors constitute attractive therapeutical approaches for PD, reviewed in

(Hong et al., 2008; Lindvall et al., 2004; Xi and Zhang, 2008). These approaches will

be described in the following two sections.

3.3.1 Transplantation of tissue from fetal ventral midbrain

The use of cell replacement therapy has been a major research interest for the last 30

years and consists of transplantation of functional cells into the damaged area of the

brain, so that the new cells can replace and restore the function of the degenerating

neurons, reviewed by (Lindvall and Björklund, 2004). For PD, cell replacement therapy

would involve the functional substitution of the nigrostriatal pathway. However, this

reconstruction has proven to be difficult, because of the long axonal processes the

transplanted neurons have to send to innervate the striatum. Therefore, transplantation

has instead been done to the target area of the mesDA neurons, i.e. striatum, reviewed

by (Lindvall, 1997). It is likely that the cells used in cell replacement therapy need to

fulfill the following requirements to induce clinical improvement for patients with PD;

(i) cells should synthesize, release, take up and catabolize DA in a regulated way, in

addition to showing the molecular, morphological and electrophysiological properties

of SN neurons; (ii) after transplantation into PD animal models, cells should be able to

reverse drug-induced rotational behaviors, as well as spontaneous motor behaviors,

which resemble the symptoms in humans with PD; (iii) the yield of cells should allow

for at least 100 000 grafted DA neurons to survive in each human putamen; (iv) Grafted

DA neurons should re-establish a dense terminal network throughout the striatum; (v)

grafts must become functionally integrated into host neural circuitry and (vi) grafted

cells should be tested for contaminating cells that might give rise to uncontrolled cell

growth, reviewed in (Lindvall et al., 2004). Cells from the vMB of aborted fetuses and

                                                  
11 On-off periods: Periods of excess abnormal movements- 'on', alternating periods of prolonged

immobility or freezing- 'off'.
12 Dyskinesias: Involuntary movements.
13 Deep brain stimulation is a surgical treatment involving the implantation of a brain pacemaker, which

sends electrical impulses to specific parts of the brain.
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other cell types that produce DA (sympathetic ganglion neurons, carotid body or the

adrenal medulla) have been used in cell replacement therapy in patients with PD,

reviewed by (Lindvall and Björklund, 1989, 2004). In this section, I will describe the

results obtained using DA neurons from the vMB.

After extensive animal experimentation with transplantation of rat- or human

mesencephalic tissue (Arbuthnott et al., 1985; Bakay et al., 1987; Bakay et al., 1985;

Björklund et al., 1980; Björklund and Stenevi, 1979; Björklund et al., 1981; Bolam et

al., 1987; Brundin et al., 1986b; Dunnett et al., 1981; Fine et al., 1988; Freed et al.,

1980; Freund et al., 1985; Jaeger, 1985; Mahalik et al., 1985; Perlow et al., 1979;

Redmond et al., 1986; Schmidt et al., 1981; Schmidt et al., 1983; Schmidt et al., 1982;

Sladek et al., 1986; Strömberg et al., 1988; Strömberg et al., 1986), the first clinical

trials with cell transplantation to PD patients were performed in the late 1980´s

(Hitchcock et al., 1988; Lindvall et al., 1988; Madrazo et al., 1988). Cells from human

vMB tissue were transplanted into the striatum of patients with PD, but disappointingly,

minimal clinical improvement was seen. After refining the techniques, several

subsequent open-label clinical studies showed significant improvements in a number of

parameters, such as activities of daily living, health related quality of life and L-dopa

requirements (Brundin et al., 2000b; Defer et al., 1996; Freed et al., 1992; Freeman et

al., 1995; Hagell et al., 1999; Hauser et al., 1999; Lindvall et al., 1990; Lindvall et al.,

1994; Lindvall et al., 1992; Mendez et al., 2002; Mendez et al., 2000; Peschanski et al.,

1994; Spencer et al., 1992; Wenning et al., 1997). The clinical improvements were also

associated with increased fluorodopa (F-dopa) or raclopride uptake on positron

emission tomography (PET)-scans, as well as regulated DA release and activation of

motor cortical areas (Piccini et al., 1999; Piccini et al., 2000). Post-mortem pathological

studies showed survival of grafted DAergic neurons with graft-mediated striatal

innervation (Hauser et al., 1999; Kordower et al., 1998; Kordower et al., 1995;

Kordower et al., 1996; Mendez et al., 2005). These open-label clinical studies

demonstrated that fetal vMB cells can survive in patients with PD, become functionally

integrated, and produce sustained clinical benefits. Moreover, grafted DA neurons did

not seem to be affected by the ongoing disease, reviewed by (Lindvall, 1997). This

assumption has, however, recently been challenged (Kordower et al., 2008; Li et al.,

2008b). Grafts with ubiquinated aggregates, some with the appearance of Lewy bodies,

were detected after post-mortem long-term graft survival. The transplants were also

filled with activated microglia to a larger extent than that seen in the host striatum

(Kordower et al., 2008). These findings, of Lewy body-like pathology in implanted
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neurons, suggest that the pathological process in PD can affect grafted DAergic cells. It

remains unclear, though, how significant these findings are to future work in cell

therapy, since previous studies have provided evidence for long-term symptomatic

relief. In addition, F-dopa uptake and PET-imaging have shown that vMB grafts can

synthesize and release normal amounts of DA at least 10 years after transplantation

(Piccini et al., 1999).

Up to today, nearly 400 PD patients have received vMB grafts from aborted

human fetuses, reviewed in (Morizane et al., 2008). Although proof-of-principle for

DA cell replacement therapy in PD has been established, reviewed by (Lindvall and

Björklund, 2004), further improvements are needed for a widespread application of this

technique, reviewed in (Björklund et al., 2003). The use of DA neurons from human

vMB tissue represents substantial ethical and practical problems, including poor cell

survival and low amount of mesDA neurons, reviewed in (Brundin et al., 2000a). Since

it is estimated that around 100 000 human DA neurons are needed for significant

symptomatic relief, at least 6-8 human fetuses are necessary to graft one single PD

patient, reviewed by (Lindvall, 1997; Lindvall and Björklund, 2004). In addition, the

use of standardized protocols was highlighted when some PD patients, participating in

two double-blind clinical trials, developed severe dyskinesias (Freed et al., 2001; Freed

et al., 2003; Olanow et al., 2003). Therefore, the future use of cell replacement therapy

for patients with PD, will critically depend on finding an alternative tissue source from

which unlimited numbers of functional mesDA neurons in standardized cultures can be

obtained. In chapter 4, these aspects will be described more carefully.

3.3.2 Survival of fetal ventral midbrain dopamine neurons

For many years, research efforts have focused on promoting neuronal survival with the

use of neurotrophic and neuroprotective factors, in order to rescue neurons affected in

PD, or for survival of mesDA cells prior to transplantation. In this section, I will

describe some of the experiments done with neurotrophic factors and especially focus

on glial cell line-derived neurotrophic factor (GDNF).

A number of neurotrophic factors have been investigated in PD (Bradford et al.,

1999), including basic (b) FGF (Ferrari et al., 1989; Knusel et al., 1990; Park and

Mytilineou, 1992), epithelial growth factor (EGF) (Knusel et al., 1990; Park and

Mytilineou, 1992), brain-derived neurotrophic factor (BDNF) (Hyman et al., 1991) and

Shh (Miao et al., 1997). Although a reduction in neuronal cell loss following chemical

insult or injury was demonstrated in vitro, experimental studies in animal models of PD
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were more variable (Dass et al., 2002; Klein et al., 1999; Pearce et al., 1996; Pearce et

al., 1999; Sun et al., 2005; Svendsen et al., 1996; Tsuboi and Shults, 2002; Ventrella,

1993; Zeng et al., 1996). However, GDNF (Lin et al., 1993) prevented cell death of

mesDA neurons in vivo, both when administrated before and after DA toxins, reviewed

in (Hong et al., 2008). Experimental data from rodents and also non-human primate

models of PD provided support for the use of GDNF as a potential therapeutic option.

Nonetheless, clinical trials using GDNF (delivered via intracerebroventricular- or

striatal infusions) reported conflicting results (Gill et al., 2003; Kordower et al., 1999;

Lang et al., 2006; Love et al., 2005; Nutt et al., 2003; Patel et al., 2005; Slevin et al.,

2007; Slevin et al., 2005). In some studies, GDNF failed to produce any beneficial

effects, but instead induced adverse effects (Kordower et al., 1999; Lang et al., 2006;

Nutt et al., 2003). Some studies reported more promising results and showed that

treatment with GDNF led to increased F-dopa uptake (by approximately 30%) (Gill et

al., 2003). A decrease (by 30-50%) of total UPDRS14 score in on- and off-phase of the

disease and improvement (by approximately 60%) in functional performance was also

reported (Gill et al., 2003; Patel et al., 2005; Slevin et al., 2007; Slevin et al., 2005).

However, the lack of clinical efficiency, combined with findings that some patients

generated antibodies against GDNF and that GDNF-infusions in monkeys were

associated with cerebellar lesions (Lang et al., 2006; Sherer et al., 2006), resulted in

withdrawal of GDNF infusions from all clinical tests, reviewed in (Deierborg et al.,

2008).

The GDNF-related agent, Neurturin, has also been shown to prevent the loss

of DAergic neurons in PD animal models (Fjord-Larsen et al., 2005; Horger et al.,

1998; Rosenblad et al., 1999). Moreover, open-label clinical studies have

demonstrated benefits by intraputaminal injections of Neurturin, e.g. increased on-

time without troublesome dyskinesia (Marks et al., 2008), and a double-blind sham-

surgery-controlled study is currently underway, reviewed by (Stoessl, 2008). In

addition, another neurotrophic factor, the conserved DA neurotrophic factor (CDNF),

was recently identified (Lindholm et al., 2007). In vivo, CDNF prevented 6-OHDA-

induced degeneration of DAergic neurons in rats. A single injection of CDNF before

6-OHDA delivery into the striatum significantly reduced amphetamine-induced

                                                  
14 UPDRS: Unified Parkinson's Disease Rating Scale. The UPDRS is a rating tool to follow the

longitudinal course of PD. It is made up of the 1) Mentation, Behavior, and Mood, 2) ADL and 3) Motor

sections, and are evaluated by interview.
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turning behavior (see section 4.1.2) and almost completely rescued TH+ cells in the

SN. When administrated four weeks after 6-OHDA, intrastriatal injection of CDNF

was able to restore DAergic function and prevent degeneration of DAergic neurons in

the SN. Thus, CDNF was at least as efficient as GDNF in both experimental settings.

