
 
From the Department of Cell and Molecular Biology  

Karolinska Institutet, Stockholm, Sweden 

 

THE ROLE OF LMX1A AND LMX1B IN 
REGULATING MESENCEPHALON 
DEVELOPMENT AND DOPAMINE 

NEURON SPECIFICATION 

Qiaolin Deng 

 

 
Stockholm 2010 

 
 
 
  
 



 

All previously published papers were reproduced with permission from the publisher. 
Published by Karolinska Institutet. Printed by Larserics Digital Prints AB.  
Cover picture shows the expression of eGFP in a dissected Lmx1a eGFP/+ mouse brain at 
E12.5. 
 
© Qiaolin Deng, 2010 
ISBN 978-91-7457-008-3 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

We dance round in a ring and suppose, but the 

secret sits in the middle and knows. 

       
                        Robert Frost 
 



 



 

ABSTRACT 
One of the most challenging questions in developmental biology is how neurons are 

specified, acquire their distinct characteristics and find their correct innervations to 

form functional circuits. The development of different subsets of neurons involves the 

expression of a program intrinsic to each cell type and the response to extrinsic 

environmental influences represented by soluble factors. Breakthroughs in the 

understanding of the genetic programs that controls the specification of ventral cell 

fates in the spinal cord and hindbrain, have provided useful tools for the study of 

similar genetic networks in the more complex rostral regions of the central nervous 

system, such as the mesencephalon (also called midbrain).   

Midbrain dopamine (mDA) neurons are born in the ventral midline of the midbrain and 

regulate important functions in the brain, including motor control, cognition, emotions 

and learning. The degeneration of mDA neurons is the major hallmark of Parkinson’s 

disease (PD). The lack of knowledge regarding the factors involving in the early 

specification of mDA neurons has been one of the obstacles in applying embryonic 

stem cell (ESC)-based replacement therapy for PD. In paper I, we showed that Lmx1a 

and Msx1/2 are two key components in the development of mDA neurons. Lmx1a is 

necessary and sufficient for the acquisition of the proper mDA fate by activating the 

expression of downstream mDA neuron markers, while Msx1/2 synergizes with Lmx1a 

by suppressing alternative cell fates and promoting the progression of neurogenesis. 

Furthermore, we applied this knowledge to ESCs and showed that forced expression of 

Lmx1a could efficiently induce bona fide mDA neurons. In paper II, we continued to 

evaluate the role of Lmx1a in the mouse and compared the function of Lmx1a with its 

close homolog Lmx1b during mDA development. Surprisingly, loss of Lmx1a resulted 

in a moderate reduction of mDA neurons, which was partly due to the delayed 

conversion of floor plate into a neurogenic region at an early stage. Lmx1b could 

compensate to large extent for the loss of Lmx1a in mDA neuron generation as the 

compound genotype of the Lmx1 genes displayed a dose-dependent effect. Importantly, 

we showed that Lmx1a and Lmx1b have distinct roles in specifying two subgroups, i.e. 

medial and lateral mDA neurons. In addition, we revealed the function of Lmx1b in 

patterning other ventral cell types, i.e. oculomotor (OM) neurons and red nucleus (RN) 

cells. Loss of Lmx1b caused a dramatic reduction of OM neurons. By contrast, RN 

cells were born prematurely and were overproduced. Our current findings establish that 

Lmx1b influences the differentiation of multiple neuronal subtypes in the ventral 



 

midbrain, while the activity of Lmx1a in the ventral midbrain appears devoted to the 

differentiation of mDA neurons. 
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INTRODUCTION 
 
Life begins with the fertilization of a single egg cell that gives rise to an entire organism 

through a complex series of processes including gastrulation, neurulation, 

regionalization and patterning. A longstanding interest of developmental biology is to 

understand the details of these events, especially the coming-into-being of the central 

nervous system (CNS) that is the most important controlling center of our bodies. The 

CNS consists of an extensive diversity of cell types that can be divided into neurons 

and glial cells. Glial cells constitute 90% of the brain. It has been increasingly 

appreciated that glial cells have more important functions in addition to provide support 

and protection for the neurons in the brain. However, neurons are still the most crucial 

components of the CNS. There are about 100 billion neurons in the brain. They process 

and transmit information through cell-cell networks to conduct the general functions of 

the brain.  

Neurons are the progeny of neuroepithelial cells, which have a broad potential to give 

rise to all types of neurons in the CNS. However, this ability becomes restricted over 

time as a result of instructive positional cues. Once a neuron is born, its basic fate 

becomes fixed and its subsequent maturation proceeds according to the context that it 

resides in. Ultimately, specific neuronal subtypes become located in stereotypic regions 

of the brain to perform the corresponding functions.  

With the exception of a few specific sites in the brain, such as hippocampus, the lateral 

subventricular zone and the olfactory bulb, neurons in adult brain cannot be regenerated 

to any larger extent after insult or injury. Consequently, the loss of particular neuronal 

subtypes results in corresponding disorders of the CNS, such as neurodegenerative 

diseases.  

Parkinson’s disease (PD) is a neurodegenerative diseases caused by the progressive loss 

of dopamine (DA) neurons that are located in the substantia nigra in the ventral 

midbrain (vMB). It is the second most common neurodegenerative disorder of the CNS 

but so far there is no cure. However, transplantation of fetal ventral MB tissues has 

provided a proof-of-principle that cell replacement therapy may be a promising 

approach. The main focus of this thesis is to unravel the molecular and cellular 

mechanism of the specification of DA neurons in the vMB and to apply this knowledge 

to stem cells (e.g. ESCs) for future cell replacement therapy for PD. More specifically, 

we have studied in detail the transcription factors Lmx1a and Lmx1b that play 

important roles during the patterning and DA neuron generation in the vMB. 



 

2 

Gastrulation - formation of the three germ layers 
 
Upon fertilization of an egg, the zygote undergoes serial rounds of cell cleavage to 

become a blastocyst. Before implantation, the blastocyst comprises of an outer cell 

layer called trophectoderm, surrounding a cluster of cells termed the inner cell mass 

(ICM), from which pluripotent ESCs are derived (Ralston and Rossant, 2005; Rossant 

and Tam, 2009). The trophectoderm gives rise to the placenta and portions of the 

pariental yolk sac whereas the ICM forms the embryo proper as well as the 

extraembryonic mesoderm. At the late blastocyst stage, a third lineage, the primitive 

endoderm cells are sorted out from the ICM (Niwa et al., 2005). Shortly after 

implantation into the uterus, the ICM goes through rapid proliferation and develops 

further into the primitive ectoderm, later called the epiblast as it differentiates to form a 

pseudostratified columnar epithelium lining the proamniotic cavity. Coinciding with the 

development of the epiblast, the primitive endoderm gives rise to the visceral endoderm 

–a tissue that surrounds the epiblast and pariental endoderm. Both are important 

sources of signals for future embryonic patterning (Arnold and Robertson, 2009; 

Gilbert, 2006; Rossant, 2004). See Box1A. 

 

Gastrulation begins with the formation of the primitive streak (PS) at the border of the 

epiblast-extraembryonic interface. It is a process of the formation for the three germ 

layers which requires extensive movement of cells from the epiblast through the PS. 

Epiblast cells undergo an epithelial to mesenchymal transition, mobilize and transverse 

through the PS and then allocate between the epiblast and the visceral endoderm to 

become a new cell layer, i.e. the mesoderm. With the elongation of the PS towards the 

distal end of embryo, distinct mesodermal cell lineages become designated according to 

the time and site of ingression through the PS. It is known that epiblast cells which 

enter through the posterior PS give rise to the extra-embryonic mesoderm as well as the 

visceral yolk sac mesoderm and blood islands. Lateral plate, paraxial, cranial and 

cardiac mesoderm appear slightly later from the intermediate and anterior levels of the 

PS. Finally, epiblast cells that migrate through the extreme anterior tip of the PS give 

rise to midline axial mesendoderm tissues that comprise the precordal plate, the 

notochord and the node, as well as the definitive endoderm cell lineage. As more 

definitive endoderm is incorporated into the pre-existing visceral endoderm layer, it 

progressively displaces the visceral endoderm anteriorly and proximally while covering 

the distal side of the embryo with a sheet of definitive endoderm. In contrast to 
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mesoderm and definitive endoderm, ectoderm is derived from the region of the epiblast 

that does not enter the PS. These three germ layers constitute the progenitor cells from 

which all fetal tissues will develop (Arnold and Robertson, 2009; Gadue et al., 2005; 

Gilbert, 2006; Tam and Loebel, 2007; Zernicka-Goetz et al., 2009). See Box1B.                                                   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Box1: (A) Epiblast and primitive endoderm lineages segregate from ICM in the blastocyst 

before implantation based on the gene expression of either GATA6 or Nanog. After 

implantation, the ICM, primitive endoderm and trophectoderm further proliferate and 

differentiate to form more defined structures. The blastocyst is transformed into the cup-like 

embryo cylinder. (B) Half a day after the emergence of the PS, cells continue to delineate from 

the epiblast and ingress into the PS to allocate between the epiblast layer and the visceral 

endoderm (hypoblast) along with the extension of the PS toward the distal tip of the embryo. 

Thus, three germ layers are formed and start to be specified into different tissues of the embryo 

in future. (Pictures are modified from Sebastian J. Arnold and Elisabeth J. Roberston 2009; 

Cindy C Lu et al., 2001; http://embryology.med.unsw.edu.au/Medicine/images/streak.jpg)  

 
 

Neural induction- making a commitment 
 
Neural induction constitutes the initial step in the generation of the vertebrate nervous 

system.  Neural tissue is derived from the embryonic ectoderm, which also gives rise to 
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the epidermis. Therefore, each cell in the embryonic ectoderm undergoes a process of 

fate determination.  

 

The early studies on neural induction were mostly performed in amphibian embryos. 

There it was discovered that transplantation of the most-dorsal lip of the amphibian 

blastopore (later called the Spemann organizer) to the ventral side resulted in the 

generation of a secondary CNS (Spemann, 1943; Spemann and Mangold, 2001). Since 

then, researchers had tried to find the “inductive signals” secreted from the organizer 

itself without success. This leads to the idea that the formation of neural tissue might be 

induced by the removal of some unknown inhibitory signals (Grunz and Tacke, 1989; 

Hemmati-Brivanlou and Melton, 1992; Sato and Sargent, 1989). Later, three BMP 

(Bone Morphogenetic Protein) antagonists, Noggin, Chordin and Follistatin were found 

to be expressed in the organizer and could neuralize animal cap explants of Xenopus 

(Hemmati-Brivanlou et al., 1994; Sasai et al., 1994; Smith and Harland, 1992; Smith et 

al., 1993). These findings led to the “default model” of neural induction proposing that 

cells within the ectoderm layer of the frog gastrula have an autonomous tendency to 

differentiate into neural tissue, which is otherwise inhibited by BMPs (Hemmati-

Brivanlou and Melton, 1997; Stern, 2005). 

 

However, with research carried further, the default model may be a little too simplistic 

and was challenged by some contradictory findings mostly in amniotes model systems 

such as chick and mouse. One study showed that some neural tissues could still be 

induced even when the node (i.e Spemann organizer in amphibian) was physically 

removed or genetically ablated (Ang and Rossant, 1994; Klingensmith et al., 1999). 

Another study demonstrated that the timing and expression pattern of BMP inhibitors 

did not correlate with the initiation of neural tissue (Wilson et al., 2000). Lastly and 

very importantly, BMP inhibitors are not sufficient to induce neural fate in epiblast 

explants (Streit et al., 2000; Streit et al., 1998), which means that BMP inhibitors might 

be required to provide a permissive environment for the induction of neural tissues but 

are not sufficient to do so alone. 

 

Subsequently, it was revealed that FGFs (Fibroblast Growth Factors) and WNTs 

(Wingless-related MMTV integration site) are involved in the neural induction process. 

Expression of dominant negative FGF receptors in animal cap cells in Xenopus blocks 

the ability of Noggin or Chordin to induce neural cells (Launay et al., 1996). FGF alone 
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can also directly induce neural fate in chick (Rodriguez-Gallardo et al., 1997) and in 

zebrafish (Kudoh et al., 2004) in the absence of other signals. One mechanism by 

which FGF signaling act is via phosphorylation of  a linker region in the BMP effector 

Smad1 which causes a downregulation of BMP signaling (De Robertis and Kuroda, 

2004). However, it has been shown that BMP inhibitors induce anterior neural plate, 

while FGFs induce posterior neural plate (Furthauer et al., 2004; Rentzsch et al., 2004). 

The other mechanism of FGF signaling in neural induction is BMP independent and 

requires inhibition of the WNT pathway (Wilson et al., 2001). High level of WNT 

signaling can block the response of lateral epiblast cells to FGFs, and together with 

BMP signaling promotes an epidermal fate. When WNT signaling is attenuated, FGFs 

together with BMP inhibitors can transform the later epiblast cells to acquire neural fate 

(Wilson and Edlund, 2001; Wilson et al., 2001).  

 

In reality, neural induction is a much more complicated process than what I have 

summarized here. It is a cascade of sequential events and requires cooperation of many 

different signaling pathways other than FGF, WNT and BMP. An increased 

understanding of the mechanisms of neural induction can be helpful in stem cell 

research in order to facilitate neural differentiation followed by producing certain 

neuronal subtypes that can be used to treat neurodegenerative disease, to understand the 

disease mechanisms and to screen for new drugs etc (Munoz-Sanjuan and Brivanlou, 

2002). For example, treatment of human ESCs with Noggin greatly induces neural 

differentiation and prevents formation of extra-embryonic endoderm (Baharvand et al., 

2007; Gerrard et al., 2005; Pera et al., 2004). In addition, FGF2 is used routinely in 

human ESCs cultures to promote the proliferation of neural progenitors and stabilize 

neural identity (Carpenter et al., 2001; Elkabetz et al., 2008; Okabe et al., 1996). 

 

Anterior-posterior patterning and regionalization of the neural tube 
 

Establishment of the body plan is a critical event during early embryonic development. 

Vertebrates have three body axes: anterior-posterior (A-P), dorsal-ventral (D-V), and 

left-right (L-R). The L-R axis is the last one to be determined, at least in the mouse. 

Recent studies have shown that L-R asymmetry is generated de novo by cilia at the 

embryonic node on the basis of pre-existing A-P and D-V information (Buceta et al., 

2005; Okada et al., 2005). The cilia are tilted posteriorly and rotate in a clockwise 

direction which results in a leftward fluid flow (Nonaka et al., 2005). This 



 

6 

unidirectional flow causes an uneven distribution of signaling factors such as Nodal, 

which in turn leads to asymmetric positioning of internal organs (Levin, 2005; Wright, 

2001). Here, I will briefly summarize the regionalization of the neural tube along the A-

P axis. The D-V patterning will be discussed in the next section. 

 

The most prominent feature of the A-P patterning is the segmentation of the neural 

plate into forebrain, midbrain, hindbrain and spinal cord. The A-P axis is already 

determined prior to the gastrulation when Wnt3 expression is restricted to the posterior 

epiblast, where the PS will be induced. This process involves WNT and Nodal 

signaling (Morkel et al., 2003; Robertson et al., 2003). At the same time as the PS 

forms, a group of distal visceral endoderm (DVE) cells become specified as a signaling 

center and rapidly migrate towards the prospective anterior side of the embryo, thus 

establishing the anterior end of the embryo. The gross movement of the DVE creates 

the anterior visceral endoderm (AVE, see Box 1A). AVE  is a head organizer and 

expresses secreted BMP antagonists such as noggin and follistatin, WNT antagonists 

including Dkk1, Frzb-1 and Crescent, as well as the Nodal antagonist activin and Lefty 

(Niehrs, 2004). It is an important neural-inducing tissue that promotes forebrain identity 

and protects anterior neural ectoderm from posteriorizing factors secreted from the PS. 

Besides, the AVE is also involved in the induction and spatial restriction of a number of 

anteriorly expressed genes such as Otx2, Lim1 and Hesx1 in order to consolidate the 

anterior neural properties (Acampora et al., 1995; Matsuo et al., 1995; Shawlot and 

Behringer, 1995). 