However, the functions of CDNF also need to be determined in humans.

GDNF has also been shown to facilitate DA cell survival in cell replacement

therapy. Treatment of fetal vMB cells with GDNF prior to transplantation into the

striatum of 6-OHDA lesioned rats, increased DA cell survival and fiber outgrowth

(Apostolides et al., 1998; Hebb et al., 2003; Mehta et al., 1998; Rosenblad et al., 1996).

Furthermore, there was a faster reduction in amphetamine-induced rotational behavior

(Apostolides et al., 1998; Mehta et al., 1998). In clinical trials, treatment of fetal vMB

tissue with GDNF resulted in increased graft survival, enhanced striatal innervation,

reduced PD symptoms and increased F-dopa uptake (Mendez et al., 2002; Mendez et

al., 2000; Mendez et al., 2005). More approaches to increase the survival of mesDA

neurons (ES cell-derived) will be described in section 4.1.4.

4. Stem cells

As mentioned in section 3.3.1, proof-of-principle has been established for cell

replacement therapy in PD. However, the use of DA neurons from aborted fetuses is

combined with ethical and practical problems, reviewed by (Lindvall and Björklund,

2004). By using another tissue source, these problems might be overcome. In addition,

greater reproducibility that carries less risk of side effects could be obtained. Stem cells

have been considered prime candidates for transplantation therapies for a range of

diseases, including PD, due to (i) their proliferative capacity; (ii) the ease with which

they can be manipulated in vitro; (iii) their ability to produce the desired cell type and

(iv) because of standardized and quality-controlled preparations. The principle goals for

stem cell-based cell replacement therapy in PD include; (i) the development of culture

protocols that can generate defined and large numbers of mesDA cells; (ii) adequate

survival and functionality of grafted cells after transplantation and (iii) the avoidance of

uncontrolled cell growth and immune rejection, reviewed in (Li et al., 2008a). Several

types of stem cells have been investigated in these respects and include ES cells, neural

stem cells, mesenchymal stem cells and more recently, induced pluripotent stem (iPS)

cells. In this chapter, I will describe the nature and use of ES- and iPS cells.
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4.1 Embryonic stem cells

In year 1981, ES cells were for the first time isolated from the ICM of the blastocyst

stage of mouse embryos (Evans and Kaufman, 1981; Martin, 1981). ES cells are

defined by three cardinal properties; (i) unlimited symmetrical self-renewal in vitro; (ii)

comprehensive contribution to primary chimeras and (iii) generation of functional

gametes for genome transmission, reviewed by (Ohtsuka and Dalton, 2008). Most

research has been done on mouse (m) ES cells, although ES cells from primate (p) and

human (h) were isolated 14 and 11 years ago, respectively (Thomson et al., 1998;

Thomson et al., 1995). Recently, two groups were also able to isolate ES cells from rat

blastocysts (Buehr et al., 2008; Li et al., 2008c). The transcription factor-regulatory

network, responsible for maintenance of pluripotency, appears to be relatively

conserved between species, reviewed by (Boiani and Scholer, 2005; Niwa, 2007). The

best characterized transcriptional markers expressed in ES cells are Oct3/4 (Nichols et

al., 1998), Nanog (Chambers et al., 2003; Mitsui et al., 2003) and Sox2 (Avilion et al.,

2003). Other signatures for ES cells include presentation of characteristic cell-surface

antigens, such as stage-specific embryonic antigen (SSEA)-1 in mES cells (Solter and

Knowles, 1978) and SSEA3, -4 in pES- and hES cells (Thomson et al., 1998; Thomson

et al., 1995). Morphological appearances of ES cells and culturing conditions for

maintaining pluripotency vary significantly between different species. This could be

because of variances between species, but also because of how ES cell lines are

generated. mES cells generated from epiblast cells are generally more equal to hES

cells than to mES cells generated from the pre-implanted blastocyst (Brons et al., 2007;

Tesar et al., 2007). Recently, one hES cell line was established from a single

blastomere without destroying the embryo (Feki et al., 2008a). However, this hES cell

line was shown to have chromosomal abnormalities (Feki et al., 2008b).

4.1.1 Generation of dopamine neurons in vitro

Transplantation of mES cells into the striatum of a rat model of PD, led to the

integration of ES cell-derived DA neurons into the host brain and to behavioral

recovery (Björklund et al., 2002). However, a mix of different cell types was produced

in vivo and it was suggested that steering ES cells into DA neurons in vitro, prior to

transplantation, could circumvent this problem. Many attempts have been made during

the last years to produce DA neurons from ES cells. In this section, I will give an

overview of available protocols. I will focus on differentiation of mES- and hES cells,

but in section 4.1.3 I will also provide some insight into differentiation of pES cells.
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Attempts to differentiate mES- and hES cells into DAergic neurons in vitro

have essentially involved two different approaches: to add soluble growth factors,

neurotrophic factors or chemicals to ES cells (Cho et al., 2008; Chung et al., 2005b;

Hayashi et al., 2008; Iacovitti et al., 2007; Kim et al., 2002; Lee et al., 2000; Nishimura

et al., 2003; Park et al., 2004; Rodriguez-Gomez et al., 2007; Rolletschek et al., 2001;

Schulz et al., 2004; Yan et al., 2005; Yang et al., 2008; Ying et al., 2003), or to co-

culture ES cells with feeder cells that possess stromal cell-derived induced activity

(Baier et al., 2004; Brederlau et al., 2006; Hayashi et al., 2008; Kawasaki et al., 2000;

Ueno et al., 2006; Zeng et al., 2004). These two strategies have also been combined

(Barberi et al., 2003; Ben-Hur et al., 2004; Buytaert-Hoefen et al., 2004; Chiba et al.,

2008; Correia et al., 2007; Kim et al., 2006; Park et al., 2005; Perrier et al., 2004;

Shintani et al., 2008; Sonntag et al., 2007). In addition, transcription factors implicated

in the generation of mesDA neurons have been over-expressed in ES cells, in order to

drive ES cells into the DAergic lineage (Chung et al., 2005b; Chung et al., 2002; Kim

et al., 2006; Kim et al., 2002; Martinat et al., 2006; Maxwell et al., 2005). To determine

if mesDA neurons are produced, a careful characterization of the in vitro engineered

cells on single cell level has to be done. In addition to immunohistochemistry, high

performance liquid chromatography (HPLC) and electrophysiology should be

performed to determine if the engineered cells are functional.

4.1.1.1 Protocols adding soluble growth factors and chemicals

In the presence of soluble factors, ES cells have been differentiated as adherent cultures

(Hayashi et al., 2008; Ying et al., 2003), or as cell aggregates in suspension cultures in

combination with adherent cultures (Cho et al., 2008; Chung et al., 2005a; Iacovitti et

al., 2007; Kim et al., 2002; Lee et al., 2000; Nishimura et al., 2003; Park et al., 2004;

Rodriguez-Gomez et al., 2007; Rolletschek et al., 2001; Schulz et al., 2004; Yan et al.,

2005; Yang et al., 2008). One of the first ES cell-based protocols reported to generate

TH+ neurons involved a 5-stage scheme, including (i) expansion of undifferentiated ES

cells; (ii) generation of cell aggregates called embryoid bodies (EBs); (iii) selection

and; (iv) expansion of neural precursors (in the presence of bFGF), and (v) terminal

differentiation (Lee et al., 2000). When Shh, FGF8 and ascorbic acid (AA) were added

to differentiating mouse cultures, approximately 30% of all neurons (determined by the

pan-neuronal marker TuJ1) also expressed TH after 25-30 days in differentiation

conditions (DDC). In this initial study, it was not determined how many TH+ neurons

that co-expressed other mesDA markers. However, recently, it was shown that nearly
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all TH+ neurons exhibited a MB phenotype, including expression of Pitx3 and En1

(Hedlund et al., 2008; Rodriguez-Gomez et al., 2007). For hES cells, equivalent

protocols have been used, although other factors also have been added to the cultures,

including: Wnt3a, BDNF, GDNF, dibutyryl (db) cAMP, TGF-$/#, Noggin and RA,

and typically 40-75% TH+/TuJ1+ neurons were generated after 40-50 DDC (Iacovitti et

al., 2007; Schulz et al., 2004; Yan et al., 2005; Yang et al., 2008). Recently, Cho et al.

used a modified 5-stage protocol, which involved the formation of EBs followed by

neural precursor cell selection (Cho et al., 2008). Cultures produced approximately

66% TH expressing cells (77% TuJ1+ cells/total cells; 86% TH+/TuJ1+ cells) after 40

DDC. In addition, the majority (approximately 90%) of generated TH+ neurons co-

expressed markers for mesDA neurons (determined by En1/TH and AADC/TH double

positive cells). Moreover, ES cell-derived neurons released DA and showed

electrophysiological properties of DA neurons.

Another way to generate mesDA neurons from ES cells in the presence of

soluble factors is to culture differentiating cells as adherent monolayer cultures

(Hayashi et al., 2008; Ying et al., 2003). In the original protocol, undifferentiated mES

cells were plates on gelatine-coated plates in serum free medium (Ying et al., 2003).

After 4 DDC, cells were dissociated and replated onto poly-d-lysine-laminin-coated

plates in medium supplemented with Shh, FGF8 and bFGF. 2 DDC later, Shh and

FGF8 were removed and cells were cultured for additional 2 DDC. TH+ neurons were

produced already after 8 DDC, but the amount was not determined.

4.1.1.2 Co-culture protocols

The second approach to generate mesDA neurons is based on co-culturing of ES cells

onto feeder cells. The original finding showed that PA6 mouse stromal cells promote

the differentiation of mES cells into DA neurons without any exposure to other factors

(Kawasaki et al., 2000). In recent years, several types of feeder cells have been reported

to have similar inducing activities, namely bone marrow stromal cells, meningeal cells

and amniotic membrane (Barberi et al., 2003; Hayashi et al., 2008; Shintani et al.,

2008; Ueno et al., 2006). When mES cells were grown on PA6 stromal cells,

approximately 16% of total cells expressed TH after 12 DDC (Kawasaki et al., 2000),

while approximately 40% in similar hES cell cultures gave rise to a TH+ phenotype

after 4 weeks (Brederlau et al., 2006). When mES cells were co-cultured with

meningeal cells from mouse embryos or amniotic membrane matrix, the percentage of

TH+/TuJ1+ neurons was slightly increased (to 40%) after 13-14 DDC, compared to co-
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culture on PA6 cells (Hayashi et al., 2008; Ueno et al., 2006). This was in contrast to

hES cells, where amniotic membrane matrix was less efficient to induce TH+ neurons

(approximately 30% of TH+/TuJ1+ cells after 40 DDC) (Hayashi et al., 2008).

4.1.1.3 Protocols adding soluble factors in combination with co-culture

Some groups have combined the strategies with soluble factors and co-culturing on

stromal cells (Barberi et al., 2003; Ben-Hur et al., 2004; Buytaert-Hoefen et al., 2004;

Chiba et al., 2008; Correia et al., 2007; Park et al., 2005; Perrier et al., 2004; Shintani et

al., 2008; Sonntag et al., 2007), or with human fetal MB astrocytes (Roy et al., 2006),

in order to yield high numbers of DA neurons. The original protocol was designed so

that an initial neural induction of mES cells was done on stromal cells (MS5 cells),

followed by neural stem cell expansion and differentiation by sequential exposure to

soluble factors, including: Shh, FGF8, BDNF and AA (Barberi et al., 2003). Later, also

other factors (GDNF, dbcAMP, TGF-#, Wnt1, FGF20 and Noggin) were used. After

14 DDC of mES cell cultures (in the presence of Shh, bFGF, FGF8, BDNF and AA),

approximately 50% of all neurons expressed TH (Barberi et al., 2003). For hES cell

differentiation, as many as 80% of TuJ1+ neurons were reported to express TH after

approximately 50 DDC (Perrier et al., 2004), but typically less (approximately 20-40%)

TH+ neurons were generated under similar conditions (Ben-Hur et al., 2004; Park et al.,

2005; Sonntag et al., 2007). hES cells cultured with human fetal MB astrocytes

produced nearly 70% TH+/TuJ1+ neurons (Roy et al., 2006).

The advantages of co-culturing techniques are that they are simple and fast.

However, several of the feeder cells are of a non-human origin, which precludes their

use in clinical protocols. Moreover, the cellular mechanisms underlying the effects of

the feeder cells are unknown, and it is therefore difficult to optimize the results. Use

of defined chemicals and growth factors, provides a “cleaner” differentiation protocol

than feeder cells and might therefore be comparatively easier to apply in clinical

trials.

4.1.1.4 Protocols using genetically modified embryonic stem cells

To further promote differentiation of ES cells into mesDA neurons, genetic

modifications have been used. Transcription factors important for the development of

mesDA neurons, including Nurr1 and Pitx3 (described in section 2.4.3), have been

over-expressed in ES cells (Chung et al., 2005b; Chung et al., 2002; Kim et al., 2006;

Kim et al., 2002; Martinat et al., 2006; Maxwell et al., 2005). With Nurr1 over-
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expression in mES cells, the generation of TH+ neurons increased three to four times

(from 20% to 80% (Kim et al., 2002), from 15% to 60% (Chung et al., 2002) or from

30% to 90% (Kim et al., 2006)). Kim et al. reported that approximately 56% of the total

amount of cells in the culture expressed TH (62% TuJ1+ cells/total cells; 90%

TH+/TuJ1+ cells). In addition, many TH+ cells co-expressed AADC and DAT.

Moreover, neurons contained and released DA and some neurons had the

electrophysiological property of DA neurons.

Over-expression of Pitx3 in mES cells did not alter the total number of TH+

neurons, but instead facilitated differentiation into TH+ neurons co-expressing Aldh1a1

(Chung et al., 2005b) or Pitx3 (Maxwell et al., 2005). When Nurr1 was over-expressed

together with Pitx3 in mES cells, there was a significant increase of TH+ and DAT+

neurons (Martinat et al., 2006). Increased mRNA levels of TH, AADC and DAT were

also observed when Nurr1 and Pitx3 were over-expressed in hES cells.

4.1.2 Transplantation of embryonic stem cell-derived cells in vivo

Many of the studies above proceeded to examine ES cell-derived TH+ cell survival and

functional recovery following transplantation into PD animal models. Functional effect

of grafted cells can be determined by drug-induced or non-drug-induced behavior.

Since unilateral 6-OHDA lesion results in postsynaptic hypersensitivity on the lesioned

side (Ungerstedt, 1971b), DA receptors on the denervated side are more activated than

those on the intact side after administration of the DA receptor agonist apomorphine,

resulting in contralateral rotations (towards the damaged side). After amphetamine

administration, which acts by increasing DA release, the release of DA from the intact

DA terminals on the non-lesioned side is promoted, resulting in ipsilateral rotations (in

the direction of the damaged side). In addition, non-drug-induced tests, e.g. stepping

adjustment tests, that forces the use of individual forelimbs and determines the animals

ability to perform adjusting steps when moved sideways, can be used to evaluate

spontaneous behavior (Olsson et al., 1995; Schallert et al., 1979). While the drug-

induced tests represent asymmetry in DA release and in postsynaptic sensitivity to DA,

the non-drug-induced tests indicate reduced motor activity, which is more closely

relevant to the motor manifestations of human PD. Moreover, immunohistochemistry

on brain sections needs to be performed in order to determine the phenotype and the

extent of re-innervation of grafted neurons. Animal studies have shown that it is

necessary for approximately 200 primary DA neurons to survive in vivo for recovery in
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a rodent (Brundin et al., 1985). For ES cells it is believed that 200-1000 DA neurons

are sufficient, depending on how many DA cells having the correct MB identity.

4.1.2.1 Mouse embryonic stem cells

DA neurons derived from mES cells have frequently been reported to survive

transplantation into the striatum of immunosuppressed rats with a unilateral 6-OHDA

lesion of the nigrostriatal pathway. In some reports, the grafts have promoted

behavioral recovery in the recipients (Baier et al., 2004; Barberi et al., 2003; Björklund

et al., 2002; Kim et al., 2002; Martinat et al., 2006; Nishimura et al., 2003; Rodriguez-

Gomez et al., 2007; Shintani et al., 2008). However, most studies have focused on

drug-induced rotation, but some have also described improved spontaneous

neurological functions in the grafts (Kim et al., 2002). Moreover, some studies have

detected functionality of grafted cells by PET-imaging (Björklund et al., 2002;

Rodriguez-Gomez et al., 2007). A recent study by Rodriguez-Gomez and colleagues

showed that ES cell-derived neurons survived, maintained mesDA markers and

sustained behavioral effects over 32 weeks after transplantation (Rodriguez-Gomez et

al., 2007).

4.1.2.2 Human embryonic stem cells

As described in the previous section, several groups have reported that hES cells can

differentiate into mesDA neurons in vitro. However, the evidence that hES cell-derived

mesDA neurons can effectively reduce motor behaviors following transplantation into

rats is sparse. The majority of the reports that have directly addressed this issue have

either described no effects (Brederlau et al., 2006; Park et al., 2005), or partial recovery

following grafting (Ben-Hur et al., 2004; Martinat et al., 2006; Sonntag et al., 2007;

Yang et al., 2008). Typically, hES cell-derived grafts contained relatively few surviving

DAergic neurons and frequently generated tumors (Brederlau et al., 2006; Park et al.,

2005; Schulz et al., 2004; Sonntag et al., 2007). Survival of large numbers of

transplanted TH+ neurons derived from hES cells has only been reported three times

(Cho et al., 2008; Roy et al., 2006; Yang et al., 2008). Roy et al. reported not only the

survival of large numbers of grafted TH+ neurons (27 000 TH+ cells/mm3), but also

functional recovery in 6-OHDA leisoned rats (Roy et al., 2006). However, several

unusual features regarding the nature and speed of functional recovery after

transplantation makes it unclear if DA released from the graft was responsible for the

behavior changes (Christophersen and Brundin, 2007; Goldman et al., 2007). Recently,
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Yang et al. and Cho et al. also reported relatively large numbers of surviving TH+

neurons in the grafts (approximately 1300 TH+ cells/graft (Yang et al., 2008) and

approximately 10 700 TH+ cells/graft (Cho et al., 2008)). Yang and colleagues reported

that a majority of grafted animals gradually developed functional recovery in

amphetamine-induced rotation tests. Cho and colleagues showed a significant recovery

in drug-induced rotations, as well as in the stepping adjustment test. With the exception

of these three studies, the survival of hES cell-derived DA neurons has been poor

following transplantation. Whereas the transplanted grafts often contained numerous

neurons (determined by NeuN immunoreactivity) (Brederlau et al., 2006; Park et al.,

2005; Schulz et al., 2004), the number of TH+ neurons was lower than would be

expected from the initial in vitro characterizations. Either, hES cell-derived DA

neurons die during the transplantation procedure or they down-regulate TH expression

once they are grafted. Developmentally, the survival of a neuron depends on the

synaptic engagement with its target cells. DA neurons that form synaptic connections

with striatal neurons are mostly originated from SN. It was shown in hES cell

transplantations that the majority of DA neurons surviving in the graft for up to five

months and contributing to functional improvement of the transplanted animals

exhibited a SN phenotype by expressing Girk2 (Yang et al., 2008). One possible

explanation for the poor survival of grafted hES cell-derived mesDA neurons could

therefore be due to an “incorrect identity” of the DA neurons. In addition, instability of

stem cell-derived DA neurons has been reported for hES cells, neural stem cells and

human ventral mesencephalic progenitor cells (Cho et al., 2008; Christophersen et al.,

2006; Ostenfeld et al., 2000; Park et al., 2005; Paul et al., 2007; Schulz et al., 2004;

Zeng et al., 2004). The mechanisms underlying this selective vulnerability or instability

of phenotype are not understood, reviewed in (Morizane et al., 2008).