 

The AVE is required for the formation of the forebrain. The question is then how the 

caudal region of neural plate is specified? The “activation-transformation model” was 

first proposed by Nieuwkoop. He suggested that nascent neural tissue adopts an 

anterior identity by default (a process that he referred to as “activation”), and that the 

posterior nervous system is subsequently generated through a process that he called 

“transformation” (Nieuwkoop, 1985; Nieuwkoop and Weijer, 1978; Rallu et al., 2002; 

Stern et al., 2006). The transformation signals are now known to be WNTs, FGFs and 

Retinoic acid (RA), that are derived from the node and the underlying mesoderm. 

Downstream of these posteriorizing signals, transcription factors such as members of 

the Hox gene family, are expressed from the rostral hindbrain to the tip of the tail. The 

combination of Hox gene expression is thought to be the most important instruction to 
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impose a posterior positional identity (Mallo et al., 2010; Young and Deschamps, 

2009).  

 

Subsequent to the A-P patterning, several distinct transverse domains are coarsely 

partitioned along this axis. The anterior neural tube balloons into three primary 

vesicles: the forebrain (prosencephalon), midbrain (mesencephalon) and hindbrain 

(rhombencephalon). Posteriorly, the long, uniformly narrow tube forms the spinal cord. 

These early morphological features of the neuroaxis accompanied by position-specific 

expression of developmental control genes dictate the overall plan of the CNS and 

predict its regional specializations (Lumsden and Krumlauf, 1996; Rallu et al., 2002).  

 

The forebrain, midbrain and hindbrain are segmented by the transverse boundaries and 

have distinct histogenic competence based on gene expression patterns as well as 

morphological information (Rubenstein et al., 1994). These transverse zones have 

differential competence in responding to similar signaling cues such as Sonic hedgehog 

(Shh) that is expressed along the entire A-P axis. These zones are further specified by 

local signaling centers, i.e the anterior neural ridge (ANR) at the anterior end of the 

neural tube, the zona limitans intrathalamica (ZLI) in the middle of the diencephalon 

and the isthmic organizer (IsO) at the mid-hindbrain boundary (MHB). See Box2A. I 

will further describe these three signaling centers in the following part with the 

emphasis on the IsO, which participates in the DA neuron specification in the vMB. 

 

Important local signaling centers in CNS 
 
Along the A-P axis 

A local signaling center is a group of cells emitting distinct morphogens responsible for 

the specific induction and/or patterning of neighboring tissues (Nieto, 1999). The ANR 

is the most anterior signaling center, first described in zebrafish (Houart et al., 1998). 

Fgf8 is expressed very early in ANR cells and is crucial for the specification of the 

anterior areas of the forebrain. Fgf8 is necessary for the induction and/or maintenance 

of FoxG1 (Bf1) expression, which in turn, is essential for forebrain precursor 

proliferation (Rubenstein and Beachy, 1998; Shimamura and Rubenstein, 1997). 

Furthermore, Fgf8 also regulates forebrain regional patterning through cooperation with 

WNT and Shh (Aboitiz and Montiel, 2007; Kuschel et al., 2003). The BMP antagonists 
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chordin and noggin also promote the inductive and trophic activities of the ANR in 

early development of the mammalian forebrain (Anderson et al., 2002).  

 

The diencephalon develops from the caudal forebrain. It divides caudally to rostrally 

into three transverse domains called prosomere 1 to 3 (p1-3). The ZLI appears early on 

in the neural tube and locates between p2 and p3. The ZLI exhibits a unique pattern of 

molecular expression and is an important signaling center in diencephalic histogenesis 

and later on in thalamus patterning (Martinez and Puelles, 2000). WNT signaling is 

required for the initial positioning of the ZLI by induction of Irx3 and Six3 expression, 

which border the ZLI posteriorly and anteriorly, respectively (Braun et al., 2003; 

Lagutin et al., 2003; Lim and Golden, 2007). After the establishment of ZLI, the 

expression of Shh in ZLI activates the morphogenetic properties of this organizer, 

specifying in turn the compartmentalization and cell fate of the different diencephalic 

prosomeres through the control of specific gene expression (Kiecker and Lumsden, 

2004; Lim and Golden, 2007). Gbx2 is expressed caudally to the ZLI and serves as a 

marker for the thalamus. Dlx2 and Nkx2.1 are expressed rostrally to the ZLI and are 

markers for the hypothalamus. Nkx2.2 and Fgf15 are expressed at both rostral and 

caudal sides. The combinatorial effects of these transcription factors contribute to the 

complexity of thalamic molecular regionalization (Bulfone et al., 1993; Chen et al., 

2009; Kobayashi et al., 2002; Marin et al., 2002).  

 

The IsO is localized at the mid-hindbrain boundary and controls patterning of the 

midbrain and the anterior hindbrain. It also plays an important role to instruct the 

specification and normal development of neuronal subtypes such as DA neurons and 

serotonergic neurons in the vMB and hindbrain, respectively (Brodski et al., 2003).  

Initially the organizing activity of the IsO was shown by transplantation experiments 

where IsO grafts, after transplantation to the diencephalon, could transform the local 

fate of the diencephalon into MB optic tectum (Bally-Cuif et al., 1992; Bally-Cuif and 

Wassef, 1994; Martinez et al., 1991). Subsequently, Fgf8 was identified to be expressed 

by the IsO during early development and it was shown that this signaling molecule can 

mimic the isthmic activity (Crossley et al., 1996). Fgf8 is also required for cell survival 

around the IsO. Removal of Fgf8 in zebrafish and mice results in deletion of tectum and 

cerebellum regions (Brand et al., 1996; Meyers et al., 1998; Reifers et al., 1998). Fgf8 

binds to its tyrosine kinase receptor, Fgfr1 and subsequently, the signal is relayed 

through the Ras-ERK signaling pathway (Sato and Nakamura, 2004). Furthermore, a 
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strong Fgf signal mediated by Fgf8b can induce cerebellar development and a lower 

level of signaling transduced by Fgf8a, Fgf17 and Fgf18 can induce MB development 

(Liu et al., 2003; Liu et al., 1999; Sato et al., 2001). Wnt1 is also secreted from the IsO 

region, but from a more anterior part than Fgf8. The expression of Wnt1 is initiated 

earlier than Fgf8 and is observed throughout the entire MB at the early somite stages. 

Wnt1 expression gradually becomes restricted to the posterior MB and dorsal midline 

of the CNS excluding rhobomere 1 (r1) of the hindbrain. Wnt1 mutant mice have a 

deletion of most of the MB and cerebellum and do not maintain Fgf8 expression 

(McMahon and Bradley, 1990; Thomas and Capecchi, 1990). However, Wnt1 does not 

have isthmic-like activity as Fgf8 does. 

 

Before the onset of Fgf8 and Wnt1expression, the transcription factors Otx2 and Gbx2 

are expressed in a complementary manner to position the IsO where Fgf8 and Wnt1 are 

going to be expressed later on. At an early developmental stage (around E7.5 in 

mouse), Otx2 and Gbx2 expression domains are still fuzzy and overlap slightly, but 

later (around E9 in mouse), the expression of these factors rapidly forms a sharp border 

that resides anterior to Fgf8 (Broccoli et al., 1999). Thus, Fgf8 overlaps with the 

anterior domain of Gbx2 expression. The shift of the Otx2-Gbx2 boundary causes a 

shift of the IsO and the expression of Fgf8 and Wnt1 correspondingly (Hidalgo-

Sanchez et al., 2005). However, in either Otx2 and Gbx2 single or double mutant mice, 

Fgf8 and Wnt1 expressions are still induced and maintained (Martinez-Barbera et al., 

2001). Actually, Lmx1b was shown to be essential for the initiation of Fgf8, as loss of 

Lmx1b leads to complete deletion of Fgf8 expression in the IsO (Guo et al., 2007). 

Interestingly, in chick, Lmx1b represses Fgf8 cell autonomously while induces Fgf8 

non-cell autonomously through activating Wnt1 (Adams et al., 2000; Matsunaga et al., 

2002). Transcription factors such as Pax2/5, En1/2 are also involved in the IsO gene 

cross-regulatory network. En1/2 and Pax2/5 are expressed in a gradient towards the 

MB and the r1, with a peak in the IsO. The expression of En1, Pax2 and Wnt1 is 

initiated prior to Fgf8, while En2 and Pax5 expressions are initiated after Fgf8 

(Chalepakis et al., 1993; Rowitch and McMahon, 1995). En1 and En2, as well as Pax2 

and Pax5 have redundant functions. Mice lacking both En1 and En2, or Pax2 and Pax5 

display total loss of the MB and cerebellum (Hanks et al., 1995; Schwarz et al., 1997). 

Over-expression of En1/2 and Pax2/5 in chick showed that these proteins can regulate 

each other’s expression, as well as Fgf8 through forming a positive feedback loop (Sato 

et al., 2004). Meanwhile, several lines of evidence imply that En1/2 and Wnt1 are 
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involved in regulating each other’s expression although it is not clear whether this 

regulation is direct or indirect (Araki and Nakamura, 1999; Ristoratore et al., 1999). In 

addition to the positive regulatory loops that are present, there are also negative 

regulators such as Sprouty to Fgf8, Grg4 to En1/2 and Pax2/5, which exist to fine tune 

the IsO region (Minowada et al., 1999; Sugiyama et al., 2000). Interestingly, a recent 

study used a computational technique to predict the interplay of the various regulatory 

interactions in the IsO (Wittmann et al., 2009). The gene expression pattern around the 

IsO and the self-sustaining genetic network are summarized in Box2B. 

 
Box2: (A) Schematic drawing of a mouse brain showing the subdivisions in side view. Local 

signaling centers: The ANR, ZLI and IsO are indicated in green, yellow and blue respectively. 

DA neurons in red are born anterior to the IsO in the vMB. (B) Gene expression patterns 

surrounding the IsO at E9.5 in the mouse. Otx2 and Gbx2 regulate each other negatively, 

leading to the establishment of the IsO. Gbx2 maintains Fgf8 expression, whereas Otx2 and 

Fgf8 repress each other. Meanwhile, the expression domains of Fgf8, Wnt1, En1/2 and Pax2/5 

become interdependent and form a positive regulatory loop. Two negative feedback factors, 

Sprouty and Grg4 serve as brakes to restrict the expansion of the positive regulatory loop (the 

picture is modified from Wurst and Bally-cuif, 2001). 

 

Along D-V axis 

The D-V axis develops later than the A-P axis and is induced by the 

surrounding/underlying non-neural tissues such as the mesoderm. After the regression 

of the node, the notochord takes place as the axial mesoderm from the MB to the end of 

the neural plate. Anterior to the notochord, the axial mesoderm is called the prechordal 

plate. Both structures secrete Shh, which instructs the overlying neural plate to adopt a 

ventral fate. Consequently, a specialized structure in the neural plate, called the floor 

plate (FP) is induced and specified (Dodd et al., 1998; Placzek et al., 2000). 

Meanwhile, the neural plate rolls up to form the neural tube. When the two lateral tips 
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of the neural plate meet, the epidermis separates from the neural tube and secrets BMP 

and WNT to induce the roof plate (RP) formation at the tip of the underlying neural 

tube. The D-V axis together with the A-P axis creates the Cartesian coordinate to tell 

neurons where to reside and what to become. 

 

The FP is a specialized glial structure located in the most ventral midline of the neural 

tube all the way from the MB into the tail region (Strahle et al., 2004). It controls 

neuronal subtype specification along the D-V axis through secretion of Shh, and axonal 

wiring through the secretion of the axon guidance cues Netrin-1 (Giger and Kolodkin, 

2001; Jessell, 2000). The function of the FP as a ventral organizer of neural 

development is evolutionarily conserved from fish to mammals (Colamarino and 

Tessier-Lavigne, 1995; Tanabe and Jessell, 1996). Over the years, the mechanism of FP 

induction and the heterogeneity of the FP along the A-P axis have been extensively 

studied. 

 

In the classic FP induction model, FP cells are considered to differentiate from 

neuroepithelial cells that occupy a ventral midline position, and are induced to a FP fate 

under the influence of Shh secreted from the underlying notochord cells (Placzek et al., 

1990).  Gain-of-function experiments in chick showed that Shh can induce the ectopic 

differentiation of FP cells in the neural plate in vitro (Marti et al., 1995; Roelink et al., 

1994), while blockage of Shh in the notochord eliminates its ability to induce FP cells 

(Ericson et al., 1996). Furthermore, mutant mice lacking Shh or the components of the 

Shh signaling pathway, display defects in FP differentiation (Chiang et al., 1996; Ding 

et al., 1998; Matise et al., 1998). Several recent studies have, however, challenged this 

model. Le Douarin and colleagues’ work indicates that the FP and the notochord may 

share common precursors. The analysis of chick-quail chimeras suggested that FP cells 

derive from pre-specified cells that intercalate from the node into the neural midline 

(Catala et al., 1996; Le Douarin and Halpern, 2000; Teillet et al., 1998). However, 

these discrepancies between different studies may be due to vertebrate species, 

embryonic stages and A-P levels chosen for the analyses. 

 

 The other challenge to the paradigm of notochord/Shh-mediated FP induction arose 

through observations in zebrafish embryos. Wild-type zebrafish embryos develop with 

two morphologically and molecularly distinct populations of FP cells: medial FP cells 

and lateral FP cells. Embryos mutant for either sonic you (syu) or you-too (yot), which 
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encode Shh and Gli2 respectively, lack lateral FP but have medial FP cells (Schauerte 

et al., 1998). Similar phenotypes are produced by several other mutations thought to 

disrupt components of the Hedgehog signaling pathways (Odenthal et al., 2000). 

Conversely, medial FP specification appears to require integration of Nodal and 

Notch signaling (Feldman et al., 1998; Gritsman et al., 1999). In addition, these 

studies indicate the heterogeneity in FP cells along the mediolateral axis. 

 

Recent studies provide more and more evidence that FP cells also show distinctions 

along the A-P axis.  Morphological and molecular variability can be found at different 

A-P levels (reviewed in (Placzek and Briscoe, 2005)). Interestingly, FP cells are 

ependymal-like cells, which were thought to be non-neurogenic and not to divide 

(Kingsbury, 1920). However, studies have revealed that FP cells in the vMB have 

neurogenic activity and generate dopamine neurons (Andersson et al., 2006b; Ono et 

al., 2007). The mechanisms underlying the control of neurogenic potential in the vMB 

FP cells begin to be revealed (Joksimovic et al., 2009; Ono et al., 2010) and will be 

further discussed in the “Results and Discussion” section. 

 

The RP is a critical dorsal signaling center that occupies the dorsal midline of the 

developing CNS along its entire A-P axis. During neural tube development, the RP 

produces proteins of the BMP and WNT families controlling proliferation, 

specification, migration, and axon guidance of adjacent dorsal interneurons (Chizhikov 

and Millen, 2005). Downstream of these signaling factors, transcription factors such as 

Lmx1a, Lmx1b and Msx1/2 relay the information to consolidate the RP function 

(Chizhikov and Millen, 2004a, b, c). Interestingly, these genes are also involved in the 

vMB DA neuron developmental program, which I will come back to in “Results and 

Discussion” part. 

 
DA synthesis and clusters of DA neurons 
 
DA is a catecholamine neurotransmitter in the brain. Its function as a neurotransmitter 

was first discovered in 1957 by Arvid Carlsson (Carlsson et al., 1957; Carlsson et al., 

1958). DA is synthesized in the body first by the hydroxylation of the amino acid L-

tyrosine to L-DOPA via the enzyme tyrosine hydroxylase (TH). L-DOPA in turn is 

decarboxylated by aromatic L-amino acid decarboxylase (AADC). In some other 

catecholamine neurons, DA is further processed into norepinephrine by dopamine β-

http://en.wikipedia.org/wiki/Catecholamine�
http://en.wikipedia.org/wiki/Neurotransmitter�
http://en.wikipedia.org/wiki/Arvid_Carlsson�
http://en.wikipedia.org/wiki/L-tyrosine�
http://en.wikipedia.org/wiki/L-tyrosine�
http://en.wikipedia.org/wiki/Tyrosine_hydroxylase�
http://en.wikipedia.org/wiki/L-DOPA�
http://en.wikipedia.org/wiki/Aromatic_L-amino_acid_decarboxylase�
http://en.wikipedia.org/wiki/Norepinephrine�
http://en.wikipedia.org/wiki/Dopamine_beta-hydroxylase�
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hydroxylase (DBH). After synthesis, DA is packaged into vesicles by the vesicular 

monoamine transporter 2 (VMAT2), and DA is then released into the synapse in 

response to a presynaptic action potential and acts on its receptors D1-5 (D1R-D5R) 

depending on its location, e.g. D1R and D2R are highly expressed in the striatum. Re-

uptake of DA into neurons by the dopamine transporter (DAT) and auto-regulation by 

D2R eliminate excess DA from the synaptic clefts and fine-tune release from dopamine 

terminals, respectively. DA is degraded into the inactive metabolites: 3,4-dihydroxy-

phenylacetic acid (DOPAC) and homovanillic acid (HVA) by catechol-o-methyl 

transferase (COMT) and monoamine oxidase (MAO). See Box3.     

                                

 

 

 

 

 

 

 

 

 

According to the nomenclature of Dahlstrom and Fuxe (Dahlstrom and Fuxe, 1964), 

there are a total of nine clusters of DA neurons, A8-A16 in the brain. A8-A10 is 

localized in the vMB, which accounts for 75% of total number of DA neurons. A11-

A15 are found in the diencephalon and A16 is situated in the olfactory bulb (Bjorklund 

and Dunnett, 2007). DA as a neurotransmitters plays an important role in many aspects 

of brain functions including cognition, voluntary movement, motivation, reward, 

learning, mood and memory (Lang and Lozano, 1998a, b) (See Box4A).   

 

Midbrain DA neuron circuit and neurogenesis gradient 
 
The three clusters of DA neurons in the MB are the substantia nigra pars compacta 

(SNc:A9), the ventral tegmental area (VTA:A10) and the retrorubral field (RRF:A8) 

(Björklund A, 1984). DA neurons in the SNc degenerate in PD, while those in the VTA 

and RRF are less affected (Fearnley and Lees, 1991). Anatomically, the SNc is situated 

in a more rostral and lateral position of the vMB compared to the VTA, and the RRF is 

located dorsally and caudally to the SNc. Different models for cell genesis and 

Box3. Schematic illustration of the DA 
cycle in the nerve terminal.  
See the text for the abbreviations.  
(Compliments of Banafsheh Kadkhodaei 
and Stina Friling) 
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migration of the SNc, RRF and VTA in the MB have been described. The first model 

stated that DA precursors are generated in the neuroepithelium of the medial part of the 

MB and migrate ventrally along the process of radial glial cells and then laterally along 

the tangentially arranged nerve fibers. Around E15 in mice, these cells form a stream of 

an inverted Y shape and can be distinguished as the VTA and the SNc (Kawano et al., 

1995). In the second model, the precursors of the SNc locate in the middle third of the 

basal plate, while, for VTA, the precursors locate in the medial one third of the basal 

plate. Subsequently, SNc and VTA neurons migrate in “parallel rows” radially 

(Hanaway et al., 1971). So far, there is no general consent although the study of the 

Pitx3-deficient aphakia mouse mutant supports the latter model (Smidt et al., 2004). 

Our study (see paper II) also indicates that the mDA progenitor domain has two 

different subpopulations that in turn give rise to medially or laterally located DA 

neurons. This is in line with the second model.  

 

A9 DA neurons mainly innervate the dorsolateral striatum (sensorimotor related), 

forming the mesostriatal pathway. They play a pivotal role in regulating voluntary 

movement. A10 neurons are involved in the mesocortical and mesolimbic pathways 

that project to the frontal cortex and the medial ventral striatum. They regulate the 

process of reward, drug addiction, learning and memory (Bjorklund and Dunnett, 2007; 

Haber and Fudge, 1997; Van den Heuvel and Pasterkamp, 2008).  A8 neurons project 

to the SNc and VTA and seem to be involved in interconnecting these two areas. They 

also project to the dorsal striatum via the nigrostriatal pathway¸ see Box4B (Arts et al., 

1996; Ungerstedt, 1971; Wallen and Perlmann, 2003). 

 
Box4: (A) Distribution of nine clusters of DA neurons in the developing rodent brain with A8-

10 located in the vMB. (B) In adult rodent brain, these DA cell groups are positioned further 

apart. The specific projections of the different DA neuron groups to their targets are displayed 

by arrows. LGE: Lateral ganglionic eminence. (This picture is adapted from Björklund and 

Dunnet, Trends in Neuroscience, 2007) 
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The neurogenesis of DA neurons in the vMB extends from E10 to E14, with a peak at 

E11 and E12 in the mouse (Bayer et al., 1995b). A birth dating study showed that there 

is a neurogenic gradient within and between the SN and the VTA (Bayer et al., 1995a). 

In general, the SNc contains more early-generated neurons, while VTA contains more 

late-generated neurons. Furthermore, lateral parts of the SNc and VTA have a higher 

proportion of early generated neurons, while medial parts have a higher proportion of 

late-generated neurons. In addition, the anterior parts of the SNc and the VTA appear to 

have a higher percentage of early-born neurons than the posterior parts (Bayer et al., 

1995a).  Consequently, the neurogenic gradient appears to be composed of two axes, 

i.e. anterior to posterior and lateral to medial.  

 

Summary of midbrain DA neuron development 
Extrinsic signaling 
Shh 

The D-V axis of the MB is specified by the expression of Shh. Shh is expressed in the 

FP, and as such specifies a ventral identity by activating the downstream transcription 

factors Msx1/2 and Lmx1a in the vMB (paper I). Shh is necessary and required to 

induce mDA neurons (Hynes et al., 1995; Ye et al., 1998), but only until E10.5. After 

that, this function is instead relayed by Foxa1/2 (Ferri et al., 2007; Lin et al., 2009; 

Perez-Balaguer et al., 2009). Accordingly, we and others have found that Shh must be 

downregulated in the FP of the vMB to allow neurogenesis of mDA neurons (paper I, 

(Joksimovic et al., 2009; Ono et al., 2007)). 

 

Fgf8 

The A-P axis of the MB is specified by the expression of Fgf8. The duration as well as 

the strength of Fgf8 signaling is the key to patterning of the IsO region, which in turn, 

regulates the development of mDA neurons (Guo et al., 2010; Sato and Joyner, 2009). 

Fgf8 together with Shh is capable of inducing mDA neurons in a non-MB context, as 

shown by experiments using rostral forebrain explants (Wang et al., 1995; Ye et al., 

1998). A combination of Shh and Fgf8 is now used as a standard method to 

differentiate ESCs into mDA neurons in vitro (Barberi et al., 2003; Kim et al., 2002). 

Inactivation of Fgf8 in the IsO results in the loss of tectum and cerebellum (Meyers et 

al., 1998; Reifers et al., 1998). In addition, Fgf8 is essential for the cell survival in the 
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MB and r1 (Chi et al., 2003) and directs the growth of axons from mDA neurons 

rostrally by inducing the repulsion factor semaphorin 3F (Yamauchi et al., 2009). 

 

Wnts 

The functions of Wnt signaling in mDA neuron generation have been studied 

extensively. Wnt1 is required to maintain the integrity of the MB (McMahon et al., 

1992; Thomas and Capecchi, 1990) and the generation of mDA neurons (Panhuysen et 

al., 2004). Ectopic expression of Wnt1 in the rostral hindbrain results in the induction 

of ectopic mDA neurons through the activation of Otx2, which in turn represses Nkx2.2 

expression and the generation of serotonergic neurons (Prakash et al., 2006). In vitro, 

Wnt1 acts to increase the proliferation and neurogenesis of mDA precursors and forms 

an autoregulatory loop with Lmx1a to control mDA neuron differentiation (Castelo-

Branco et al., 2003; Chung et al., 2009). Recently it has been reported that β-catenin 

regulates mDA neurogenesis in vivo, providing evidence for the involvement of 

canonical Wnt signaling in DA neurogenesis (Tang et al., 2009).  By contrast, Wnt5a 

acts through the non-canonical Wnt pathway. Wnt5a promotes vMB morphogenesis, 

reduces DA progenitor proliferation and neurogenesis in loss-of-function experiments 

in vivo (Andersson et al., 2008). Conversely, Wnt5a promotes the differentiation of 

mDA neurons and enhances their survival in vitro (Castelo-Branco et al., 2003; Parish 

et al., 2008).  

 

Transforming growth factors beta (TGFβ)  

The function of TGFβ on mDA neurons has been related to the regulation of the 

survival of young postmitotic cells. In this context, TGF-β2, TGF-β3 and BMP2/4/6 

have been reported to exert survival-promoting effects in cultured rat mDA neurons 

and protect them against neurotoxins e.g 6-hydroxydopamine (Krieglstein et al., 1995a; 

Krieglstein et al., 1995b; Lin et al., 1993; Poulsen et al., 1994). Functional studies have 

shown that neutralization of TGFβ at a critical time window (E2-E3) in chick abolishes 

the induction of mDA neurons (Farkas et al., 2003). Unfortunately, we could not repeat 

these experiments. In addition, TGFβ2/3 double-knockout mouse embryos displayed 

only reduction TH+ cells in the vMB instead of the total loss, which further suggests 

that TGFβ has a role in promoting maturation and survival but not in the early 

induction of mDA neurons (Roussa et al., 2006). 
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Retinoic acid (RA) 

The first indication that RA may be an additional early signal involved in DA cell 

differentiation, came from the fact that Aldh1 (previously named Ahd2), an aldehyde 

dehydrogenase, is expressed in the vMB already at E9.5 (Wallen et al., 1999). Aldh1 

metabolizes retinaldehyde into RA (Lindahl and Evces, 1984). RA treatment can 

protect neurons from stress and increase cell survival in primary cultures (Friling et al., 

2009b; Wallen-Mackenzie et al., 2003). Aldh1 expression is regulated by Pitx3 both in 

vivo and in vitro (Chung et al., 2005b; Jacobs et al., 2007). Maternal supplementation 

of RA can counteract part of the developmental defects caused by Pitx3 deficiency 

through rescuing an Aldh1-expressing mDA neuronal subpopulation (Jacobs et al., 

2007). 

 

 Intrinsic factors 

So far, many intrinsic factors (of which, most are transcription factors) have been 

identified to be involved in the proliferation/specification, differentiation, and 

maturation/maintenance of mDA neurons. The orphan nuclear receptor Nurr1 and the 

rate-limiting enzyme TH are two markers that were earliest described. Removal of TH 

results in a lack of DA production. Adult TH null mice are hypoactive as well as 

growth retarded, and eventually die at four weeks of age (Kim et al., 2000; Kobayashi 

et al., 1995; Zhou and Palmiter, 1995; Zhou et al., 1995). Nurr1 is required for the 

induction of TH and other DA phenotypic markers, i.e. VMAT2, DAT, AADC and c-

Ret (Hermanson et al., 2003; Saucedo-Cardenas et al., 1998; Smits et al., 2003; Wallen 

et al., 1999; Wallen et al., 2001). In Nurr1 null mutants, mDA neurons are born but not 

maintained possibly as a consequence of the failure to acquire a proper phenotype 

(Kadkhodaei et al., 2009; Saucedo-Cardenas et al., 1998; Zetterstrom et al., 1997). 

Moreover, Nurr1 has been shown to physically interact with p57kip2, a CDK inhibitor, 

and to promote maturation (Joseph et al., 2003). In contrast to Nurr1, which is not a 

specific marker for mDA neurons, Pitx3 is expressed exclusively in mDA neurons in 

the brain. Interestingly, despite the ubiquitous expression in mDA cells, loss of Pitx3 

leads to a selectively degeneration of DA neurons in SNc (Hwang et al., 2003; Smidt et 

al., 2004; van den Munckhof et al., 2003). This selective vulnerability could be due to 

the temporally distinct onset of TH expression in the SNc and VTA (Maxwell et al., 

2005). More recently, microarray analyses have identified differential expressions of 

genes in the SNc and VTA (Chung et al., 2005a; Jacobs et al., 2006; Jacobs et al., 

2009) and this information may shed more insight to solve the puzzle of the differential 
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vulnerability.  En1/2 is initially expressed all over the MB due to functions in the IsO 

(Millen et al., 1994). At later stages, the expression becomes restricted to postmitotic 

mDA neurons. En1/2 is required for the survival and maturation of mDA neurons but 

not for the induction or initial differentiation (Simon et al., 2001; Simon et al., 2004). 

En1/2 has anti-apoptotic functions (Alberi et al., 2004; Simon et al., 2001). Lmx1b was 

first identified as a crucial factor to control the onset of Pitx3 relative to TH and 

required for survival as all mDA neurons are lost after E16 in Lmx1b null mutants 

(Hwang et al., 2003; Jacobs et al., 2009; Maxwell et al., 2005; Smidt et al., 2000; Smidt 

et al., 2004; van den Munckhof et al., 2003). Lmx1b is also expressed in progenitors of 

mDA neurons, but its role during the early specification of mDA neurons is not fully 

understood. Our study begins to shed light on this topic (paper II).  

 

The knowledge about early molecular players in mDA neuron development was for a 

long time quite limited, but has increased extensively in the last few years. Otx2 

controls the positioning of the IsO, which in turn, defines the mDA territory (Broccoli 

et al., 1999; Brodski et al., 2003; Millet et al., 1999). More direct links between Otx2 

and the specification of mDA neurons have been revealed. Otx2 participates in the 

patterning of the MB, regulates proneural gene expression and activates downstream 

factors of mDA cell fate determinants, i.e Lmx1a and Msx1/2 (Omodei et al., 2008; 

Prakash et al., 2006; Puelles et al., 2003; Puelles et al., 2004; Vernay et al., 2005). 

Hence, Otx2 is in the high hierarchy in the mDA neuron developmental program. More 

interesting, Otx2 expression is maintained mostly in the VTA in the adult MB. Loss of 

Otx2 in adult shows reduced mesolimbic innervations but normal nigrostriatal 

innervations (Borgkvist et al., 2006; Chung et al., 2010). Foxa1/2 has a broader 

expression domain than Shh in the vMB and is also maintained in postmitotic mDA 

neurons. Foxa1/2 acts in a gene dosage manner to regulate the differentiation and 

phenotypic maturation by controlling the expression of Nurr1, En1, TH and AADC 

(Ferri et al., 2007). Furthermore, Foxa1/2 is required for the maintenance of Lmx1a and 

Lmx1b expression and functions synergistically with these factors to induce ectopic 

mDA neurons (Lin et al., 2009; Nakatani et al., 2010). A long term study showed that 

Foxa2 heterozygous mice develop parkinsonian-like symptoms, which correlates with a 

selective loss of mDA neurons in the SNc (Kittappa et al., 2007). In addition, Ngn2 is 

also a regulator in the mDA specification and neurognesis. Its proneural function can be 

partially replaced by Mash1 (Andersson et al., 2006a; Kele et al., 2006). However, it is 

a key factor downstream of Lmx1a, Msx1/2 and Otx2 for the conversion of the glial-
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like FP into a neurogenic region in the vMB (paper I+II, (Ono et al., 2007)). See Box5 

for the representation of temporal sequence of gene induction in the developing mDA 

neurons.  

 

Taken together, the elucidation of developmental pathways of mDA generation has 

facilitated the production of mDA neuron from stem cells in vitro. Our two studies 

presented below have further increased the understanding of the normal generation of 

mDA neurons during development and can contribute for the generation of bona fide 

mDA neurons from stem cells for cell replacement therapy or disease modeling for PD. 

 
Box5: The temporal expression sequence of genes in the development of mDA neurons. Among 

these, Otx2, Foxa1/2, Lmx1b, Lmx1a and En1/2 are expressed in the progenitors and 

maintained until adult stage. Msx1/2 is only expressed in the progenitors from E9.5 to E13.5. 