4.1.3 Primate embryonic stem cells

In addition to mES- and hES cells, it has been reported that pES cells can differentiate

into mesDA neurons (Kawasaki et al., 2002; Sánchez-Pernaute et al., 2008; Sánchez-

Pernaute et al., 2005; Takagi et al., 2005; Yue et al., 2006). However, the PA6 co-

culture protocol induced only about half (approximately 25%) of the neurons observed

in mouse cells, and TH+ neurons at a frequency of 35% of total neuronal cells

(Kawasaki et al., 2002). To enhance the efficiency, a modified method was tried

(Takagi et al., 2005). Neurospheres were generated by co-culturing pES cells with PA6

cells and induced to differentiate into DA neurons with treatment of bFGF and FGF20.
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With this method 10-15% of cells in the culture expressed TH (50% TuJ1+ cells/total

cells; 25% TH+/TuJ1+ cells). After transplantation of neurospheres into the MPTP-

induced primate PD model, a behavioral recovery was seen. Also, increased F-dopa

uptake in the striatum was observed by PET-scans after transplantation and histological

examination revealed an average of around 2100 surviving TH+ neurons on each side of

the brain. This was the first study to report functional effects of grafted neurons derived

from pES cells. The same year, Sánchez-Pernaute et al. derived TH+ neurons from a

pES cell line through co-culture with MS5 cells in the presence of growth factors (Shh,

FGF8, BDNF, AA, GDNF, dbcAMP, TGF-#) (Sánchez-Pernaute et al., 2005). 30-60%

of total cells became neurons and up to 70% of neurons co-expressed TH. In addition,

some TH+ neurons co-expressed En1 and VMAT2. After transplantation into a primate

host, long-term survival (over 6 months) of grafted TH+ cells were observed. More

recently, Sánchez-Pernaute and co-workers reported successful restoration of both

drug-induced rotations and spontaneous behavior after transplantation of pES cell-

derived DA neurons into 6-OHDA lesioned rats (Sánchez-Pernaute et al., 2008). In

addition, exposure to signaling factors (FGF2, FGF20 and Wnt5a), normally expressed

by MB glia (Castelo-Branco and Arenas, 2006; Ohmachi et al., 2000; Timmer et al.,

2007), has a positive effect on the maturation and survival of DA neurons after

transplantation (Sánchez-Pernaute et al., 2008).

4.1.4 Survival of embryonic stem cell-derived dopamine neurons

Survival of ES cell-derived mesDA neurons is often poor after transplantation. To

enhance cell survival, treatments with neurotrophic factors (described in sections 3.3.2

and 4.1.3), or with chemical agents to block excitatory neurotransmission and caspase

activities could be beneficial to diminish apoptosis (Cicchetti et al., 2002; Correia et al.,

2007; Duan et al., 2002; Hedlund et al., 2008; Helt et al., 2001; Hurelbrink et al., 2001;

Murase and McKay, 2006; Ohmachi et al., 2000; Parish et al., 2008; Sánchez-Pernaute

et al., 2008; Timmer et al., 2007). mES cells over-expressing the anti-apoptotic factor,

Bcl-XL, showed enhanced DA neuron differentiation in vitro and were less susceptible

to MPTP, compared to wild-type ES cells (Shim et al., 2004). After transplantation into

a PD animal model, Bcl-ES cell-derived DA neurons exhibited more extensive fiber

outgrowth that led to a more pronounced reversal of both amphetamine-induced

rotations and stepping adjustments, compared to wild-type cells.
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4.1.5 Approaches to avoid uncontrolled cell growth

Apart from producing a large amount of the relevant cell type, the future potential of

ES cells as a source for cell replacement therapy in PD, will critically depend on

avoiding adverse effects, such as tumor formation and immune rejection. One

advantage of ES cells is that they are easily expanded. The high proliferative capacity

of ES cells may, however, also be a disadvantage in some circumstances, as they can

continue to grow rapidly and generate teratomas, composed of cells from all three germ

layers, after transplantation (Deacon et al., 1998; Nussbaum et al., 2007). In vitro

differentiation of ES cells prior to transplantation has been shown to reduce the

incidence of tumor formation following grafting (Brederlau et al., 2006), but extensive

differentiation and maturation may also negatively affect the survival of grafted cells.

In addition, it has been reported that differentiating ES cells to a neuronal lineage still

does not remove FB progenitor cells, which can continue to proliferate after

transplantation (Elkabetz et al., 2008; Roy et al., 2006; Yang et al., 2008). In this

section, I will describe different strategies to eliminate pluripotent- or partially

differentiated ES cells, in order to avoid uncontrolled cell growth after transplantation.

Blocking of cell proliferation and survival pathways by manipulation of

relevant genes may be an effective way of reducing the risk of tumor formation. One

approach is to manipulate Cripto (Parish et al., 2005; Sonntag et al., 2005). Cripto is

expressed in the ICM and trophoblast cells of the mouse blastocyst and in a wide range

of epithelial cancers, reviewed in (Persico et al., 2001; Rosa, 2002; Shen, 2003).

Removal of Cripto expression in mES cells promoted differentiation into neurons,

without influencing their ability to develop into TH+ neurons (Parish et al., 2005;

Sonntag et al., 2005). Parish et al. reported that Cripto-/- mES cells, after grafting into

the striatum of rats with 6-OHDA lesions, differentiated into TH+ neurons without

forming tumors (Parish et al., 2005). However, Sonntag et al. demonstrated that

Cripto-/- mES cells could give rise to large grafts that expressed mesodermal markers,

indicating that deletion of Cripto is not sufficient to block non-neuronal tissue

formation and uncontrolled cell growth (Sonntag et al., 2005).

Purification of ES cell-derived progenitors or neurons, using inserted

fluorescent reporter genes and fluorescent-activated cell sorting (FACS) or conjugated

cell-surface antibodies for magnetic-activated cell sorting (MACS) or FACS, have been

used in several studies (Chung et al., 2006; Fukuda et al., 2006; Hedlund et al., 2007;

Hedlund et al., 2008; Ono et al., 2007; Pruszak et al., 2007; Schmandt et al., 2005;

Yoshizaki et al., 2004). Mature neurons can survive FACS and transplantation
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(Hedlund et al., 2008; Pruszak et al., 2007). Mature mesDA neurons have been purified

using a Pitx3-enhanced green fluorescent protein (eGFP) knock-in (KI) mES cell line

(Hedlund et al., 2008). After transplantation into 6-OHDA lesioned rats, 30% of all

animals displayed grafts, containing DA neurons and showed subsequent induced

functional recovery in drug-induced rotational behaviors. However, although it was

shown that mature DA neurons could survive purification and transplantation, the

survival rate was low. One option to obtain a higher survival rate could be to enrich

progenitor cells, which are generally more resistant to cell separation. FACS was

employed in two studies where neural progenitor cells (using Sox1-eGFP KI ES cells)

were purified from differenting mES cells. Sox1+ cells did not form tumors after

intracerebral transplantation, whereas Sox1- cells frequently generated large tumors

(Chung et al., 2006; Fukuda et al., 2006). However, the amount of TH+ neurons after

grafting was disappointingly low (200-300 TH+ cells/graft). A recent cell lineage

tracing study indicated that Corin, a cell surface molecule expressed by floor plate cells,

was expressed by MB progenitors destined to become DA neurons (Ono et al., 2007).

Corin+ cells have not yet been characterized in vivo, but it is likely that an extra

purification step will be needed in order to avoid tumor formation after transplantation

(Elkabetz et al., 2008; Roy et al., 2006; Yang et al., 2008).

Pharmacological agents that target dividing cells have also been used to reduce

the risk of uncontrolled cell growth (Bieberich et al., 2004; Sánchez-Pernaute et al.,

2005). For example, the ceramide analog N-oleoyl serinol (S18) can induce apoptosis

in undifferentiated cells that express Oct-4 and prostate apoptosis response-4. After

neural induction of mES cells, treatment with S18 increased the proportion of Nestin+

progenitors and decreased tumorigenicity (Bieberich et al., 2004). In addition, Sanchéz-

Pernaute and colleagues showed that pES cell-derived neurons, treated with a pulse of

mitomycin C prior to transplantation, gave rise to grafts with decreased amount of

dividing cells, compared to control cultures (Sánchez-Pernaute et al., 2005). However,

the number of TH+ neurons was significantly reduced by the mitomycin C treatment.

4.2 Induced pluripotent stem cells

Pluripotent cells that are genetically matched to a specific patient may serve as a

limitless source of transplantable tissues for cell replacement therapy, without evoking

immune rejection, reviewed by (Lerou and Daley, 2005). The success of finding such a

cell was limited until recently, when it was reported that mouse embryonic- and adult

tail tip fibroblasts could be reprogrammed back to a pluripotent stage, by retroviral
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delivery of four transcription factors: Oct4, Sox2, Klf4 and c-Myc (Takahashi and

Yamanaka, 2006). These iPS cells exhibited many features characteristic of ES cells,

since they (i) were positive for alkaline phosphatase and SSEA-1; (ii) expressed Nanog

from the endogenous locus; (iii) differentiated into all germ layers in vitro and (iv)

formed teratomas when injected into immune-deficient mice. However, they differed

from ES cells in a number of ways. By comparing genome-wide expression between

ES- and iPS cells, a significant number of genes were found differentially expressed. In

addition, when iPS cells were injected into blastocysts, chimeric embryos arrested in

mid-gestation stage, indicating that these initial iPS cells had a limited developmental

potential.

Soon after the first report, three groups showed that mouse iPS cells could give

rise to adult chimeras competent for germline transmission (Maherali et al., 2007; Okita

et al., 2007; Wernig et al., 2007). Not long after, it was demonstrated that iPS cells

could be isolated from human fetal-, neonatal- and adult fibroblasts, by expressing the

same four factors, or exchanging c-Myc with Lin28 (Park et al., 2008; Takahashi et al.,

2007; Yu et al., 2007). Human iPS cells exhibited features of hES cells, since they (i)

were positive for alkaline phosphatase; (ii) expressed surface markers SSEA-3 and Tra-

1-60; (iii) expressed Oct4 and Nanog from endogenous loci; (iv) differentiated into all

three germ layers in vitro and (v) formed teratomas when injected into immune-

deficient mice. Genome-wide microarray analyzes revealed that the global expression

pattern of iPS cells was more similar to ES cells than fibroblasts, and that a majority of

ES cell-specific genes were reactivated in iPS cells.

Recently, it was shown that iPS cells could be generated using only one (Oct 4),

two (Oct4 and c-Myc or Klf4) or three (Oct4, Klf4 and c-Myc) of the original factors

(Eminli et al., 2008; Kim et al., 2009; Kim et al., 2008), dependent on the origin of the

cells that were to be reprogrammed, since some somatic cell types express appropriate

levels of complementing factors. Mouse- and human fibroblasts have also been

reprogrammed using the orphan nuclear receptor Esrrb or the histone deacetylase

inhibitor Valproic acid in combination with Oct4 and Sox2 (Feng et al., 2009; Huangfu

et al., 2008).

In addition, studies have reported potential values of iPS cells, since

reprogrammed skin cells differentiated in vitro into DA neurons have been shown to

alleviate the drug-induced behavior in the 6-OHDA lesioned rat model of PD (Wernig

et al., 2008). Moreover, iPS cell-derived blood cells could cure a mouse model of sickle

cell anemia (Hanna et al., 2008). Furthermore, iPS cells have been generated from
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patients with a variety of genetic diseases, including PD, Huntington’s disease, type 1

diabetes mellitus, amyotrophic lateral sclerosis and Down syndrome (Dimos et al.,

2008; Park et al., 2008).

A major limitation of the iPS technology, however, is the use of viruses that

can integrate into the genome and are associated with a risk of tumor formation, due

to the spontaneous reactivation of the viral transgenes (Okita et al., 2007). However,

two groups recently improved the methodology further and showed that iPS cells can

be induced from mouse liver cells or mouse embryonic fibroblasts, using non-

integrating adenoviruses or plasmids that transiently express Oct4, Sox2, Klf4 and c-

Myc, respectively (Okita et al., 2008; Stadtfeld et al., 2008).
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AIMS

The overall aim of this thesis was to gain advanced knowledge of how dopamine
neurons develop in vivo and to use this knowledge to derive dopamine neurons from
embryonic stem cells in vitro.

Specific aims were to:

• Identify key intrinsic determinants implicated in the specification of midbrain
dopamine neurons (Paper I).

• Establish a safe and efficient protocol for differentiation of embryonic stem cells into
midbrain dopamine neurons, based on over-expression of identified dopamine
determinants (Papers II and III).

• Elucidate what functions retinoic X receptor ligands have in the developing central
nervous system (Paper IV).
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RESULTS AND DISCUSSION

Paper I- Identification of Lmx1a and Msx1- two mesDA determinants

“Identification of intrinsic determinants of midbrain dopamine neurons”

Although adult DA neurons are those affected in PD, we believe that it is important to

gain increased understanding of the inductive cues and cell intrinsic transcriptional

determinants underlying the normal development of mesDA neurons, in order to

develop new treatment strategies for patients with PD. For example, improved

protocols for generating mesDA neurons from ES cells will require a clearer

understanding of how mesDA neurons are specified. Such protocols could help both in

the development of cell replacement therapy, but also in the identification of additional

factors important for the development, survival and maintenance of the mesDAergic

system.

Before our study, little was known about what factors acting downstream of

mesDA neuron inducers in the vMB (e.g. Shh and FGF8), but upstream of transcription

factors important for the maturation and postmitotic differentiation of mesDA neurons

(e.g. Nurr1, En1/2 and Pitx3). The aim of paper I was therefore to identify such factors.

Since the majority of proteins controlling cell fate decisions in the ventral spinal

cord are HD-containing transcription factors (see section 2.2), we hypothesized that

HD-proteins are also involved in the specification of DA neurons in the vMB. To test

this, we prepared cDNA from vMB tissue isolated from E10.5 mouse embryos as

template in a PCR-based screen that utilized degenerated primers designed to amplify

HD-containing proteins. One protein, Msh-like homeobox gene 1 (Msx1) was

identified. In a second approach, a large scale in situ hybridization screen, an additional

HD-protein was identified, Lmx1a. Immunohistochemistry revealed that both Lmx1a

and Msx1 were expressed in the progenitor domain in the vMB from which mesDA

neurons differentiate and that Lmx1a was expressed slightly before Msx1, at E9.0 and

E9.5 in mouse, respectively. The expression of Lmx1a was, in contrast to Msx1, also

maintained in postmitotic Nurr1+ mesDA neurons. Since Lmx1a and Msx1 were

expressed in the ventral most cell type in the MB, we wanted to elucidate if Shh

influences their expression in progenitor cells. Indeed, by using ex vivo explants from

the MB, we could show that both Lmx1a and Msx1 were induced in response to Shh.

Interestingly, Lmx1a and Msx1 were only expressed in explants from the MB and not

from the FB or HB, indicating that Shh´s ability to induce these factors is restricted

along the AP axis.
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The functions of Lmx1a

To elucidate the functions of Lmx1a in the generation of mesDA neurons, we

performed a series of loss- and gain-of-function experiments using in ovo chicken

embryo electroporations. Over-expression of Lmx1a in the lateral parts of the vMB

showed that Lmx1a was sufficient to induce ectopic Nurr1+Lmx1b+TH+ mesDA

neurons. Interestingly, ectopic mesDA neurons were induced at the expense of other

neuronal cell types in the vMB and were preceded by Msx1 expression in progenitor

cells. Lmx1a´s ability to induce ectopic mesDA neurons was exclusively located to the

ventral part of the MB, although Lmx1a was also able to induce Msx1 in the dorsal

MB. Lmx1a was also not sufficient to induce mesDA neurons in the FB or in the HB,

indicating that Lmx1a´s ability to induce mesDA neurons is context dependent and

therefore restricted on both AP and DV axes.

To elucidate if Lmx1a is sufficient to drive mES cells into the mesDAergic

lineage, Lmx1a was transiently expressed in mES cell-derived neural progenitor cells,

using a Nestin-enhancer construct, at a time point when Lmx1a is normally expressed

in vivo. Differentiating mES cells were grown as monolayer cultures in the presence of

Shh and FGF8 (see section 4.1.1). Indeed, Lmx1a induced mesDA neurons

(TH+Lmx1a+Pitx3+Nurr1+En1/2+DAT+) from mES cells and again, the mesDA neuron

induction was preceded by Msx1 expression. In accordance with the results from

chicken electroporation experiments, the induction of mesDA neurons by Lmx1a over-

expression was context dependent, i.e. Lmx1a could only induce mesDA neurons in

cells treated with Shh and FGF8.

Next, we elucidated if Lmx1a is required for the induction of mesDA neurons,

by transfecting chicken embryos with siRNA directed against Lmx1a mRNA. Upon

silencing of Lmx1a, the expression of Msx1 in DA progenitor cells, as well as the

expression of Lmx1b and Nurr1 in postmitotic DA neurons, was abolished.

Together the loss- and gain-of-function studies showed that Lmx1a is able to

induce Msx1 and is sufficient to drive mesDA neuron differentiation in several

systems.

The functions of Msx1

In contrast to Lmx1a, Msx1 was unable to efficiently induce mesDA neurons in the

vMB after over-expression in chicken embryos or in differentiating mES cells.

Previous data have suggested that Msx1 acts as a transcriptional repressor (Catron et

al., 1995; Muhr et al., 2001) and that HD-proteins often are dependent on the
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interaction with the co-repressor Groucho to execute repression (Muhr et al., 2001).

Thus, we performed a set of experiments to elucidate whether Msx1 functions as a

repressor in the vMB. In transgenic embryos, in which Msx1 expression was regulated

under the Shh enhancer region (Shh-Msx1), the HD-containing transcription factor

Nkx6.1 was prematurely repressed. Furthermore, Lmx1a over-expression in the vMB

of chicken embryos resulted in repression of Nkx6.1. However, this repression was

probably due to Lmx1a´s ability to induce Msx1, since examination of progenitor

profiles at a time point when Lmx1a had not yet induced Msx1, showed that Msx1, but

not Lmx1a, could suppress Nkx6.1. Moreover, in Msx1-/- mutant mice, Nkx6.1 showed

increased expression levels in the mesDA domain. Together, these results indicate that

one of Msx1´s functions in the vMB is to suppress alternative cell fates in the mesDA

progenitor domain. This repression is probably due to Msx1´s ability to recruit

Groucho, since sequence analysis revealed that Msx1 contained a Groucho/TLE

binding domain. In support of this, we also showed that Msx1 functioned as a

Groucho/TLE-dependent repressor in a reporter-based gene assay and interacted with a

bacterially produced GST-Groucho in vitro.

In addition to Msx1´s function to repress Nkx6.1, we observed in Shh-Msx1

transgenic embryos that over-expression of Msx1 led to an induction of Ngn2, loss of

floor plate characteristics and pre-mature differentiation of mesDA neurons. In

accordance, upregulation of Ngn2 was seen when Msx1 was transiently over-expressed

in ES cell cultures. On the other hand, in the Msx1-/ -mice, where Ngn2 was

downregulated, the mesDA neurogenesis was significantly reduced (by 40%). These

results indicate that Msx1 has a function in controlling the timing of neurogenesis,

probably by inducing Ngn2. Ngn2 expression is first observed one day later than Msx1

in the vMB. It is therefore likely that Msx1 induces Ngn2 by repressing a repressor of

Ngn2.

Msx1 has previously been implicated in roof plate development, reviewed by

(Ramos and Robert, 2005). In the roof plate, Msx1 promotes apoptosis and suppresses

neurogenesis. We did not observe these functions of Msx1 in the vMB. However, we

believe that Msx1 can have different functions based on the expression levels, since

cells arrested and eventually died when Msx1 was over-expressed in chicken embryos

or in mES cells using a strong promoter.

In summary, we have identified Lmx1a and Msx1, which are both induced by

Shh and expressed in mesDA progenitors at early time points. Lmx1a and Msx1 have

different and distinct functions in the vMB, and complement each other to ensure the
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correct performance of the mesDAergic lineage.

Figure. 6. Components implicated in the mesDA neuron differentiation cascade are shown in a schematic
overview. Arrows do not necessary indicate direct targets (compliments of Ulrika Marklund).

Paper II- Production of mesDA neurons from ES cells

“Efficient production of mesencephalic dopamine neurons by Lmx1a expression in

embryonic stem cells”

A promising approach to alleviate symptoms of PD is the transplantation of healthy

mesDA neurons into the diseased brain. There are, however, problems linked to the use

of fetal human mesencephalic tissue that have been used so far. ES cells have been

suggested to be an excellent substitute as a tissue source, since these cells theoretically

allow for generation of large numbers of mesDA neurons in standardized and quality-

controlled preparations, reviewed in (Lindvall et al., 2004). As mentioned in section

4.1.1, attempts to generate mesDA neurons from ES cells in vitro have typically relied

on addition of extrinsic factors, e.g. Shh and FGF8, reviewed in (Morizane et al., 2008).

However, these signaling molecules do not only underlie the specification of mesDA

neurons, but also of several other cell types in the CNS, reviewed by (Puelles, 2007).