Ngn2 is expressed in both progenitors and immature mDA neurons during the active period of 

mDA neuron generation (E10.5-E13.5). In contrast, the expression of Nurr1, Pitx3 and TH is 

only initiated in the postmitotic mDA neurons with Nurr1 being detected one day earlier than 

Pitx3 and TH. 
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AIMS 
 
The findings presented in this thesis aimed to acquire a further understanding of the 

transcriptional regulation for the specification of mDA neurons in particular. Specific 

questions addressed were: 

 

• What are the early intrinsic factors to instruct the specification of vMB DA 

neurons? Can we use the knowledge gained from normal development of mDA 

neurons in vivo to steer ESC differentiation into bona fide mDA neurons in 

vitro? (Paper I) 

• What are the common and different features of Lmx1a and Lmx1b genes during 

vMB patterning and the development of mDA neurons? (Paper II) 
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RESULTS AND DISCUSSION 
 
Identification of intrinsic determinants of mDA neurons (Paper I) 

Prior to this study, little was known regarding the molecular pathways involved in the 

early induction and specification of mDA neurons, while many factors which are 

important for the proper differentiation and maturation of mDA neurons had been 

identified. Considering the important roles that mDA neurons play in the normal brain 

function, and that little is known about the mechanism of PD, we think that a better 

understanding of the normal developmental pathways in the early specification of mDA 

neurons would contribute to this research field. More importantly, determinants 

identified in the early events of mDA neuron development can be exploited in a rational 

strategy to generate mDA neurons from stem cell in vitro, which in turn provide a 

source for cell replacement therapy for PD. 

 

The rationale to search for early intrinsic factors involved in mDA neurons 

development came from models of patterning of ventral cell types in the spinal cord. 

Here, Shh is secreted from the FP and forms a ventral high and a dorsal low 

concentration gradient (Ericson et al., 1997a; Ericson et al., 1996; Ericson et al., 1997b; 

Roelink et al., 1994). Responding to different concentration threshold, a group of 

transcription factors, named the class II proteins are induced encompassing distinct 

ventral domains. These transcription factors typically contain a homeodomain (HD) in 

their DNA-binding motifs. Another set of HD proteins, the class I proteins are 

repressed by Shh directly or indirectly and therefore expressed in more dorsal regions. 

The class I and class II proteins pair up to form cross-repressive partners, which in turn 

results in combinatorial expression codes at different domains. Subsequently, five 

major ventral progenitor domains (p0-p3, pMN; MN: motor neuron) are established, 

which followed by the generation of different cell types (V0-V3, MN) (Briscoe and 

Ericson, 2001; Briscoe et al., 2000; Jessell, 2000; Muhr et al., 2001; Sander et al., 2000; 

Vallstedt et al., 2001). See Box6. 

 

Based on the described patterning events in the spinal cord, we hypothesized that the 

unknown progenitor determinant(s) in the vMB most likely contains a HD DNA 

binding domain. Therefore, we designed strategies to look for HD proteins by using 

degenerate HD primers and RT-PCR to screen a cDNA library from dissected mouse 
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vMB tissue at embryonic day (E) 10.5. This approach, combined with a large-scale in 

situ hybridization screen, identified the Msh-like homeobox gene 1 (Msx1) and the 

LIM homeobox gene 1a (Lmx1a) that were specifically expressed in mDA progenitors. 

We provided evidence that both Lmx1a and Msx1 are induced downstream of Shh. 

Lmx1a is sufficient and required to induce mDA neurons while Msx1 potentiates 

neurogenesis in the FP of vMB and to represses alternative cell fates.  

        
Box 6: Schematic drawing of morphogenic activities of Shh secreted from the FP in the spinal 

cord and ventral patterning of the spinal cord. Shh regulates the expression of HD -containing 

(except Olig2, which is a bHLH protein) transcription factors in a concentration-dependent 

manner. Cross-repression between ClassII (in red and pink) and ClassI (in green) sets the 

border of 5 ventral domains. The combinatorial expression profiles of class II and class I 

patterning genes define the five progenitor identities and cell types. 

 

 

The functions of Lmx1a 

Lmx1a was discovered in the Dreher (dr) mouse, a spontaneously generated mutant 

with many developmental defects, including cerebellum and dorsal spinal cord 

(Millonig et al., 2000). Positional cloning of the gene responsible for the dr phenotype 

identified a 1.8kb cDNA clone located on chromosome 1, which shared significant 

identity throughout the coding region with the hamster Lmx1.1 (94% nucleotide 

identity, 98% amino-acid identity). This gene was termed Lmx1a, the mouse homolog 

of the hamster Lmx1.1 (Millonig et al., 2000). Follow-up studies showed that Lmx1a is 

widely expressed in the brain including RP, otic vesicles, vMB, hypothalamus and 

cortical hem etc (Costa et al., 2001; Failli et al., 2002). However, functional 
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characterization of Lmx1a was mostly done in the RP (Chizhikov and Millen, 2004a, b; 

Millen et al., 2004). Our study provided evidence that Lmx1a plays a crucial role 

during mDA neuron development. 

 

Lmx1a is sufficient and required for mDA neuron development in vivo 

Lmx1a is expressed both in progenitors and in postmitotic mDA neurons. Using chick 

in ovo electroporation, we assessed the function of Lmx1a by gain- and loss-of-function 

approaches. Forced overexpression of Lmx1a in the ventrolateral MB of chick embryos 

leads to a robust induction of ectopic Lmx1b+Nurr1+TH+ DA neurons at the expense of 

other neuronal subtypes (e.g. Lim1+ interneurons). However, the generation of ectopic 

mDA neurons is limited to the ventrolateral regions with the greatest frequency 

occurring ventrally. The fact that Lmx1a is not sufficient to induce ectopic DA neurons 

in the more lateral region of vMB indicates other factors are required to act in parallel 

to Lmx1a. One of the candidates is Foxa1/2, which was shown to cooperate with 

Lmx1a through a feedforward loop during the induction of mDA neurons (Lin et al., 

2009). By contrast, in dorsal regions, Lmx1a participates in a different developmental 

program regulated by BMPs to specify a functional RP (Chizhikov and Millen, 2004b). 

Therefore, the activity of Lmx1a is context dependent. 

 

By using RNA interference (siRNA) to knock down Lmx1a in the chick vMB, we 

provided evidence that Lmx1a is required for the generation of mDA neurons. Analysis 

of siRNA-transfected chick vMB revealed a loss of postmitotic Lmx1b+Nurr1+ mDA 

neurons. Notably, although Msx1/2 expression was lost in progenitors, the expression 

of Lmx1b was maintained. Therefore, Lmx1a appears to be upstream of Msx1/2, but 

not of Lmx1b and Lmx1b is not able to compensate for the loss of Lmx1a in chick. 

Furthermore, the function of Lmx1a is specific for mDA neurons, since MNs are not 

affected by the loss of Lmx1a. 

  

Efficient derivation of DA neurons by forced Lmx1a expression in ESCs 

Over past few years, there has been an explosion of research focusing on the 

development of strategies to steer ESCs towards desired fates, with the hope for an 

ESC-based replacement therapy for diseases such as PD (Barberi et al., 2003; 

Kawasaki et al., 2000; Kawasaki et al., 2002; Lee et al., 2000; Okabe et al., 1996). One 

potential advantage of using ESC-derived mDA neurons compared with fetal MB 

tissue is the unlimited supply of cells to be used for transplantation, but the drawbacks 
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are the efficiency and purity. Previous ESC differentiation protocols have been relying 

on the addition of extrinsic factors, such as Shh, Fgf8 and Wnts or feeder cells. Many 

experiments have shown that high percentage of TH+/Tuj1+ neurons can be achieved 

from those culture conditions. However, it was not clear whether those TH+/Tuj1+ 

neurons are bona fide mDA neurons (Barberi et al., 2003; Buytaert-Hoefen et al., 

2004). In addition, a mixture of cell types, including serotonin (5-HT) neurons and γ-

aminobutyric acid (GABA) neurons is often present in the differentiating ESC culture 

(Reubinoff et al., 2001). It has been shown that 5-HT neurons mediate dyskinetic side 

effects in Parkinson’s patients with neural transplants (Politis et al., 2010). By contrast, 

GABAergic neurons send out long projections to their normal targets and affect 

behavioral improvement (Thompson et al., 2008). Considering the robust induction of 

mDA by Lmx1a in vivo, we wanted to examine whether this intrinsic determinant 

would be potent and efficient to induce mDA neurons in vitro. To this end, we 

transiently transfected mESCs with a construct in which the expression of Lmx1a was 

driven by a Nestin enhancer (NesE). This enhancer is only active in neuronal progenitor 

cells, but not in undifferentiated mESCs or in postmitotic neurons. A NesE-eGFP was 

used as control. The modified mESCs were differentiated as monolayer cultures in the 

presence of Shh and Fgf8 (Ying and Smith, 2003; Ying et al., 2003). In accordance 

with our in vivo data, we observed the induction of Msx1 and repression of Nkx6.1 at 

early time point in the differentiation cultures. A few days later, a battery of mDA 

markers, including Nurr1, En1/2, Pitx3, TH, Lmx1b and DAT were detected. 

Strikingly, over 80% of all Tuj1+ neurons were authentic mDA neurons and other cell 

fates such as GABA neurons were suppressed. We also noted that a very low 

concentration of Shh (1.7nM) was sufficient to drive the differentiation of NesE-Lmx1a 

ESCs. However, a higher concentration of Shh (15nM) was unable to coax NesE-eGFP 

ESCs to generate a significant number of mDA neurons. One explanation why Shh 

alone is unable to effectively induce mDA neurons could be a narrow “window of 

competence” for mDA neuron generation. The rapid induction of Lmx1a after NesE-

Lmx1a transfection would synchronize the progenitors for the best production of mDA 

neurons. Frilling et.al followed up this study and established stably transfected Nes-

Lmx1a mES cell line. They further showed that mDA neurons derived from the culture 

displayed electrophysiological profiles that were very similar to the properties of native 

mDA cells. Moreover, when transplanted into the striatum of 6-hyroxydopamine 

unilateral-lesioned neonatal rats, these cells expressed correct mDA postmitotic 
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markers and projected preferentially to dorso-lateral striatal regions (Friling et al., 

2009a). 

 

The present study provides another “proof-of-concept” of applying intrinsic factors in 

the generation of mDA neurons in vitro. Besides Lmx1a, others have used Nurr1, 

Ngn2, Foxa2 and Pitx3 alone or in combination and achieved a better yield of authentic 

mDA neurons (Andersson et al., 2007; Chung et al., 2005b; Chung et al., 2002; Kim et 

al., 2002; Lee et al., 2010; Martinat et al., 2006; Park et al., 2006).  Notably, in contrast 

to Lmx1a, Lmx1b was not efficient in inducing mDA neurons. This suggests that 

Lmx1b is not a devoted mDA cell fate determinant as indicated by its early expression 

pattern. I will further discuss it in paper II.  

 

The functions of Msx1/2 

In addition to Msx1, we also found that its homolog Msx2 displayed an identical 

expression pattern in the vMB with Msx1 by using in situ hybridization. Since the 

biochemical properties of them are very similar (Catron et al., 1996), we focused our 

study only in Msx1 but the antibody we used recognized both Msx1 and Msx2. 

 

Repression of alternative fates    

Overexpression of Lmx1a in the vMB leads to ectopic induction of Msx1 in the 

progenitor zone, indicating that Lmx1a may act upstream of Msx1/2. However, Msx1 

itself is unable to induce mDA neurons neither in vivo by chick in ovo electroporation 

nor in vitro by NesE-Msx1 ESCs differentiation. This suggests that the function of 

Lmx1a is not executed only through Msx1/2. The induction of mDA markers such as 

Nurr1 by Lmx1a is independent of Msx1/2. Previous studies have indicated that 

Msx1/2 can function as a transcriptional repressor that interacts with Groucho/TLE co-

repressors (Catron et al., 1995; Zhang et al., 1996). Therefore, it is unlikely that Msx1/2 

can induce a mDA fate directly, but instead may repress other factors in order to 

provide a permissive environment for the generation of mDA neurons. Indeed, we were 

able to confirm that Msx1 acts as a Groucho/TLE-dependent repressor in a reporter-

gene assay, and that this activity is dependent on the putative Groucho/TLE binding 

eh1 domain. Accordingly, upon forced expression of Msx1, Nkx6.1 was promptly 

extinguished, resulting in a reduction of MN neurons, indicating that Nkx6.1 may be 

the direct downstream target of Msx1. However, Lmx1a is not able to repress Nkx6.1 

itself without first inducing the expression of Msx1.  Interestingly, we observed that 



 

26 

prior to the onset of Msx1at E9.5, Nkx6.1 was expressed throughout the midline 

including in the mDA domain. Nkx6.1expression was gradually retracted and 

eventually abutted the Msx1 domain. Furthermore, in Msx1 mutants, Nkx6.1 showed 

an increased expression level in the mDA domain. Thus, compared to Lmx1a, Msx1 

does not directly induce mDA neuron fate, but instead suppresses other cell fates. 

 

Do Msx1/2 and Nkx6.1 form a classical cross-repressive pair, as displayed in the spinal 

cord model? Unfortunately, we could not find any evidence of this. Overexpression of 

Nkx6.1 in the vMB in both chick and mouse did not alter either Msx1/2 expression or 

mDA neuron generation (our unpublished data). This data was confirmed by a recent 

study, which showed that Nkx6.1 failed to suppress mDA markers, by analysis of 

Nestin-Nkx6.1 transgenic mice (Nakatani et al., 2010). Instead, it was discovered that 

Sim1, which is expressed adjacent to the Msx1/2 domain, can disturb the further 

maturation of mDA neurons by blocking TH, En, and Pitx3 expression, but also cannot 

suppress Msx1/2 expression (Nakatani et al., 2010). However, another possibility for 

the demarcation of the Msx1/2 domain could be based on the dependence of Lmx1a or 

a high level of Shh signaling. A similar event has been noted in the ventral spinal cord, 

where Olig2 expression initially is present in the p3 domain, and then with the onset of 

Nkx2.2 expression, Olig2 becomes restricted to the pMN domain. In this case, the 

transient high level of Shh is required for the initiation of Nkx2.2 (Dessaud et al., 

2007). Therefore, the factor directly repressing Msx1/2 remains unknown and 

refinement of Msx1/2 expression in the vMB could also be due to the dependence on 

the activation by other factor(s). 

 

Promotion of neurogenesis 

One unique feature of vMB DA neuron development is the origin from FP cells. As 

mentioned in the introduction, FP cells are characterized as glial-like non-neurogenic 

cells. Thus, the generation of mDA neurons must be preceded by a glial-to-neuronal 

conversion. Consistent with such transition, the proneural basic helix-loop-helix 

(bHLH) protein Ngn2 begins to be expressed in the DA domain in vMB around E10.75 

and shortly thereafter, at E11.5, the expression of Shh is extinguished from the mDA 

domain. We observed that combined expression of Msx1 and Lmx1a, but not Lmx1a 

alone, resulted in premature generation of Nurr1+ DA neurons in the vMB during short-

term transfection experiments. Msx1 therefore appears to influence the timing of mDA 

neuron induction and could mediate this conversion. To test this possibility, we 
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generated ShhE-Msx1 transgenic mice, in which Msx1 was activated at least 24h prior 

to its normal endogenous expression (Epstein et al., 1999). This premature induction of 

Msx1 resulted in an early retraction of Shh from the mDA domain and induction of 

Ngn2 followed by the premature generation of Nurr1+Pitx3+TH+ mDA neurons. 

Accordingly, in Msx1 mutant mice, there was an approximate 40% reduction in the 

number of Ngn2+ progenitor cells and Nurr1+ DA neurons. Considering the almost 

identical expression pattern of Msx1 and Msx2 in the vMB, this moderate phenotype 

could be due to the redundancy of Msx2. In future experiments, double mutants should 

be analyzed to see whether Msx1/2 is required for the generation of mDA neurons. 

 

Following our study, the neurogenic character of the MB FP (mFP) has been analyzed 

in greater detail. Interestingly, it was shown that caudal FP (cFP) cells do not have the 

capacity to generate neurons when isolated and cultured in vitro (Ono et al., 2007). 

Furthermore, using ShhE-Mash1 transgenic mice, the cFP was converted to a 

neurogenic region, but fully differentiated DA neurons could still not be generated, 

indicating that a mDA identity is likely to be specified by mFP-selective factors. 

Indeed, ectopic expression of Otx2 in the cFP using ShhE-Otx2 transgenic mice 

induced a complete array of DA neurons markers including Lmx1a, Msx1/2, Ngn2, 

Nurr1 and TH.  More recently, Nato3, which belongs to bHLH family, was identified to 

be also involved in the process of converting the mFP to a neurogenic region. Nato3 

can repress Hes1, which in turn, derepresses Ngn2 through Hes1. However, Nato3 is 

downstream of Foxa1/2, not of Otx2 or Lmx1a (Ono et al., 2010).Therefore, more than 

one pathway is involved during the regulating the mFP neurogeneity.  