Therefore a mix of cell types, including 5-HT and "-aminobutyric acid (GABA)

neurons, is often present in the differentiating ES cell cultures. Although the reason for

graft induced dyskinesia in patients transplanted with primary vMB tissue are not fully

understood, it has been suggested that effects from cells other than the SN DAergic

neurons, particularly 5-HT neurons, within the graft can be a possible cause (Carlsson

et al., 2009; Carlsson et al., 2007; Carta et al., 2007; Carta et al., 2008a, b). Therefore,

the aim of paper II was to elucidate the efficiency whereby Lmx1a could induce

mesDA neurons from ES cells, in order to establish a protocol whereby highly enriched
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cultures of mesDA neurons could be produced. These Lmx1a-induced mesDA neurons

might in the long term be used as tissue source in cell replacement therapy for patients

with PD.

In Paper I, it was established that over-expression of Lmx1a could produce

mesDA neurons from mES cells. However, transient transfections were used and only a

limited proportion of cultured cells expressed transgenic Lmx1a. In addition, several

important functional and physiological properties of these engineered mesDA cells

were not addressed. We therefore established mES cell lines stably expressing Lmx1a

under the control of the Nestin enhancer region (NesE-Lmx1a cells). mES cells

expressing eGFP under the same enhancer (NesE-eGFP) were used as control cells. We

differentiated NesE-eGFP- and NesE-Lmx1a cells as monolayer cultures in the

presence of Shh and FGF8 (Ying et al., 2003), or according to the 5-stage protocol (Lee

et al., 2000) (see section 4.1.1) and characterized these cell lines both in vitro and in

vivo.

Lmx1a induces mesencephalic dopamine neurons in vitro

By using immunohistochemistry, electrophysiology and HPLC, we could show that

NesE-Lmx1a cell cultures very efficiently produced mesDA neurons (75-95%

TH+Nurr1+Pitx3+DAT+Lmx1a+Lmx1b+/TuJ1+ neurons) that expressed markers for, and

functioned as, authentic primary mesDA neurons. In addition, very few 5-HT+ neurons

were present in these cultures. In contrast, in NesE-eGFP control cultures 5-10% of all

neurons were mesDA neurons. Although NesE-eGFP cultures did not efficiently

produce mesDA neurons, a majority (60%) of cells in the cultures expressed Lmx1a

after 7 DDC. However, the induction of Lmx1a expression was significantly more

rapid in NesE-Lmx1a cells, compared to NesE-eGFP cultures. Lmx1a expression could

be detected already after 2 DDC in NesE-Lmx1a cultures, in contrast to control cultures

where a robust expression of Lmx1a appeared first at 5-7 DDC. These data suggest that

mES cell-derived cells rapidly lose their potential to generate mesDA neurons in

response to Lmx1a under these culture conditions. The rapid expression achieved by

the Nestin enhancer could therefore serve to shift the expression of Lmx1a into an

appropriate time-window in which forced expression of Lmx1a is sufficient to promote

the production of mesDA neurons and suppress alternative cell fates.

We also wanted to elucidate Lmx1a´s function in differentiating hES cells, and

therefore over-expressed Lmx1a in early neuroepithelial colonies with the help of lenti-

viral infections. We differentiated hES cell lines according to a modified 5-stage
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protocol (Nat et al., 2007) and again a majority of Lmx1a-induced ES neurons

expressed markers for authentic mesDA neurons.

Efficient induction of mesencephalic dopamine neurons in vivo

In order to elucidate the function of mES cell-derived mesDA cells in vivo, we next

transplanted Lmx1a-derived progenitor cells into the striatum of 6-OHDA lesioned

neonatal rats. Grafted cells survived and generated neurons with a mature mesDA

neuron phenotype (TH+Pitx3+En1/2+Nurr1+VMAT+Girk2 or Calbindin+). GABAergic

neurons were present in the grafts, but very few co-expressed TH. In addition, an

extensive re-innervation of the host striatum was observed and similar to primary vMB

grafts, mES cell-derived SN DA neurons tended to cluster at the periphery of the grafts.

However, grafting of progenitor cells gave rise to uncontrolled growth of

Ki67+Nestin+Sox1/2+ cells. We therefore performed magnetic bead sorting against

PSA-NCAM (Schmandt et al., 2005), to remove dividing cells and enrich for

postmitotic neurons prior to grafting. Indeed, after transplantation of PSA-NCAM+

cells, no dividing cells were observed. Instead, a majority of the surviving cells

expressed markers of mature mesDA neurons (TH+Nurr1+En1/2+Pitx3+VMAT+). In

addition, very few cells expressed markers for other cell types (5-HT- or GABA cells).

However, although a majority of grafted cells were mesDA neurons, the overall

survival was low (about 0.3% of grafted cells).

In summary, we have established a protocol for efficient generation of mesDA

neurons from mES- and hES cells. Such a protocol could help in the development of

cell replacement therapy in patients with PD, in drug-screening and in identification

of additional factors important for the development, survival and maintenance of the

DAergic system.

Paper III- Purification of progenitor cells or neurons for transplantation

“Enrichment of embryonic stem cell-derived dopamine neurons for transplantation by

fluorescence-activated cell sorting”

Apart from producing a large amount of the relevant cell type, the future potential of

ES cells, as a source for cell replacement therapy in PD, will depend on avoiding

adverse effects, such as uncontrolled cell growth (Björklund et al., 2002; Elkabetz et

al., 2008; Roy et al., 2006; Yang et al., 2008). More complete restriction of ES cell-

derived progenitors to the MB fate and removal of dividing cells will possibly allow for

better control of cell proliferation following transplantation. As mentioned in section
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4.1.5, different strategies have been tested in order to remove undifferentiated- or

partially differentiated cells. However, although proliferating cells have often

successfully been removed, the amount of generated or surviving mesDA neurons after

transplantation has typically been low (Chung et al., 2006; Fukuda et al., 2006). The

aim of paper III was therefore to find the optimal developmental stage when

contaminating cells should be removed without limiting the induction and survival of

mesDA neurons.

For this purpose we generated Sox1-eGFP- and Nurr1-eGFP KI mES cell lines

with stable expression of Lmx1a under the Nestin enhancer region (NesE-Lmx1a/Sox1-

eGFP- and NesE-Lmx1a/Nurr1-eGFP cells) and purified cells by FACS. We reasoned

that Sox1 and Nurr1 could be used to sort out mesDA progenitor cells and neurons,

respectively, since Sox1 is expressed in all neural progenitors at early time points in

vivo (Aubert et al., 2003; Barraud et al., 2005), and since Nurr1 is induced when

proliferating progenitor cells begin to acquire a mature DA neuron phenotype

(Saucedo-Cardenas et al., 1998; Wallén et al., 1999; Zetterström et al., 1997). Sox1-

eGFP- and Nurr1-eGFP cells were used as control cell lines. To elucidate if Lmx1a-

induced cell lines were able to generate mesDA neurons more efficiently after

purification than control cell lines, we purified the different eGFP cell lines.

Purification of progenitor cells using Sox1-eGFP cell lines

Sox1-eGFP- and NesE-Lmx1a/Sox1-eGFP cell lines were differentiated as monolayer

cultures in the presence of Shh and FGF8 for 4 and 7 DDC prior to FACS and

characterized in vitro and in vivo.

Indeed, the NesE-Lmx1a/Sox1-eGFP cell line generated more mesDA neurons

after purification than the control cell line in vitro. Nonetheless, the generated amount

was not as high as expected. Lmx1a-induced cells produced 60% TH+/TuJ1+ neurons

before FACS, but only between 10-35% after. Transplantation of Lmx1a-induced

DAergic progenitor cells into 6-OHDA lesioned neonatal rats resulted in a majority of

neurons in the grafts, but disappointingly few cells expressed TH. However, we

observed that only about 50% of Nestin+ cells co-expressed Sox1 in the cultures, thus

only a minority of Lmx1a-induced neuronal progenitors was in the GFP+ fraction after

purification. This makes Sox1 potentially an unsuitable marker to use for purification

of ES cell-derived mesDA progenitor cells.
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Purification of neurons using Nurr1-eGFP cell lines

When we purified mesDA neurons, using the NesE-Lmx1a/Nurr1-eGFP cell line, no

surviving cells were seen after transplantation. In addition, when purified cells were

plated in vitro, very few neurons were found in approximately 50% of the experiments.

Instead, large cells with a flat appearance were observed, indicating that few neurons

survived after sorting. To enhance survival, we co-cultured or co-transplanted purified

postmitotic neurons with cells from the LGE region, since these cells previously have

been reported to enhance survival of primary mesDA neurons both in vitro and in vivo

(Brundin et al., 1986a; Costantini and Snyder-Keller, 1997; de Beaurepaire and Freed,

1987; di Porzio et al., 1980; Foster et al., 1987; Hemmendinger et al., 1981; Prochiantz

et al., 1981; Prochiantz et al., 1979; Sortwell et al., 1998; Yurek et al., 1990). Indeed,

the survival was enhanced and a majority of GFP+ cells expressed markers for mature

mesDA neurons (TuJ1+TH+Nurr1+Pitx3+) in vitro. In agreement, cells survived in vivo

and a majority of grafted cells were neurons. Moreover, when GFP+ cells were co-

transplanted with LGE cells in a ratio of 1:5, the survival was increased, compared to a

ratio of 1:2. However, although a majority of cells in the grafts were neurons that

expressed nuclear markers for mature mesDA neurons, a minority of neurons expressed

TH. In transplantations with hES cells, similar observations have been reported and

explained by cell death or down-regulation of TH expression after transplantation,

reviewed in (Morizane et al., 2008). We did not observe cell death in our grafts, but in

order to conclude if one of these explanations is true in our experiments, grafted cells

need to be analyzed more carefully.

Detection of dividing cells

It is known that undifferentiated ES cells can be present in differentiated ES cell

cultures (Hedlund et al., 2007). In order to elucidate if the presence of pluripotent stem

cells markers were decreased in the GFP+ fractions, compared to unsorted cells, we

detected mRNA levels of Oct3/4 and Nanog, with the help of real-time quantitative

RT-PCR, before and after FACS. Detection of Oct3/4 and Nanog mRNA levels

revealed that the amounts were decreased (5-9-fold) after the purification procedures.

Recently, it was suggested that FB progenitor cells remain in the cell culture

although ES cells have been differentiated into the neuronal lineage (Elkabetz et al.,

2008; Roy et al., 2006; Yang et al., 2008). We did not analyze the mRNA level of

Foxg1, previously used to detect proliferating FB cells, but since over-expression of

Lmx1a in ES cells has been shown to promote generation of mesDA neurons and
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suppress alternative cell types (Papers I and II), the risk of FB cell types in purified

cultures should be minimal. Also, by detecting Ki67 immunoreactivity, we could show

that no dividing cells were present in the grafts four weeks after transplantation.

In summary, we have shown that enrichment of mES cell-derived progenitors

or neurons efficiently removes dividing cells. In addition, tissue from the LGE

enhances the survival of mES cell-derived GFP+TH+ neurons in vitro and in vivo.

Paper IV- Neuronal survival mediated by Nurr1 and RXR

“Nurr1-RXR heterodimers mediate RXR ligand-induced signaling in neuronal cells”

In addition to understand more regarding the development of mesDA neurons, the

survival of mesDA neurons is another important issue. Such knowledge could help to

enhance survival of transplanted DA neurons, but also to increase endogenous cell

survival in PD patients. GDNF (mentioned in section 3.3.2) is one example of a

neurotrophic factor that has been shown to enhance survival of mesDA cells. However,

due to several reasons (see section 3.3.2), GDNF is no longer used in clinical trials.

Therefore, alternative approaches to increase cell survival need to be identified.

NR ligands are small and lipophilic molecules, properties that are attractive in

the development of compounds useful in pharmacological treatment of disease. NRs

belong to a conserved gene family and share structural features and mode of signaling.

They play fundamental roles in numerous developmental processes and in adult

physiology, reviewed in (Aranda and Pascual, 2001; Benoit et al., 2006). RXR belongs

to the NR family and can heterodimerize with several NRs (Mangelsdorf and Evans,

1995; Mangelsdorf et al., 1990). In these heterodimeric complexes, RXR is often a

silent partner unable to respond to ligands. However, when RXR heterodimerizes with

Nurr1 (see section 2.4.3), RXR is robustly activated by its ligands, e.g. 9-cis RA and

the fatty acid docosahexaenoic acid (Mangelsdorf and Evans, 1995; Mata de Urquiza et

al., 2000), suggesting that Nurr1 might play a role in promoting RXR signaling events

in vivo (Forman et al., 1995; Law et al., 1992; Perlmann and Jansson, 1995).

Nonetheless, the functions of RXR as a bona fide receptor for endogenous ligands have

remained poorly understood. Therefore the aim of paper IV was to investigate the role

of RXR signaling in the developing CNS.

Some properties have made NR ligands difficult to localize in vivo, e.g. (i) they

are not encoded by the genome; (ii) they are sometimes chemically unstable, and it has

therefore been difficult to evaluate their functions. The difficulties for detecting NR

activation by endogenous ligands led to the establishment of a transgenic mouse system
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(feedback-inducible nuclear receptor driven; FIND system) (Mata de Urquiza et al.,

1999). In this study we used the FIND system to analyze the activity of the Nurr1

ligand-binding domain in vivo, in order to find sites where RXR ligands are active.

RXR ligands are present in the developing CNS and can activate Nurr1-RXR

heterodimers

A DNA sequence encoding the Nurr1 ligand-binding domain fused to the DNA-

binding domain of the yeast transcription factor Gal4 was cloned into a transgenic

vector containing a LacZ reporter with upstream Gal4-binding sites. In transgenic mice,

this approach allows analysis by X-gal staining of sites where Gal4-Nurr1 is active. X-

gal staining of Nurr1-FIND embryos revealed LacZ expression in several regions of the

CNS, including mesDA neurons in the vMB. By analyzing FIND embryos with

different function-specific mutations of Nurr1´s ligand-binding domain, we concluded

that the activity in the vMB was dependent on Nurr1 heterodimerizing to RXR. To

evaluate if vMB tissue contained and released RXR ligands, in vitro reporter gene

assays were used. Explants from embryonic vMB tissue were added to a cell line

transfected with Gal4-Nurr1 or with a Gal4-Nurr1 construct that were unable to

dimerize with RXR (Gal4-Nurr1 dimerization mutant). Consistent with data in

transgenic embryos, vMB tissue activated Gal4-Nurr1 but failed to activate the Gal4-

Nurr1 dimerization mutant.

In order to find out what tissue activity activated Nurr1-RXR heterodimers, we

dissected out brain areas from the parts where Nurr1-RXR heterodimers were active

and analyzed the tissue activity by mass spectrometry. From these experiments we

could conclude that the previously identified RXR ligand docosahexaenoic acid (Mata

de Urquiza et al., 2000) was the main constituent that activated Nurr1-RXR

heterodimers.

In summary, we have identified regions where endogenous ligands for RXR are

present in the developing brain and have shown that these ligands activate Nurr1-RXR

heterodimers.

RXR ligands act as trophic factors for primary neurons

To assess the role of RXR ligands in neuronal function, we used primary rat neuronal

cultures established from the vMB, since some of the activity we observed in the

transgenic mouse system was localized to this region. By adding natural and synthetic

RXR ligands to progressively degenerating vMB cultures, we could demonstrate that
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treatment with RXR ligands led to a strong increase in the numbers of TH+ neurons.

These experiments demonstrated that RXR ligands can promote neuronal survival of

mesDA neurons.

As Nurr1 is expressed in mesDA neurons in the vMB and is known to

heterodimerize with RXR, we wanted to elucidate whether Nurr1 is involved in

mediating the trophic effects. We therefore analyzed the effects of RXR ligands on

primary cultures from parts of the brain that are known to express Nurr1, e.g. cortex

and hippocampus (Zetterström et al., 1996a; Zetterström et al., 1996b). Nurr1

expressing cells responded with increased survival to treatment with RXR ligands. In

addition, cortical primary cultures from Nurr1-/- mice did not respond with increased

survival. Furthermore, by transfecting primary neuronal cultures with Gal4-Nurr1 and

Gal4-Nurr1 dimerization mutant and analyze the results in a reporter gene assay, we

showed that RXR ligands can activate Gal4-Nurr1 but not Gal4-Nurr1 dimerization

mutant, indicating that heterodimerization of Nurr1-RXR is important for survival of

mesDA neurons in vitro.

In summary, these results have provided evidence for a role of Nurr1 as a

ligand-independent partner of RXR. Furthermore, we have shown that RXR-Nurr1

heterodimers promote survival of neurons in vitro.
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CONCLUSION AND FUTURE PROSPECTIVE

Paper I

Little is known about what factors act upstream or downstream of Lmx1a and Msx1 in

the vMB. However, two recent reports have provided evidence for that Otx2 acts

upstream of Lmx1a (Omodei et al., 2008; Ono et al., 2007). Generally, a more careful

examination of Lmx1a and Msx1´s enhancer or promoter regions could help to identify

upstream factors. Downstream targets could be identified by gene array, and chromatin

immunoprecipitation followed by DNA-sequencing could provide additional

information of where the gene of interest binds in the genome.

One of the earliest known markers important for the regionalization of the MB

is Otx2 (see section 2.3.1). Two recent publications have connected Otx2 with Lmx1a

and provided evidence that Otx2 is required and sufficient to induce Lmx1a (Omodei et

al., 2008; Ono et al., 2007). Ono and colleagues reported that when Otx2 was

ectopically expressed in the HB and in the spinal cord, the floor plate was converted

into a neurogenic domain (Ono et al., 2007). Also, Lmx1a was induced and,

subsequently, the mesDA programme (TH+Nurr1+ cells) was initiated. Moreover,

Omodei and co-workers reported, using Otx2 conditional knock-out mice, that Lmx1a

and Msx1 expression was abolished in the absence of Otx2 (Omodei et al., 2008). Since

Otx2 and Shh are present in the area long before we observe Lmx1a expression, it is

possible that a second wave of factors, acting directly downstream of Shh, are

responsible for inducing Lmx1a expression. Alternatively, several factors could be

important for setting the timing for Lmx1a induction by repressing a repressor of Shh.

Factors involved could be identified or unidentified extrinsic- or intrinsic factors, such

as members from the TGF-#- and Wnt families or HD-containing proteins, including

En1/2. In the roof plate, members from the BMP family have been shown to induce the

expression of Lmx1a and Msx1 (Bach et al., 2003; Chizhikov and Millen, 2004b;

Tribulo et al., 2003). It is possible that BMP´s induce Lmx1a and Msx1 expression also

in the vMB, since members of the BMP family are present in the vMB at early stages

(unpublished data). In addition, Ldb1, a LIM-domain associated co-factor, has been

shown to confer transcriptional synergism between LIM- and Otx HD-proteins (Bach et

al., 1997). If this interaction between Otx1/2 and Lmx1a is true in the vMB needs to be

elucidated.

It has been indicated that Lmx1b acts upstream of Lmx1a, since over-

expression of Lmx1b in the chicken roof plate (Chizhikov and Millen, 2004a) and in
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the chicken MB  (unpublished data) induces Lmx1a expression. Although Lmx1a and

Lmx1b share structural features, a recent report suggested that Lmx1b is not required

for the differentiation and maintenance of mesDA neurons in mouse, but for early

patterning events in the MB-HB area (Guo et al., 2008). However, studies on Lmx1a

mutant mice, i.e. naturally occurring dreher mutant (Millen et al., 2004) or Lmx1a-/-

mice (Ono et al., 2007; unpublished results), showed that about 30-50% of mesDA

neurons are lost. This effect can be because of redundancy with Lmx1b.

We could conclude that Msx1 acts downstream of Lmx1a from chicken

electroporation experiments and from mES cell cultures. Besides Msx1 it is not known

what factors act downstream of Lmx1a in the vMB. However, it is possible that Lmx1a

regulates Pitx3, Nurr1 and other transcription factors important for the maturation of

mesDA neurons. The expression of Lmx1a is, in contrast to Msx1, maintained also in

postmitotic mesDA neurons. It is therefore likely that Lmx1a has additional functions

in the survival and maintenance of mesDA neurons. Lmx1a´s functions during late

embryonic stages and in the adult brain can be elucidated by analysis of conditional

knock-out mice.

One of Msx1´s functions is to repress Nkx6.1. In other parts of the neural tube,

co-repressive pairs complement each other to induce certain cell types at defined

positions, reviewed in (Dessaud et al., 2008; Jessell, 2000). In the vMB, Msx1

represses Nkx6.1, but the other way around is not true. By analyzing Nkx6.1 over-

expressing mice, we could conclude that Nkx6.1 does not repress Msx1 (unpublished

data). In addition, no repression of Msx1 could be observed when Nkx6.1 was over-

expressed in chicken embryos (unpublished data). The reason for this needs to be

determined.