 

Another interesting fact about the mFP is that a high level of Shh in the mDA domain is 

inversely correlated with proliferation and neurogeneisis. So what is the factor that 

restricts Shh from the mDA domain? Joksimovic et al. anwered this question by 

showing that Wnt/β-catenin signaling for facilitation of mFP neurogenesis (Joksimovic, 

M, 2009). Early, but not late removal of Wnt genetically leads to maintenance of Shh 

expression in the mDA domain, which in turn hampered the neurogenesis (Joksimovic, 

M, 2009). Furthermore, Wnt1 can induce Otx2 and mDA neurons (Prakash N, 2006), 

but this ability is restricted rostrocaudally, with a caudal limit at the hindbrain level 

(Joksimovic, M, 2009). This further elucidates the heterogeneity of the FP and the 

influence of A-P expressed factors on the specification of cell fates. 
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Regulatory network between components in vMB DA neuron development 

Previous and recent publications (Chung et al., 2009; Lin et al., 2009; Nakatani et al., 

2010; Tang et al., 2010) have started to accomplish the “map” in which the genetic 

connections between different factors are linked directly or indirectly It has been 

proposed that there are two main parallel pathways, i.e Shh-FoxA2 and Wnt1/β 

catenin-Lmx1a/Lmx1b, are active during mDA neuron development. These two 

pathways functionally interact with each other and synergistically induce postmitotic 

mDA markers through the cooperation between FoxA2 and Lmx1a (See Box7). These 

findings also indicate that Lmx1a and Lmx1b may have redundant effects, which is the 

main focus of paper II. 

            
Box7: Regulatory network of two major signaling pathways in mDA neuron specification and 

differentiation. These genetic connections (directly or indirectly) between each component have 

been reported by loss- and/or gain-of-function (compliments of Ulrika Marklund). 

 

Specific and redundant roles of Lmx1a and Lmx1b in vMB development and 

specification of dopamine neurons (Paper II) 

As aforementioned, Dreher (dr) mice harbor a spontaneous mutation in the first LIM 

domain of the Lmx1a gene. This point mutation changes one amino acid from cysteine 

to tyrosine, which disturbs the function of the zinc finger and in turn disrupts the 

transactivity of Lmx1a (German et al., 1992; Johnson et al., 1997; Sanchez-Garcia and 

Rabbitts, 1994). dr/dr mice displayed a moderate reduction of DA neurons in vMB 

with around 30% less cells at E13.5 than control littermate (Ono et al., 2007). Since the 

expression of the altered Lmx1a polypeptide persists in DA progenitors and 

differentiating DA neurons in the MB of dr/dr mice, it remains unclear if the reduction 
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of mDA neurons observed in dr/dr embryos reflects a partial or complete loss of 

Lmx1a functional activity. Lmx1a is highly related to Lmx1b with 61% overall amino 

acid identity (100% identity in the HD and 67% and 83% in each LIM domain) (Hobert 

and Westphal, 2000). Although Lmx1b has is known to be essential for mDA neurons 

(Smidt et al., 2000), the MB patterning and specification of DA neurons in Lmx1b 

mutants are not fully understood. In this study, we have established two Lmx1a null 

mutant mouse strains and carefully compared the MB patterning and the initial 

specification of DA neurons as well as other ventral cell types in Lmx1a and Lmx1b 

null mutant embryos. 

 

Generation and analysis of Lmx1a null mutant mice 

We generated two new Lmx1a mutant mouse strains: termed Lmx1aeGFP and Lmx1acko, 

by homologous recombination in ESCs (see paperII Supplementary Figure 1 for 

details). A straight Lmx1a mutant strain (termed Lmx1ackoΔGL) was subsequently 

generated by crossing Lmx1acko mice with mice expressing the Cre-recombinase under 

the CMV promoter. Importantly, when compared to wild type and dr/dr mice, no 

Lmx1a protein was detected in the vMB in Lmx1aeGFP/eGFP and Lmx1ackoΔGL/ckoΔGL 

embryos at E11.5. We also found that all three mutants displayed a similar reduction of 

mDA neurons at two developmental stages E11.5 and E13.5. Meanwhile, 

overexpression of Lmx1a protein with a dr mutation (Lmx1adr) in chick could not 

induce ectopic mDA neurons. These data provide evidence that Lmx1a function is not 

absolutely required for the specification of mDA neurons during mouse embryogenesis 

and that dr/dr is indeed a true knockout. This was also confirmed by a recent study in 

which different spontaneous Lmx1a mutations were compared, including truncations, 

missense, and frameshift mutations. Interestingly, all these different mutants displayed 

largely identical phenotypes in terms of cerebellar abnormalities (Chizhikov et al., 

2006).  

 

Redundancy of Lmx1a and Lmx1b in the mouse  

The fact that Lmx1a is sufficient but not absolutely required for the specification of 

mDA neurons implies a certain degree of redundancy between Lmx1a and other 

proteins in mDA cell fate specification during mouse embryogenesis. We therefore 

compared the establishment of mDA progenitors and the specification of mDA neurons 

in wild type, Lmx1aeGFP/eGFP null mutants and embryos homozygous for a previously 

established Lmx1b knockout allele (Lmx1b-/-) (Chen et al., 1998).   
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First we asked why Lmx1a is not as important in mouse as it is in chick (Andersson et 

al., 2006b; Ono et al., 2007). We looked at the epistatic relation between Lmx1a and 

Lmx1b in two species. Studies in the RP in chick have shown that Lmx1b acts 

upstream of Lmx1a in the induction and specification of the functional RP (Chizhikov 

and Millen, 2004a). However, the RP function of Lmx1b is not conserved across 

vertebrates since Lmx1b is not expressed in the RP of the mouse spinal cord. However, 

Lmx1a and Lmx1b are expressed both in chick and in mouse vMB. In chick, by using 

in ovo electroporation in the vMB, we performed gain- and loss-of-function studies for 

Lmx1b. Overexpression of Lmx1b could induce robust induction of Lmx1a expression 

in both progenitors and postmitotic cells which were also Nurr1+. Furthermore, 

downregulation of Lmx1b by siRNA led to a loss of Lmx1a expression both in 

progenitors and postmitotic cells (our unpublished data). However, in Lmx1b-/- mice, 

we still detected Lmx1a expression, although the domain was smaller, which means 

Lmx1b is not absolutely required for the induction of Lmx1a expression in the mouse 

vMB. These results suggest that Lmx1b is upstream of Lmx1a in the mDA neuron 

developmental program, only in chick, but not in mouse, explaining why Lmx1a is 

required in chick but not in mouse for mDA neuron development. 

 

The first evidence of overlapping function of Lmx1a and Lmx1b genes during 

embryonic CNS development came from the analysis of the RP in rb1, which 

differentiates into the epithelium of the choroid plexus, a structure with multiple 

physiological functions including the secretion of cerebrospinal fluid. This study 

showed that loss of Lmx1a completely abolishes RP induction in the spinal cord, but a 

residual RP still forms in rb1, where Lmx1a and Lmx1b are co-expressed. The double 

knockout of Lmx1a and Lmx1b displayed more severe phenotype than any of the 

single mutant (Mishima et al., 2009). We also examined Lmx1aeGFP/eGFP/Lmx1b 

compound mutants at E13.5. Interestingly, the number of null mutant for both genes at 

E13.5 was far below the Mendelian ratio and we were unsuccessful in getting enough 

material for statistical analysis. But we observed a dose-dependent effect when 

analyzing different combinations of Lmx1a and Lmx1b mutant genotypes at E13.5. 

Single heterozygotes of either Lmx1a or Lmx1b had comparable numbers of DA 

neurons to wild type littermates. However, embryos that were heterozygous for both 

Lmx1a and Lmx1b had a ~20-25% reduction in the number of Nurr1 and Pitx3 
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expressing cells. With only one allele of Lmx1b left and no allele of Lmx1a, there was 

a ~70-75% loss of Nurr1 and Pitx3 expressing cells.  

 

The reason why the number of null mutants for both genes is below the Mendelian ratio 

is still unclear. One possible explanation is that E13.5 is a late stage which may not 

reflect the direct effect of a loss of both Lmx1a and Lmx1b. It also implies early 

lethality and possible redundancy between these proteins in early developmental 

processes. In accordance with this, we observed that both Lmx1a and Lmx1b are 

expressed in the notochord (our unpublished data). As said before, the notochord is an 

important signaling source during early embryonic development. So the loss of Lmx1 

genes may affect the function of the notochord, which in turn could cause abnormal 

embryonic development. The ideal situation would be to analyze the conditional double 

null mutants in order to make a conclusion. Therefore, we have already started to breed 

Lmx1acko with Lmx1bcko mice (Zhao et al., 2006). By using different Cre transgenic 

mice line (e.g DAT-Cre), we will be able to dissect the specific functions of Lmx1a and 

Lmx1b during mDA neuron development. 

 

Lmx1a and Lmx1b have distinct functions  
 
Lmx1a facilitates FP conversion in the vMB and is required for medial DA progenitors 

A unique feature of mDA neurons is that they are derived from ventral midline FP cells 

with a non-neurogenic character, while FP cells located more caudally do not generate 

any neurons (Andersson et al., 2006b; Ono et al., 2007). Thus, the generation of mDA 

neurons is associated with a transition of neuronal potential, in which FP cells must 

acquire the neuronal properties typical of DA progenitors. In Lmx1aeGFP/eGFP mice, we 

observed specific loss of mDA neurons in the most medial position, which was 

accompanied by a loss of Ngn2 expression and delayed retraction of Shh at E11.5. We 

therefore hypothesized that the specific reduction of mDA neurons at the ventral 

midline of Lmx1aeGFP/eGFP could reflect a role for Lmx1a in regulating the switch from 

a non-neuronal FP character into neuronal mDA progenitors. We found that the 

expression of the Notch ligand Dll1 as well as the bHLH proteins Hes5 and Tcf12 was 

lost specifically in the medial part of the mDA progenitor domain. Thus, Lmx1a 

appears to promote the expression of several genes implicated in Notch signaling 

pathway, presumably facilitating functional Notch signaling and regulating 

neurogenesis at the ventral midline. 
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Lmx1b is required for lateral DA progenitors 

The induction of Ngn2 and the concomitant loss of Shh expression that occur in 

midline cells at around E10.5-11.5 are indicative of the conversion of FP cells into DA 

progenitors. In contrast to Lmx1aeGFP/eGFP mice, Ngn2 was expressed and Shh was 

extinguished at the midline in Lmx1b-/- mice. In line with this, a significant number of 

Nurr1 and TH expressing neurons were detected ventral to the mDA progenitor zone in 

Lmx1b-/- at E11.5, including the ventral midline. However, the size of the mDA 

progenitor domain in Lmx1b-/- embryos was compromised and much narrower as 

compared to wild type and Lmx1aeGFP/eGFP embryos. This raised the possibility that loss 

of Lmx1b function primarily affects lateral mDA progenitors. We searched for 

molecular markers that could distinguish between the medial and lateral mDA 

progenitor domains and found that Wnt1 and the Dopamine receptor D2 (D2R) were 

selective markers for the lateral DA progenitors at E11.5 and E13.5. Not surprisingly, 

both markers were lost in Lmx1b-/-. In conclusion, while different Lmx1a is required 

for the specification of mDA neurons in the medial progenitor domain, Lmx1b has a 

more pronounced role in establishing lateral mDA progenitors at early developmental 

stages. Furthermore, it is noteworthy that Lmx1b must also influence the differentiation 

of medially derived neurons, since the majority of Nurr1+ neurons produced in Lmx1b-/- 

fail to initiate the expression of several markers of more mature mDA neurons e.g. TH 

and Pixt3 (Smidt et al., 2000). This could be due to a non cell-autonomous effect 

caused by the loss of Wnt signaling.  

 

Lmx1b controls the generation of oculomotor neurons and red nucleus cells  

Studies of Lmx1b in the MB have primarily focused on DA neurons. However, 

compared to Lmx1a, Lmx1b is broadly expressed in the vMB at early developmental 

stages (Andersson et al., 2006b). This implies that Lmx1b may have other function in 

the vMB. We therefore examined the generation of cell types situated laterally to DA 

neurons in the vMB of Lmx1b mutant mice. 

 

In the vMB, two other neuron subtypes are located dorsally to mDA domain, i.e. OM 

neurons and RN. OM neurons are born around E9 and control eye movement and 

vestibulo-ocular reflexes. RN cells are located in close vicinity to OM neurons, sharing 

the same progenitor domain. The RN contains both excitatory glutamatergic neurons 

and inhibitory GABAergic neurons, which project to the cerebellum, brainstem and 
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spinal cord and play fundamental roles in the control of limb movement (Evinger, 

1988; Keifer and Houk, 1994). RN neurons are born one day later than OM neurons, 

around E10. The paired-like homeobox gene Phox2a, which is expressed in OM 

progenitors, is a crucial fate determinant for OM precursors (Coppola et al., 2005; 

Pattyn et al., 1997). Single-minded homolog 1 (Sim1) and Nkx6.1 have been reported 

to be the intrinsic determinants for the RN cells (Nakatani et al., 2010; Prakash et al., 

2009).  

 

Three distinct progenitor domains could also be defined in the ventral-most MB region 

in Lmx1b-/- embryos, as determined by Lmx1a, Sim1/Phox2a and Nkx2.2 expression. 

Interestingly, however, we observed a dramatic reduction of Phox2a expression, and a 

loss of Isl1/2+ OM neurons, within the presumptive OM/RN progenitor domain 

between E9.5 to E11.5 in Lmx1b-/- mutants (while no change was observed in 

Lmx1aeGFP/eGFP mice). Moreover, the loss of OM neurons was accompanied by a 

premature induction and overproduction of RN cells, as indicated by increased numbers 

of Brn3a+ and Lim1/2+ neurons within the OM progenitor domain. In addition, a 

significant number of Brn3a+ and Lim1/2+ cells in Lmx1b-/- mutants was found to be 

intermingled with Nurr1+ cells within the presumptive Lmx1a+ mDA progenitor 

domain. This finding indicates that the impaired specification of DA neurons observed 

in Lmx1b-/- mutants reflects, at least in part, that a subpopulation of prospective mDA 

progenitors adopts a RN fate instead of mDA neuron differentiation program in the 

absence of Lmx1b function. 

 

In this study, we used conventional Lmx1b-/- mutant mice. One concern of these mutant 

mice is that the IsO is also affected. As said before, Lmx1b is expressed and involved 

in a gene regulatory loop in the IsO. Removal of Lmx1b results in a loss of Wnt1 

expression, which further affects Fgf8, En1/2 and Pax2/5 expressions (Adams et al., 

2000; Guo et al., 2007; Matsunaga et al., 2002). Are the phenotypes we observed in the 

Lmx1b-/- mutant mice secondary defects due to dysfunction of the IsO? We cannot 

exclude this possibility, although we still do not think a dysregulation of the IsO could 

explain the whole phenotype. First of all, it has been shown that Otx2 and Pax6 

expressions are not affected in Lmx1b-/- mice (Guo et al., 2007). Although Gbx2 is not 

maintained in Lmx1b-/- mice, Otx2 does not extend into the anterior hindbrain as 

expected, indicating that other unknown factor(s) repress Otx2. Meanwhile, Pax6 

expression, which is antagonized by En1/2 and defines the border between the 
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diencephalon and the MB, remains unchanged. Therefore, the MB still exists and can 

be analyzed. Secondly, other mutant strains with IsO defects do not show the same 

phenotype as Lmx1b-/- mice. We examined Wnt1-/- mice since Wnt1 is downstream of 

Lmx1b and essential for the IsO function. As previously reported, mDA neurons are 

greatly lost in Wnt1-/- mice (Panhuysen et al., 2004; Prakash et al., 2006). However, our 

unpublished data showed that OM neurons and RN cells are also equally affected, 

which suggested that loss of Wnt1 results in general agenesis of cells. This data does 

not completely resemble the Lmx1b-/- mutant phenotype and subsequently indicates 

that Lmx1b has specific functions other than establishing the IsO. 

 

The LIM-HD family and its co-factors 

Lmx1a and Lmx1b belong to the LIM-HD family, which contains two tandem 

cysteine-rich LIM motifs and DNA-binding HD motif. The HD is thought to form a 

helix-turn-helix structure that binds regulatory DNA sequences of target genes 

(Gehring et al., 1994). The LIM domains may interact with the HD to prevent its 

binding to DNA in the absence of a LIM binding partner. Binding with another protein 

relieves this restraint and simultaneously provides the opportunity for the two domains 

to act cooperatively in the assembly of a regulated transcription complex (Curtiss and 

Heilig, 1998). Proteins reported to bind LIM domain are cofactor of LIM domains 

(Clim) /LIM-binding protein (Ldb) (Agulnick et al., 1996). In mice, there are two 

highly conserved genes in the Clim family: Clim2 (Ldb1) and Clim1 (Ldb2). The LIM 

binding portion of Clim has been localized to the carboxy-terminus, while the amino-

terminal region is involved in homodimer formation (Agulnick et al., 1996; Jurata and 

Gill, 1997; Matthews and Visvader, 2003). Through these interaction properties, Clim 

may act as specific protein-binding adapters, facilitating assembly of large complexes 

of the nuclear LIM proteins, as well as of other classes of transcription factors such as 

Pitx1, GATA, bHLH DNA-binding proteins (Bach, 2000; Dawid et al., 1998; Lee and 

Pfaff, 2003; Ma et al., 2008). It has elegantly been shown that activation of the somatic 

MN gene HB9 is dependent on Clim2-mediated assembly of heterodimers between two 

LIM-HD proteins, Lim3 and Isl1 (Thaler et al., 2002). Later, it was found that Ngn2 but 

not Mash1 actively participated with Lim3 and Isl1 in this complex to synergize the 

transcriptional activation of HB9, providing a link between neurogenesis and neuronal 

subtype specification (Bach, 2000; Dawid et al., 1998; Lee and Pfaff, 2003; Ma et al., 

2008). Hence, by virtue of their LIM domains, it would be possible that Lmx1a and 

Lmx1b perform distinct functions through assembly of different transcriptional 
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complexes via Clim. It would be interesting in the future to find out whether there are 

any physical interactions between Lmx1a, Lmx1b with Clim, what kind of 

transcriptional complexes are formed by Lmx1a and Lmx1b respectively, and what 

downstream genes are activated by them. 
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SUMMARY AND FUTURE PERSPECTIVES 
 
PAPER I: In this study, we revealed the important functions of two transcription 

factors, Lmx1a and Msx1/2, in the early specification of mDA neurons. Lmx1a is 

sufficient and required to activate downstream mDA neuronal markers. Msx1/2 acts in 

parallel to suppress alternative cell fates and promote neurogenesis by converting the 

FP into a neurogenic region. Following our study, several publications have continued 

to revealed the network regulating mDA neuron identity, in which Lmx1a has been 

placed downstream of Otx2 and Foxa1/2 and upstream of Nurr1 and Pitx3. It would be 

interesting to identify novel direct/indirect downstream factors of Lmx1a to further 

expand the knowledge regarding the process of the differentiation and maturation of 

mDA neurons. For this purpose, enriched mDA neurons derived from NesE-Lmx1a 

ESCs provide sufficient material for downstream applications, such as ChIP-chip and 

ChIP-Seq. In addition, these mDA neurons, generated in vitro, are suitable for studying 

detailed mechanisms of mDA neuron degeneration in response to neurotoxin or 

environmental insults, and for performing a large scale of drug screens with the aim to 

identify compound with a neuroprotective function and the potential to block the 

progression of PD. 

 

PAPER II: In this study, we further investigated the function of Lmx1a in mouse and 

compared the phenotype of Lmx1a with its homolog Lmx1b. In contrast to the chick, 

Lmx1a is not absolutely required for mDA development in the mouse, which is partly 

due to the redundant function of Lmx1b. However, subgroups of mDA neurons show 

different requirement for Lmx1a and Lmx1b. Medial mDA progenitors require Lmx1a 

for neurogenesis at an early stage during the conversion of the FP to a region with 

neurogenic potential, while Lmx1b is essential for lateral mDA progenitors. More and 

more studies have shown that mDA neurons are not a homogeneous population. They 

display differential vulnerability to the loss of different factors, such as Pitx3 and Otx2, 

at a late developmental stage. Our data suggest that this heterogeneity could originate 

from the early specification period, wherein only medially located mDA progenitors 

are derived from bona fide FP cells. Lateral mDA precursors would instead be born 

with a neurogenic potential, which is similar to neurons generated in the caudal neural 

tube. Interestingly, both Lmx1a and Lmx1b continue to be expressed in mDA neurons 

in the adult. The future plan is to delineate the functions of Lmx1a and Lmx1b in 
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maintenance and target-finding of different subpopulations of mDA neurons in the 

adult brain by using conditional Lmx1a and Lmx1b mutants.   

 

Compared to the spinal cord and hindbrain, little is know about the patterning events of 

the ventral cell types in the MB. We show that Lmx1b plays a role in the specification 

of multiple ventral cell types, including OM neurons and RN cells. Lmx1b may act 

upstream of Phox2a, which is an intrinsic determinant of OM neurons genesis. 

Although the exact ontogenesis of RN cells is not well-known, our data indicated that 

these cells may share progenitor domain with OM neurons and are generated 

subsequent to OM neurons. The sequential generation of visceral MNs and 5-HT 

neurons from the same progenitor domain has been elegantly shown in the hindbrain. It 

would be extremely interesting to further investigate whether such a mechanism can 

apply here. 

 



 

38 

ACKNOWLEDGEMENTS 
 

I would like to express my sincere gratitude to everyone who has helped me in one way 

or another to make this thesis possible, especially: 

Johan Ericson, my supervisor, these six years have been a wonderful journey for me; 

thank you for accepting me as your ph.d student; for forcing me to think independently 

and critically about my projects; for reminding me to be observing, careful and not 

assuming things. Your attitude and brilliance to science have influenced me throughout 

these years. Your word: “det löser sig” really helps me to manage all the stresses during 

preparing for the paper II.  

 

Thomas Perlmann, my cosupervisor, for being there to sign the application paper in 

the last-minute notice; for pushing the project forward and communicating with our 

“competitor”; I am looking forward to working in the Institute under your direction.  

 

Lizzy, my cosupervisor, my collaborator, my personal trainer, my encyclopedia in and 

outside the lab…. There are so many things to say about you. Thanks for helping me 

out with all the technical and practical problems; for supporting me when I was 

depressed and stressed; for pushing me to the limit during workout; for working crazily 

with me to finalizing the paper II; for spending a lot of time to proof-read my thesis; 

This thesis would not be possible without you.  

 

All my collaborators: Thomas Jessell and Monica Mendelsohn for Lmx1b mutant 

mice; James Millonig for Dreher mice; Ernest Arenas and Carlos Villaescusa for 

Wnt1 mutant mice. 

 

Christer Högg, for giving me the opportunity to join your lab for a while during the 

research training program.  

 

Joanna, you impress me in many ways especially your early plans for things, your way 

to get things done efficiently and your devotion to your family. Thanks for being my 

“consultor” for many practical things in life. Sanja, you are the most frank, outspoken 

and easy-going person I have ever met. You have brought so much fun to the lab. Good 

luck with the rest of your work and you will be soon there. Jose, indeed, you are on the 



 

  39 

way to become little Johan but ten (or hundred, thousand…) times more hard-working 

 (perfect combination). Your never-ending enthusiasm and commitment to science 

have really inspired me. Thanks for so many good advices and helps during these years. 

Enough is enough, now it is time to move on for your “second” postdoc. Chris, for 

tipping me the good writing skills and solving all English-related questions; for your 

efforts to proof-read my thesis; for sharing your broad knowledge in and outside the 

science. Tony, I respect your talent in science and your broad interests in all the 

projects running in the lab. Good luck with the “daddy work”. Zhanna, you are such 

a sweet person, thanks for helping me with all the ES cultures and good collaborations. 

Clarissa, for your shinny mood and exotic music. 

 

Former lab members: Ullis, for showing me around when I started the lab; for teaching 

me how to do electroporation and fruitful collaboration; for trips in Sydney and 

Shanghai (now you know that typhoon in Shanghai is no big deal). Maddis, for 

introducing me to Cider which is probably the only alcohol drink I really like. Good 

luck with your new job. Mattias, for your funny facial expressions and jokes. Anna, 

for your free ticket to watch my first ballet show in Stockholm. Fabrice, Mas, Peter, 

Pedro, Niko: for great company in the lab for a while. Jasmina, my best project 

student, Sanja said you are the smartest in the family, I totally agree! 

 

All the former and present members in Perlmann, Lendahl and Muhr labs, especially 

Jonas M, for always speaking Swedish with me and answering my stupid questions. 

Eva, for being so easy-going and nice-talking to; for sharing your passion and 

knowledge in the field; for good collaborations and proof-reading my thesis. The thesis 

could be worse without all your critical and valuable comments. Adriadna, always 

bringing tails for me and for taking after my mice; for continuing with Lmx1a and 

Lmx1b work and hopefully turning it into something more interesting! Lia, for helping 

to get Lmx1aeGFP mice in house and collaboration. Michal, for solving my western-blot 

problems. Stina, for collaboration. Banafsheh, Maria B, Nick and Magus, for good 

time during CMB research program and afterwards, now I finally catch up. Heather, 

for teaching me how to dissect early embryos and do whole-mount in situ on them. 

Shaobo, my best lunchmate, we can talk all kinds of things. Thanks for putting up with 

my bad mood sometimes and sharing your life experience with me. Lining: You are 

always so calm and nice. Thanks for still calling me and keeping in touch.  

 



 

40 

Also, Karin and Louisa, for good time in CMB research program. Alexandra, for 

being genuinely nice. Julianna, for good conference and trip in Sydney. Maria S, for 

nice chatting when we ran into each other in the town. Jianguo and Li for valuable 

advice and generous help to my family. 

 

All the administration staffs in CMB, especially Margaret and Ewa for being helpful 

at all times. Matti, for helping me with the application and your encouragement. 

XieXie. Marie-Louise, Irene and Zdravko for solving practical problems in no time. 

Jona and Micke for IT support. Personnel in animal facility for taking care of the mice. 

 

All my friends in and outside KI. Min, my childhood and oldest friend, you are truly 

like my sister and family. We shared so many life experiences together. I am so happy 

that you came to Sweden. Xiaowei and Jiangning, for so many wonderful trips 

together and hopefully, in twenty years or so, we become a family. Wei, my best 

shopping partner, thanks for always being there whenever I need a company and 

sharing my ups and downs. Bing and Yan, for all the inspirations; you always surprise 

us with “the-first-to-be”; keep up with good works. Xiaofeng and Xin, for good time in 

badminton club, for the trust and helps. Xiaoqun and Hongshi, for all the helps and 

free ride, hope we can be neighbor again. Yu, for your hospitality when I visited you 

in Long Island; for staying friends after so many years apart. Jiakun and Ying, for 

picking me up at Beijing airport; for wonderful time when you were both in Sweden. 

Pingping, for making my trip to Chicago unforgettable. Jingfeng, JiYeun, Zhuochun, 

Bing Zhao, Ann-Sofie, Junhang, Weinie, Lina, for all the fun time together and all 

the helps. 

 

Jingmin and Zhangzhang, my best friends in Shanghai, for being there whenever I 

need your help, for updating me with what-is-on back home. 

 

Maoli and Huaxin, for helping us settle down in Sweden. You make us feel not far 

away from home. 

 

My family, thanks for the endless supports and love throughout these years! 

妈妈和爸爸，养儿方知父母恩，感谢你们的牺牲，信任和以我为豪，感谢你们

无尽的爱和关怀。公公和婆婆，感谢你们在我们需要帮助的时候来照顾楚涵。



 

  41 

哥哥和嫂嫂，感谢你们照顾爸妈和提供我回国时候的安身之所。姐姐，你是我

最佩服的人，希望有一天我能象你一样自信和有实力。哲，再也找不到比你更

了解我的人了，感谢你的包容，爱和永远地为我着想，我们已经过了七年之痒

，相信未来的日子会更好。楚涵，愿你永远都象现在这样快乐，亲亲我的宝

贝。 

 

 

 

 

 



 

42 

REFERENCE 
 
Aboitiz, F., and Montiel, J. (2007). Co-option of signaling mechanisms from neural 
induction to telencephalic patterning. Rev Neurosci 18, 311-342. 
Acampora, D., Mazan, S., Lallemand, Y., Avantaggiato, V., Maury, M., Simeone, A., 
and Brulet, P. (1995). Forebrain and midbrain regions are deleted in Otx2-/- mutants 
due to a defective anterior neuroectoderm specification during gastrulation. 
Development 121, 3279-3290. 
Adams, K.A., Maida, J.M., Golden, J.A., and Riddle, R.D. (2000). The transcription 
factor Lmx1b maintains Wnt1 expression within the isthmic organizer. Development 
127, 1857-1867. 
Agulnick, A.D., Taira, M., Breen, J.J., Tanaka, T., Dawid, I.B., and Westphal, H. 
(1996). Interactions of the LIM-domain-binding factor Ldb1 with LIM homeodomain 
proteins. Nature 384, 270-272. 
Alberi, L., Sgado, P., and Simon, H.H. (2004). Engrailed genes are cell-autonomously 
required to prevent apoptosis in mesencephalic dopaminergic neurons. Development 
131, 3229-3236. 
Anderson, R.M., Lawrence, A.R., Stottmann, R.W., Bachiller, D., and Klingensmith, J. 
(2002). Chordin and noggin promote organizing centers of forebrain development in 
the mouse. Development 129, 4975-4987. 
Andersson, E., Jensen, J.B., Parmar, M., Guillemot, F., and Bjorklund, A. (2006a). 
Development of the mesencephalic dopaminergic neuron system is compromised in the 
absence of neurogenin 2. Development 133, 507-516. 
Andersson, E., Tryggvason, U., Deng, Q., Friling, S., Alekseenko, Z., Robert, B., 
Perlmann, T., and Ericson, J. (2006b). Identification of intrinsic determinants of 
midbrain dopamine neurons. Cell 124, 393-405. 
Andersson, E.K., Irvin, D.K., Ahlsio, J., and Parmar, M. (2007). Ngn2 and Nurr1 act in 
synergy to induce midbrain dopaminergic neurons from expanded neural stem and 
progenitor cells. Exp Cell Res 313, 1172-1180. 
Andersson, E.R., Prakash, N., Cajanek, L., Minina, E., Bryja, V., Bryjova, L., 
Yamaguchi, T.P., Hall, A.C., Wurst, W., and Arenas, E. (2008). Wnt5a regulates 
ventral midbrain morphogenesis and the development of A9-A10 dopaminergic cells in 
vivo. PLoS One 3, e3517. 
Ang, S.L., and Rossant, J. (1994). HNF-3 beta is essential for node and notochord 
formation in mouse development. Cell 78, 561-574. 
Araki, I., and Nakamura, H. (1999). Engrailed defines the position of dorsal di-
mesencephalic boundary by repressing diencephalic fate. Development 126, 5127-
5135. 
Arnold, S.J., and Robertson, E.J. (2009). Making a commitment: cell lineage allocation 
and axis patterning in the early mouse embryo. Nat Rev Mol Cell Biol 10, 91-103. 
Arts, M.P., Groenewegen, H.J., Veening, J.G., and Cools, A.R. (1996). Efferent 
projections of the retrorubral nucleus to the substantia nigra and ventral tegmental area 
in cats as shown by anterograde tracing. Brain Res Bull 40, 219-228. 
Bach, I. (2000). The LIM domain: regulation by association. Mech Dev 91, 5-17. 
Baharvand, H., Mehrjardi, N.Z., Hatami, M., Kiani, S., Rao, M., and Haghighi, M.M. 
(2007). Neural differentiation from human embryonic stem cells in a defined adherent 
culture condition. Int J Dev Biol 51, 371-378. 
Bally-Cuif, L., Alvarado-Mallart, R.M., Darnell, D.K., and Wassef, M. (1992). 
Relationship between Wnt-1 and En-2 expression domains during early development of 
normal and ectopic met-mesencephalon. Development 115, 999-1009. 
Bally-Cuif, L., and Wassef, M. (1994). Ectopic induction and reorganization of Wnt-1 
expression in quail/chick chimeras. Development 120, 3379-3394. 
Barberi, T., Klivenyi, P., Calingasan, N.Y., Lee, H., Kawamata, H., Loonam, K., 
Perrier, A.L., Bruses, J., Rubio, M.E., Topf, N., et al. (2003). Neural subtype 
specification of fertilization and nuclear transfer embryonic stem cells and application 
in parkinsonian mice. Nat Biotechnol 21, 1200-1207. 
Bayer, S.A., Wills, K.V., Triarhou, L.C., and Ghetti, B. (1995a). Time of neuron origin 
and gradients of neurogenesis in midbrain dopaminergic neurons in the mouse. Exp 
Brain Res 105, 191-199. 