By analyzing the expression of Lmx1a and Msx1 by in situ hybridization in

whole-mount mouse embryos, we observed that Lmx1a and Msx1 are in addition to the

MB also expressed in the diencephalon. We have not characterized these diencephalic

cells careful enough, but have indications that at least some are DA progenitors.

Previous studies have suggested that mesDA cells are born both in the mesencephalon

and the diencephalon, reviewed in (Smits et al., 2006). However, a more careful

characterization of these cells needs to be done, in order to determine their phenotype.

Papers II and III

We transplanted Lmx1a-induced mES cell-derived mesDA progenitor cells or mature

neurons into neonatal rats, to be able to evaluate grafted cells already after a few weeks.
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However, we also transplanted mES cell-derived mesDA cells into adult animals, to be

able to evaluate the extent of re-innervation and functionality of the grafted cells.

Unfortunately, although our results indicated that recovery (determined by

apomorphine- and amphetamine rotations) was obtained, we were not able to conclude

that the behavior benefits were due to the grafted cells and not to the size of the grafts

(Christophersen and Brundin, 2007). In addition, PSA-NCAM+ neurons were

transplanted into adult rats, but unfortunately cells did not survive in vivo. Addition of

“survival factors” e.g. neurotrophic factors or caspase inhibitors might have enhanced

survival of grafted neurons (Cicchetti et al., 2002; Correia et al., 2007; Duan et al.,

2002; Hedlund et al., 2008; Helt et al., 2001; Hurelbrink et al., 2001; Murase and

McKay, 2006; Ohmachi et al., 2000; Parish et al., 2008; Sánchez-Pernaute et al., 2008;

Timmer et al., 2007).

In order to evaluate what developmental stage that is best for purification of

mesDA cells, we purified mesDA progenitors or neurons using FACS and MACS.

From our results it seems most efficient to transplant purified neurons, compared to

progenitor cells. However, it is not clear why progenitors generated fewer mesDA

neurons in the grafts, compared to mature neurons. It is possible that mesDA neuron

progenitors are particularly vulnerable to environmental changes or may change cell

fate in the striatal environment. Grafting of ES cell-derived progenitor cells into the

correct milieu, i.e. SN, might have increased the induction of mesDA neurons. More

studies need to be done in order to elucidate the mechanism behind our results.

Cell replacement strategies have so far relayed on transplantation of DA

neurons into the striatum, since cells transplanted into the SN have been unable to grow

axons and form connections with their target cells. Theoretically, however, in order to

rewire the DA circuit, neurons should be transplanted into the SN. Recent findings

indicate that grafted SN and VTA DA neurons differ in their axon projection patterns in

the DA-denervated FB of adult mice (Thompson et al., 2005), and that the success of

transplantation therapies are strongly influenced by the type of DA neurons used

(Hudson et al., 1994; Thompson et al., 2005; Zuddas et al., 1990). We show that over-

expression of Lmx1a induces bona fida mesDA neurons in vitro, by detection of

mature mesDA markers in addition to electrophysiology. Therefore, it is possible that

Lmx1a-induced mesDA neurons are able to target the striatum, if transplanted into the

SN. Interestingly, a recent study suggested that mES cell-derived mesDA neurons,

similar to embryonic mesDA neurons, were responsive to instructive guidance cues

(Lin and Isacson, 2006), suggesting that transplanted mES cell-derived mesDA neurons
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might be able to sense axon growth and guidance molecules in vivo. However, axonal

outgrowth will also be influenced by repressive signals in the surrounding myelin and

on how much of DAergic fiber tracts that are left for transplanted cells to grow along.

A recent study aimed to elucidating the functions of Lmx1a and Msx1 in neural

progenitor cells and therefore over-expressed Lmx1a and Msx1 in cells from rat vMB

tissue E14.5 (Roybon et al., 2008). However, the production of mesDA neurons was

not increased, neither with single transfections of Lmx1a or Msx1, nor with combined

transfections. Nevertheless, since mesDA cell fate commitment is already determined

at E14.5, reviewed by (Hynes and Rosenthal, 1999), it is not surprising that over-

expression of Lmx1a and/or Msx1 at this time point did not increase the generation of

mesDA neurons. A more efficient experiment would perhaps be to express these factors

during the time points they are expressed in vivo.

iPS cells (mentioned in section 4.2) were produced two and a half years ago

(Takahashi and Yamanaka, 2006) and the interest around these pluripotent cells has

been extensive since than. Whether Lmx1a over-expression in iPS cells results in

efficient production of mesDA neurons needs to be elucidated.

Paper IV

Nurr1 and RXR are critical components of a survival pathway that might provide

interest as a potential treatment strategy. We have also shown that a specific Nurr1-

RXR ligand can rescue vMB cultures after insult (6-OHDA) and that survival is

specific to the DA neurons in the cultures (Kjellander and Friling et al., manuscript in

preparation). However, whether the effects observed with RXR ligands in vitro can be

transferred to humans needs to be elucidated. In addition, we do not know how Nurr1-

RXR mediates survival, what downstream genes that are switch on or off and if any

other neurotrophic pathways are connected to the RXR pathway.

Nurr1 may have a more general role in neuronal protection. Such a function

might explain the dramatic Nurr1 upregulation seen after hypoxic stress and other

stressful insults to the brain (Crispino et al., 1998; Honkaniemi and Sharp, 1996, 1999;

Ojeda et al., 2003; Pena de Ortiz and Jamieson, 1996; Xing et al., 1997). In addition,

increased cell death was detected at late gestation in Nurr1-/- mice (Saucedo-Cardenas

et al., 1998; Wallén et al., 1999) and DA neurons of Nurr1+/- mice were more

vulnerable to MPTP (Le et al., 1999). Moreover, old Nurr1+/- mice (over 15 months)

displayed a significant decrease in locomotor performance, compared to adult Nurr1+/-

mice, which correlated with decreased striatal DA and Nurr1 mRNA levels in an age-
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dependent manner (Jiang et al., 2005). In contrast, over-expression of Nurr1 in neuronal

stem cells was found to have neuroprotective effects against induced cell death (Lee et

al., 2002; Sousa et al., 2007). Furthermore, mutations in the human Nurr1 gene were

identified in patients with familial PD (Le et al., 2003) and decreased Nurr1 gene

expression was observed in some patients with PD (Le et al., 2008). These findings

indicate that Nurr1 may contribute to the survival of mature DA cells in vivo.

Conditional knock-out analyzes, allowing characterization of adult mice with Nurr1

deficiency, should help to resolve this question.

This thesis work has contributed to an increased understanding of the

development and survival of mesDA neurons. A knowledge that can be used for

developing new treatment strategies for patients with PD.
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POPULÄRVETENSKAPLIG SAMMANFATTNING

Parkinsons sjukdom är en av de vanligaste sjukdomarna som drabbar hjärnan och beror

på att en viss nervcellstyp, dopaminceller, långsamt dör. Signalsubstansen dopamin är

bland annat viktig för att styra våra rörelser och därför är skakningar i vila och

svårigheter med att starta och fullfölja rörelser vanliga symtom vid sjukdomen.

Parkinsons sjukdom drabbar framför allt den äldre populationen och är svårt

handikappande. Orsaken till sjukdomen är okänd, men växande bevis tyder på att

miljöfaktorer tillsammans med genetiska faktorer bidrar till dopamincellernas död. För

närvarande finns det inget botemedel mot Parkinsons sjukdom och därför är forskning

inom detta område mycket viktig. Möjliga framtida behandlingsmetoder är att

transplantera unga, friska dopaminceller till den sjuka Parkinsonhjärnan eller att få de

kvarvarande dopamincellerna att överleva. Båda behandlingsmöjligheterna har testats i

mindre vetenskapliga studier och har visat goda resultat. Behandlingsmetoderna

behöver dock vidareutvecklas för att de ska bli praktiskt användbara. Det behövs till

exempel en tillförlitlig vävnadskälla som kan producera en stor mängd funktionella

dopaminceller för transplantation. Embryonala stamceller, som är primitiva tidiga

celler, är en utmärkt cellkälla, då de kan odlas och styras till att bli olika celltyper. För

att det ska bli möjligt att styra stamceller till en specifik celltyp, behövs det dock en

fördjupad förståelse för den normala utvecklingen av den celltypen. Arbetet i denna

avhandling har varit fokuserat på att få ökad kunskap om utvecklingen av

dopaminceller i hjärnan, för att kunna styra embryonala stamceller till att bli

dopaminceller. Målet har varit att utveckla en framtida behandlingsmetod för patienter

med Parkinsons sjukdom.

Genom att leta efter proteiner i vävnaden från det område i hjärnan där

dopamincellerna bildas, kunde två nya gener, Lmx1a och Msx1, identifieras. Båda

proteinerna visade sig vara viktiga vid den tidiga utvecklingen av dopaminceller.

Lmx1a var dock den mest betydelsefulla och därför fortsattes studierna med detta

protein. Genom att tillföra Lmx1a till embryonala stamceller, kunde produktionen av

funktionella dopaminceller i cellkulturen höjas från 1-5% till 60-80%. Omogna

dopaminceller transplanterades till en råttmodell med Parkinsons sjukdom, för att

undersöka om cellerna överlevde efter transplantationen och om de bildade kontakter

med andra nervceller i hjärnan. Efter några veckor var de transplanterade cellerna

levande, mogna dopaminceller som hade bildat ett komplext nätverk av kontakter

med den omgivande vävnaden. Vissa av de transplanterade cellerna fortsatte dock att
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dela på sig. För att undvika att cellerna skulle bidra till tumörväxt i hjärnan, användes

olika metoder för att sortera ut rena cellpopulationer från cellkulturen. Genom att

sortera ut mogna nervceller före transplantationen och bara transplantera denna

population av celler, blev vi av med de snabbt växande cellerna. Slutligen kunde

överlevnaden av dopaminceller i cellkultur förbättras genom att tillsätta faktorer (så

kallade ligander) som binder till och aktiverar särskilda proteinkomplex (Nurr1 och

RXR) som finns inne i cellkärnan. Dessa ligander kan i framtiden visa sig vara

viktiga vid överlevnaden av dopamincellerna i hjärnan.

Arbetet i denna avhandling har bidragit till en ökad kunskap om utvecklingen

och överlevnaden av dopaminceller i hjärnan. Utifrån denna kunskap utvecklades en

metod för effektiv och säker produktion av funktionella dopaminceller från embryonala

stamceller. Dessa resultat kan vara viktiga för den framtida utvecklingen av

behandlingsmetoder för patienter med Parkinsons sjukdom.
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