 

  43 

Bayer, S.A., Wills, K.V., Triarhou, L.C., Thomas, J.D., and Ghetti, B. (1995b). 
Systematic differences in time of dopaminergic neuron origin between normal mice and 
homozygous weaver mutants. Exp Brain Res 105, 200-208. 
Bjorklund, A., and Dunnett, S.B. (2007). Dopamine neuron systems in the brain: an 
update. Trends Neurosci 30, 194-202. 
Björklund A, L.O. (1984). Dopamine-containing systems in the CNS. in Handbook of 
Chemical Neuroanatomy: Classical Transmitters in the CNS.  2, 68. 
Borgkvist, A., Puelles, E., Carta, M., Acampora, D., Ang, S.L., Wurst, W., Goiny, M., 
Fisone, G., Simeone, A., and Usiello, A. (2006). Altered dopaminergic innervation and 
amphetamine response in adult Otx2 conditional mutant mice. Mol Cell Neurosci 31, 
293-302. 
Brand, M., Heisenberg, C.P., Jiang, Y.J., Beuchle, D., Lun, K., Furutani-Seiki, M., 
Granato, M., Haffter, P., Hammerschmidt, M., Kane, D.A., et al. (1996). Mutations in 
zebrafish genes affecting the formation of the boundary between midbrain and 
hindbrain. Development 123, 179-190. 
Braun, M.M., Etheridge, A., Bernard, A., Robertson, C.P., and Roelink, H. (2003). Wnt 
signaling is required at distinct stages of development for the induction of the posterior 
forebrain. Development 130, 5579-5587. 
Briscoe, J., and Ericson, J. (2001). Specification of neuronal fates in the ventral neural 
tube. Curr Opin Neurobiol 11, 43-49. 
Briscoe, J., Pierani, A., Jessell, T.M., and Ericson, J. (2000). A homeodomain protein 
code specifies progenitor cell identity and neuronal fate in the ventral neural tube. Cell 
101, 435-445. 
Broccoli, V., Boncinelli, E., and Wurst, W. (1999). The caudal limit of Otx2 expression 
positions the isthmic organizer. Nature 401, 164-168. 
Brodski, C., Weisenhorn, D.M., Signore, M., Sillaber, I., Oesterheld, M., Broccoli, V., 
Acampora, D., Simeone, A., and Wurst, W. (2003). Location and size of dopaminergic 
and serotonergic cell populations are controlled by the position of the midbrain-
hindbrain organizer. J Neurosci 23, 4199-4207. 
Buceta, J., Ibanes, M., Rasskin-Gutman, D., Okada, Y., Hirokawa, N., and Izpisua-
Belmonte, J.C. (2005). Nodal cilia dynamics and the specification of the left/right axis 
in early vertebrate embryo development. Biophys J 89, 2199-2209. 
Bulfone, A., Puelles, L., Porteus, M.H., Frohman, M.A., Martin, G.R., and Rubenstein, 
J.L. (1993). Spatially restricted expression of Dlx-1, Dlx-2 (Tes-1), Gbx-2, and Wnt-3 
in the embryonic day 12.5 mouse forebrain defines potential transverse and longitudinal 
segmental boundaries. J Neurosci 13, 3155-3172. 
Buytaert-Hoefen, K.A., Alvarez, E., and Freed, C.R. (2004). Generation of tyrosine 
hydroxylase positive neurons from human embryonic stem cells after coculture with 
cellular substrates and exposure to GDNF. Stem Cells 22, 669-674. 
Carlsson, A., Lindqvist, M., and Magnusson, T. (1957). 3,4-Dihydroxyphenylalanine 
and 5-hydroxytryptophan as reserpine antagonists. Nature 180, 1200. 
Carlsson, A., Lindqvist, M., Magnusson, T., and Waldeck, B. (1958). On the presence 
of 3-hydroxytyramine in brain. Science 127, 471. 
Carpenter, M.K., Inokuma, M.S., Denham, J., Mujtaba, T., Chiu, C.P., and Rao, M.S. 
(2001). Enrichment of neurons and neural precursors from human embryonic stem 
cells. Exp Neurol 172, 383-397. 
Castelo-Branco, G., Wagner, J., Rodriguez, F.J., Kele, J., Sousa, K., Rawal, N., Pasolli, 
H.A., Fuchs, E., Kitajewski, J., and Arenas, E. (2003). Differential regulation of 
midbrain dopaminergic neuron development by Wnt-1, Wnt-3a, and Wnt-5a. Proc Natl 
Acad Sci U S A 100, 12747-12752. 
Catala, M., Teillet, M.A., De Robertis, E.M., and Le Douarin, M.L. (1996). A spinal 
cord fate map in the avian embryo: while regressing, Hensen's node lays down the 
notochord and floor plate thus joining the spinal cord lateral walls. Development 122, 
2599-2610. 
Catron, K.M., Wang, H., Hu, G., Shen, M.M., and Abate-Shen, C. (1996). Comparison 
of MSX-1 and MSX-2 suggests a molecular basis for functional redundancy. Mech 
Dev 55, 185-199. 
Catron, K.M., Zhang, H., Marshall, S.C., Inostroza, J.A., Wilson, J.M., and Abate, C. 
(1995). Transcriptional repression by Msx-1 does not require homeodomain DNA-
binding sites. Mol Cell Biol 15, 861-871. 



 

44 

Chalepakis, G., Stoykova, A., Wijnholds, J., Tremblay, P., and Gruss, P. (1993). Pax: 
gene regulators in the developing nervous system. J Neurobiol 24, 1367-1384. 
Chen, H., Lun, Y., Ovchinnikov, D., Kokubo, H., Oberg, K.C., Pepicelli, C.V., Gan, L., 
Lee, B., and Johnson, R.L. (1998). Limb and kidney defects in Lmx1b mutant mice 
suggest an involvement of LMX1B in human nail patella syndrome. Nat Genet 19, 51-
55. 
Chen, L., Guo, Q., and Li, J.Y. (2009). Transcription factor Gbx2 acts cell-
nonautonomously to regulate the formation of lineage-restriction boundaries of the 
thalamus. Development 136, 1317-1326. 
Chi, C.L., Martinez, S., Wurst, W., and Martin, G.R. (2003). The isthmic organizer 
signal FGF8 is required for cell survival in the prospective midbrain and cerebellum. 
Development 130, 2633-2644. 
Chiang, C., Litingtung, Y., Lee, E., Young, K.E., Corden, J.L., Westphal, H., and 
Beachy, P.A. (1996). Cyclopia and defective axial patterning in mice lacking Sonic 
hedgehog gene function. Nature 383, 407-413. 
Chizhikov, V., Steshina, E., Roberts, R., Ilkin, Y., Washburn, L., and Millen, K.J. 
(2006). Molecular definition of an allelic series of mutations disrupting the mouse 
Lmx1a (dreher) gene. Mamm Genome 17, 1025-1032. 
Chizhikov, V.V., and Millen, K.J. (2004a). Control of roof plate development and 
signaling by Lmx1b in the caudal vertebrate CNS. J Neurosci 24, 5694-5703. 
Chizhikov, V.V., and Millen, K.J. (2004b). Control of roof plate formation by Lmx1a 
in the developing spinal cord. Development 131, 2693-2705. 
Chizhikov, V.V., and Millen, K.J. (2004c). Mechanisms of roof plate formation in the 
vertebrate CNS. Nat Rev Neurosci 5, 808-812. 
Chizhikov, V.V., and Millen, K.J. (2005). Roof plate-dependent patterning of the 
vertebrate dorsal central nervous system. Dev Biol 277, 287-295. 
Chung, C.Y., Licznerski, P., Alavian, K.N., Simeone, A., Lin, Z., Martin, E., Vance, J., 
and Isacson, O. (2010). The transcription factor orthodenticle homeobox 2 influences 
axonal projections and vulnerability of midbrain dopaminergic neurons. Brain 133, 
2022-2031. 
Chung, C.Y., Seo, H., Sonntag, K.C., Brooks, A., Lin, L., and Isacson, O. (2005a). Cell 
type-specific gene expression of midbrain dopaminergic neurons reveals molecules 
involved in their vulnerability and protection. Hum Mol Genet 14, 1709-1725. 
Chung, S., Hedlund, E., Hwang, M., Kim, D.W., Shin, B.S., Hwang, D.Y., Jung Kang, 
U., Isacson, O., and Kim, K.S. (2005b). The homeodomain transcription factor Pitx3 
facilitates differentiation of mouse embryonic stem cells into AHD2-expressing 
dopaminergic neurons. Mol Cell Neurosci 28, 241-252. 
Chung, S., Leung, A., Han, B.S., Chang, M.Y., Moon, J.I., Kim, C.H., Hong, S., 
Pruszak, J., Isacson, O., and Kim, K.S. (2009). Wnt1-lmx1a forms a novel 
autoregulatory loop and controls midbrain dopaminergic differentiation synergistically 
with the SHH-FoxA2 pathway. Cell Stem Cell 5, 646-658. 
Chung, S., Sonntag, K.C., Andersson, T., Bjorklund, L.M., Park, J.J., Kim, D.W., 
Kang, U.J., Isacson, O., and Kim, K.S. (2002). Genetic engineering of mouse 
embryonic stem cells by Nurr1 enhances differentiation and maturation into 
dopaminergic neurons. Eur J Neurosci 16, 1829-1838. 
Colamarino, S.A., and Tessier-Lavigne, M. (1995). The role of the floor plate in axon 
guidance. Annu Rev Neurosci 18, 497-529. 
Coppola, E., Pattyn, A., Guthrie, S.C., Goridis, C., and Studer, M. (2005). Reciprocal 
gene replacements reveal unique functions for Phox2 genes during neural 
differentiation. EMBO J 24, 4392-4403. 
Costa, C., Harding, B., and Copp, A.J. (2001). Neuronal migration defects in the 
Dreher (Lmx1a) mutant mouse: role of disorders of the glial limiting membrane. Cereb 
Cortex 11, 498-505. 
Crossley, P.H., Martinez, S., and Martin, G.R. (1996). Midbrain development induced 
by FGF8 in the chick embryo. Nature 380, 66-68. 
Curtiss, J., and Heilig, J.S. (1998). DeLIMiting development. Bioessays 20, 58-69. 
Dahlstrom, A., and Fuxe, K. (1964). Localization of monoamines in the lower brain 
stem. Experientia 20, 398-399. 
Dawid, I.B., Breen, J.J., and Toyama, R. (1998). LIM domains: multiple roles as 
adapters and functional modifiers in protein interactions. Trends Genet 14, 156-162. 



 

  45 

De Robertis, E.M., and Kuroda, H. (2004). Dorsal-ventral patterning and neural 
induction in Xenopus embryos. Annu Rev Cell Dev Biol 20, 285-308. 
Dessaud, E., Yang, L.L., Hill, K., Cox, B., Ulloa, F., Ribeiro, A., Mynett, A., Novitch, 
B.G., and Briscoe, J. (2007). Interpretation of the sonic hedgehog morphogen gradient 
by a temporal adaptation mechanism. Nature 450, 717-720. 
Ding, Q., Motoyama, J., Gasca, S., Mo, R., Sasaki, H., Rossant, J., and Hui, C.C. 
(1998). Diminished Sonic hedgehog signaling and lack of floor plate differentiation in 
Gli2 mutant mice. Development 125, 2533-2543. 
Dodd, J., Jessell, T.M., and Placzek, M. (1998). The when and where of floor plate 
induction. Science 282, 1654-1657. 
Elkabetz, Y., Panagiotakos, G., Al Shamy, G., Socci, N.D., Tabar, V., and Studer, L. 
(2008). Human ES cell-derived neural rosettes reveal a functionally distinct early 
neural stem cell stage. Genes Dev 22, 152-165. 
Epstein, D.J., McMahon, A.P., and Joyner, A.L. (1999). Regionalization of Sonic 
hedgehog transcription along the anteroposterior axis of the mouse central nervous 
system is regulated by Hnf3-dependent and -independent mechanisms. Development 
126, 281-292. 
Ericson, J., Briscoe, J., Rashbass, P., van Heyningen, V., and Jessell, T.M. (1997a). 
Graded sonic hedgehog signaling and the specification of cell fate in the ventral neural 
tube. Cold Spring Harb Symp Quant Biol 62, 451-466. 
Ericson, J., Morton, S., Kawakami, A., Roelink, H., and Jessell, T.M. (1996). Two 
critical periods of Sonic Hedgehog signaling required for the specification of motor 
neuron identity. Cell 87, 661-673. 
Ericson, J., Rashbass, P., Schedl, A., Brenner-Morton, S., Kawakami, A., van 
Heyningen, V., Jessell, T.M., and Briscoe, J. (1997b). Pax6 controls progenitor cell 
identity and neuronal fate in response to graded Shh signaling. Cell 90, 169-180. 
Evinger, C. (1988). Extraocular motor nuclei: location, morphology and afferents. Rev 
Oculomot Res 2, 81-117. 
Failli, V., Bachy, I., and Retaux, S. (2002). Expression of the LIM-homeodomain gene 
Lmx1a (dreher) during development of the mouse nervous system. Mech Dev 118, 
225-228. 
Farkas, L.M., Dunker, N., Roussa, E., Unsicker, K., and Krieglstein, K. (2003). 
Transforming growth factor-beta(s) are essential for the development of midbrain 
dopaminergic neurons in vitro and in vivo. J Neurosci 23, 5178-5186. 
Fearnley, J.M., and Lees, A.J. (1991). Ageing and Parkinson's disease: substantia nigra 
regional selectivity. Brain 114 ( Pt 5), 2283-2301. 
Feldman, B., Gates, M.A., Egan, E.S., Dougan, S.T., Rennebeck, G., Sirotkin, H.I., 
Schier, A.F., and Talbot, W.S. (1998). Zebrafish organizer development and germ-layer 
formation require nodal-related signals. Nature 395, 181-185. 
Ferri, A.L., Lin, W., Mavromatakis, Y.E., Wang, J.C., Sasaki, H., Whitsett, J.A., and 
Ang, S.L. (2007). Foxa1 and Foxa2 regulate multiple phases of midbrain dopaminergic 
neuron development in a dosage-dependent manner. Development 134, 2761-2769. 
Friling, S., Andersson, E., Thompson, L.H., Jonsson, M.E., Hebsgaard, J.B., Nanou, E., 
Alekseenko, Z., Marklund, U., Kjellander, S., Volakakis, N., et al. (2009a). Efficient 
production of mesencephalic dopamine neurons by Lmx1a expression in embryonic 
stem cells. Proc Natl Acad Sci U S A 106, 7613-7618. 
Friling, S., Bergsland, M., and Kjellander, S. (2009b). Activation of Retinoid X 
Receptor increases dopamine cell survival in models for Parkinson's disease. BMC 
Neurosci 10, 146. 
Furthauer, M., Van Celst, J., Thisse, C., and Thisse, B. (2004). Fgf signalling controls 
the dorsoventral patterning of the zebrafish embryo. Development 131, 2853-2864. 
Gadue, P., Huber, T.L., Nostro, M.C., Kattman, S., and Keller, G.M. (2005). Germ 
layer induction from embryonic stem cells. Exp Hematol 33, 955-964. 
Gehring, W.J., Affolter, M., and Burglin, T. (1994). Homeodomain proteins. Annu Rev 
Biochem 63, 487-526. 
German, M.S., Wang, J., Chadwick, R.B., and Rutter, W.J. (1992). Synergistic 
activation of the insulin gene by a LIM-homeo domain protein and a basic helix-loop-
helix protein: building a functional insulin minienhancer complex. Genes Dev 6, 2165-
2176. 



 

46 

Gerrard, L., Rodgers, L., and Cui, W. (2005). Differentiation of human embryonic stem 
cells to neural lineages in adherent culture by blocking bone morphogenetic protein 
signaling. Stem Cells 23, 1234-1241. 
Giger, R.J., and Kolodkin, A.L. (2001). Silencing the siren: guidance cue hierarchies at 
the CNS midline. Cell 105, 1-4. 
Gilbert, S.F., ed. (2006). Developmental Biology, eighth edn (sunderland, 
Massachusetts, Sinauer Associates, Inc.). 
Gritsman, K., Zhang, J., Cheng, S., Heckscher, E., Talbot, W.S., and Schier, A.F. 
(1999). The EGF-CFC protein one-eyed pinhead is essential for nodal signaling. Cell 
97, 121-132. 
Grunz, H., and Tacke, L. (1989). Neural differentiation of Xenopus laevis ectoderm 
takes place after disaggregation and delayed reaggregation without inducer. Cell Differ 
Dev 28, 211-217. 
Guo, C., Qiu, H.Y., Huang, Y., Chen, H., Yang, R.Q., Chen, S.D., Johnson, R.L., Chen, 
Z.F., and Ding, Y.Q. (2007). Lmx1b is essential for Fgf8 and Wnt1 expression in the 
isthmic organizer during tectum and cerebellum development in mice. Development 
134, 317-325. 
Guo, Q., Li, K., Sunmonu, N.A., and Li, J.Y. (2010). Fgf8b-containing spliceforms, but 
not Fgf8a, are essential for Fgf8 function during development of the midbrain and 
cerebellum. Dev Biol 338, 183-192. 
Haber, S.N., and Fudge, J.L. (1997). The primate substantia nigra and VTA: integrative 
circuitry and function. Crit Rev Neurobiol 11, 323-342. 
Hanaway, J., McConnell, J.A., and Netsky, M.G. (1971). Histogenesis of the substantia 
nigra, ventral tegmental area of Tsai and interpeduncular nucleus: an autoradiographic 
study of the mesencephalon in the rat. J Comp Neurol 142, 59-73. 
Hanks, M., Wurst, W., Anson-Cartwright, L., Auerbach, A.B., and Joyner, A.L. (1995). 
Rescue of the En-1 mutant phenotype by replacement of En-1 with En-2. Science 269, 
679-682. 
Hemmati-Brivanlou, A., Kelly, O.G., and Melton, D.A. (1994). Follistatin, an 
antagonist of activin, is expressed in the Spemann organizer and displays direct 
neuralizing activity. Cell 77, 283-295. 
Hemmati-Brivanlou, A., and Melton, D. (1997). Vertebrate embryonic cells will 
become nerve cells unless told otherwise. Cell 88, 13-17. 
Hemmati-Brivanlou, A., and Melton, D.A. (1992). A truncated activin receptor inhibits 
mesoderm induction and formation of axial structures in Xenopus embryos. Nature 
359, 609-614. 
Hermanson, E., Joseph, B., Castro, D., Lindqvist, E., Aarnisalo, P., Wallen, A., Benoit, 
G., Hengerer, B., Olson, L., and Perlmann, T. (2003). Nurr1 regulates dopamine 
synthesis and storage in MN9D dopamine cells. Exp Cell Res 288, 324-334. 
Hidalgo-Sanchez, M., Millet, S., Bloch-Gallego, E., and Alvarado-Mallart, R.M. 
(2005). Specification of the meso-isthmo-cerebellar region: the Otx2/Gbx2 boundary. 
Brain Res Brain Res Rev 49, 134-149. 
Hobert, O., and Westphal, H. (2000). Functions of LIM-homeobox genes. Trends 
Genet 16, 75-83. 
Houart, C., Westerfield, M., and Wilson, S.W. (1998). A small population of anterior 
cells patterns the forebrain during zebrafish gastrulation. Nature 391, 788-792. 
Hwang, D.Y., Ardayfio, P., Kang, U.J., Semina, E.V., and Kim, K.S. (2003). Selective 
loss of dopaminergic neurons in the substantia nigra of Pitx3-deficient aphakia mice. 
Brain Res Mol Brain Res 114, 123-131. 
Hynes, M., Poulsen, K., Tessier-Lavigne, M., and Rosenthal, A. (1995). Control of 
neuronal diversity by the floor plate: contact-mediated induction of midbrain 
dopaminergic neurons. Cell 80, 95-101. 
Jacobs, F.M., Smits, S.M., Hornman, K.J., Burbach, J.P., and Smidt, M.P. (2006). 
Strategies to unravel molecular codes essential for the development of meso-
diencephalic dopaminergic neurons. J Physiol 575, 397-402. 
Jacobs, F.M., Smits, S.M., Noorlander, C.W., von Oerthel, L., van der Linden, A.J., 
Burbach, J.P., and Smidt, M.P. (2007). Retinoic acid counteracts developmental defects 
in the substantia nigra caused by Pitx3 deficiency. Development 134, 2673-2684. 
Jacobs, F.M., van Erp, S., van der Linden, A.J., von Oerthel, L., Burbach, J.P., and 
Smidt, M.P. (2009). Pitx3 potentiates Nurr1 in dopamine neuron terminal 



 

  47 

differentiation through release of SMRT-mediated repression. Development 136, 531-
540. 
Jessell, T.M. (2000). Neuronal specification in the spinal cord: inductive signals and 
transcriptional codes. Nat Rev Genet 1, 20-29. 
Johnson, J.D., Zhang, W., Rudnick, A., Rutter, W.J., and German, M.S. (1997). 
Transcriptional synergy between LIM-homeodomain proteins and basic helix-loop-
helix proteins: the LIM2 domain determines specificity. Mol Cell Biol 17, 3488-3496. 
Joksimovic, M., Yun, B.A., Kittappa, R., Anderegg, A.M., Chang, W.W., Taketo, 
M.M., McKay, R.D., and Awatramani, R.B. (2009). Wnt antagonism of Shh facilitates 
midbrain floor plate neurogenesis. Nat Neurosci 12, 125-131. 
Joseph, B., Wallen-Mackenzie, A., Benoit, G., Murata, T., Joodmardi, E., Okret, S., and 
Perlmann, T. (2003). p57(Kip2) cooperates with Nurr1 in developing dopamine cells. 
Proc Natl Acad Sci U S A 100, 15619-15624. 
Jurata, L.W., and Gill, G.N. (1997). Functional analysis of the nuclear LIM domain 
interactor NLI. Mol Cell Biol 17, 5688-5698. 
Kadkhodaei, B., Ito, T., Joodmardi, E., Mattsson, B., Rouillard, C., Carta, M., 
Muramatsu, S., Sumi-Ichinose, C., Nomura, T., Metzger, D., et al. (2009). Nurr1 is 
required for maintenance of maturing and adult midbrain dopamine neurons. J Neurosci 
29, 15923-15932. 
Kawano, H., Ohyama, K., Kawamura, K., and Nagatsu, I. (1995). Migration of 
dopaminergic neurons in the embryonic mesencephalon of mice. Brain Res Dev Brain 
Res 86, 101-113. 
Kawasaki, H., Mizuseki, K., Nishikawa, S., Kaneko, S., Kuwana, Y., Nakanishi, S., 
Nishikawa, S.I., and Sasai, Y. (2000). Induction of midbrain dopaminergic neurons 
from ES cells by stromal cell-derived inducing activity. Neuron 28, 31-40. 
Kawasaki, H., Suemori, H., Mizuseki, K., Watanabe, K., Urano, F., Ichinose, H., 
Haruta, M., Takahashi, M., Yoshikawa, K., Nishikawa, S., et al. (2002). Generation of 
dopaminergic neurons and pigmented epithelia from primate ES cells by stromal cell-
derived inducing activity. Proc Natl Acad Sci U S A 99, 1580-1585. 
Keifer, J., and Houk, J.C. (1994). Motor function of the cerebellorubrospinal system. 
Physiol Rev 74, 509-542. 
Kele, J., Simplicio, N., Ferri, A.L., Mira, H., Guillemot, F., Arenas, E., and Ang, S.L. 
(2006). Neurogenin 2 is required for the development of ventral midbrain dopaminergic 
neurons. Development 133, 495-505. 
Kiecker, C., and Lumsden, A. (2004). Hedgehog signaling from the ZLI regulates 
diencephalic regional identity. Nat Neurosci 7, 1242-1249. 
Kim, D.S., Szczypka, M.S., and Palmiter, R.D. (2000). Dopamine-deficient mice are 
hypersensitive to dopamine receptor agonists. J Neurosci 20, 4405-4413. 
Kim, J.H., Auerbach, J.M., Rodriguez-Gomez, J.A., Velasco, I., Gavin, D., Lumelsky, 
N., Lee, S.H., Nguyen, J., Sanchez-Pernaute, R., Bankiewicz, K., et al. (2002). 
Dopamine neurons derived from embryonic stem cells function in an animal model of 
Parkinson's disease. Nature 418, 50-56. 
Kingsbury, B.F. (1920). The Developmental Origin of the Notochord. Science 51, 190-
193. 
Kittappa, R., Chang, W.W., Awatramani, R.B., and McKay, R.D. (2007). The foxa2 
gene controls the birth and spontaneous degeneration of dopamine neurons in old age. 
PLoS Biol 5, e325. 
Klingensmith, J., Ang, S.L., Bachiller, D., and Rossant, J. (1999). Neural induction and 
patterning in the mouse in the absence of the node and its derivatives. Dev Biol 216, 
535-549. 
Kobayashi, D., Kobayashi, M., Matsumoto, K., Ogura, T., Nakafuku, M., and 
Shimamura, K. (2002). Early subdivisions in the neural plate define distinct 
competence for inductive signals. Development 129, 83-93. 
Kobayashi, K., Morita, S., Sawada, H., Mizuguchi, T., Yamada, K., Nagatsu, I., Hata, 
T., Watanabe, Y., Fujita, K., and Nagatsu, T. (1995). Targeted disruption of the 
tyrosine hydroxylase locus results in severe catecholamine depletion and perinatal 
lethality in mice. J Biol Chem 270, 27235-27243. 
Krieglstein, K., Suter-Crazzolara, C., Fischer, W.H., and Unsicker, K. (1995a). TGF-
beta superfamily members promote survival of midbrain dopaminergic neurons and 
protect them against MPP+ toxicity. EMBO J 14, 736-742. 



 

48 

Krieglstein, K., Suter-Crazzolara, C., and Unsicker, K. (1995b). Development of 
mesencephalic dopaminergic neurons and the transforming growth factor-beta 
superfamily. J Neural Transm Suppl 46, 209-216. 
Kudoh, T., Concha, M.L., Houart, C., Dawid, I.B., and Wilson, S.W. (2004). 
Combinatorial Fgf and Bmp signalling patterns the gastrula ectoderm into prospective 
neural and epidermal domains. Development 131, 3581-3592. 
Kuschel, S., Ruther, U., and Theil, T. (2003). A disrupted balance between Bmp/Wnt 
and Fgf signaling underlies the ventralization of the Gli3 mutant telencephalon. Dev 
Biol 260, 484-495. 
Lagutin, O.V., Zhu, C.C., Kobayashi, D., Topczewski, J., Shimamura, K., Puelles, L., 
Russell, H.R., McKinnon, P.J., Solnica-Krezel, L., and Oliver, G. (2003). Six3 
repression of Wnt signaling in the anterior neuroectoderm is essential for vertebrate 
forebrain development. Genes Dev 17, 368-379. 
Lang, A.E., and Lozano, A.M. (1998a). Parkinson's disease. First of two parts. N Engl J 
Med 339, 1044-1053. 
Lang, A.E., and Lozano, A.M. (1998b). Parkinson's disease. Second of two parts. N 
Engl J Med 339, 1130-1143. 
Launay, C., Fromentoux, V., Shi, D.L., and Boucaut, J.C. (1996). A truncated FGF 
receptor blocks neural induction by endogenous Xenopus inducers. Development 122, 
869-880. 
Le Douarin, N.M., and Halpern, M.E. (2000). Discussion point. Origin and 
specification of the neural tube floor plate: insights from the chick and zebrafish. Curr 
Opin Neurobiol 10, 23-30. 
Lee, H.S., Bae, E.J., Yi, S.H., Shim, J.W., Jo, A.Y., Kang, J.S., Yoon, E.H., Rhee, 
Y.H., Park, C.H., Koh, H.C., et al. (2010). Foxa2 and Nurr1 synergistically yield A9 
nigral dopamine neurons exhibiting improved differentiation, function, and cell 
survival. Stem Cells 28, 501-512. 
Lee, S.H., Lumelsky, N., Studer, L., Auerbach, J.M., and McKay, R.D. (2000). 
Efficient generation of midbrain and hindbrain neurons from mouse embryonic stem 
cells. Nat Biotechnol 18, 675-679. 
Lee, S.K., and Pfaff, S.L. (2003). Synchronization of neurogenesis and motor neuron 
specification by direct coupling of bHLH and homeodomain transcription factors. 
Neuron 38, 731-745. 
Levin, M. (2005). Left-right asymmetry in embryonic development: a comprehensive 
review. Mech Dev 122, 3-25. 
Lim, Y., and Golden, J.A. (2007). Patterning the developing diencephalon. Brain Res 
Rev 53, 17-26. 
Lin, L.F., Doherty, D.H., Lile, J.D., Bektesh, S., and Collins, F. (1993). GDNF: a glial 
cell line-derived neurotrophic factor for midbrain dopaminergic neurons. Science 260, 
1130-1132. 
Lin, W., Metzakopian, E., Mavromatakis, Y.E., Gao, N., Balaskas, N., Sasaki, H., 
Briscoe, J., Whitsett, J.A., Goulding, M., Kaestner, K.H., et al. (2009). Foxa1 and 
Foxa2 function both upstream of and cooperatively with Lmx1a and Lmx1b in a 
feedforward loop promoting mesodiencephalic dopaminergic neuron development. Dev 
Biol 333, 386-396. 
Lindahl, R., and Evces, S. (1984). Rat liver aldehyde dehydrogenase. II. Isolation and 
characterization of four inducible isozymes. J Biol Chem 259, 11991-11996. 
Liu, A., Li, J.Y., Bromleigh, C., Lao, Z., Niswander, L.A., and Joyner, A.L. (2003). 
FGF17b and FGF18 have different midbrain regulatory properties from FGF8b or 
activated FGF receptors. Development 130, 6175-6185. 
Liu, A., Losos, K., and Joyner, A.L. (1999). FGF8 can activate Gbx2 and transform 
regions of the rostral mouse brain into a hindbrain fate. Development 126, 4827-4838. 
Lumsden, A., and Krumlauf, R. (1996). Patterning the vertebrate neuraxis. Science 274, 
1109-1115. 
Ma, Y.C., Song, M.R., Park, J.P., Henry Ho, H.Y., Hu, L., Kurtev, M.V., Zieg, J., Ma, 
Q., Pfaff, S.L., and Greenberg, M.E. (2008). Regulation of motor neuron specification 
by phosphorylation of neurogenin 2. Neuron 58, 65-77. 
Mallo, M., Wellik, D.M., and Deschamps, J. (2010). Hox genes and regional patterning 
of the vertebrate body plan. Dev Biol. 



 

  49 

Marin, O., Baker, J., Puelles, L., and Rubenstein, J.L. (2002). Patterning of the basal 
telencephalon and hypothalamus is essential for guidance of cortical projections. 
Development 129, 761-773. 
Marti, E., Bumcrot, D.A., Takada, R., and McMahon, A.P. (1995). Requirement of 19K 
form of Sonic hedgehog for induction of distinct ventral cell types in CNS explants. 
Nature 375, 322-325. 
Martinat, C., Bacci, J.J., Leete, T., Kim, J., Vanti, W.B., Newman, A.H., Cha, J.H., 
Gether, U., Wang, H., and Abeliovich, A. (2006). Cooperative transcription activation 
by Nurr1 and Pitx3 induces embryonic stem cell maturation to the midbrain dopamine 
neuron phenotype. Proc Natl Acad Sci U S A 103, 2874-2879. 
Martinez-Barbera, J.P., Signore, M., Boyl, P.P., Puelles, E., Acampora, D., Gogoi, R., 
Schubert, F., Lumsden, A., and Simeone, A. (2001). Regionalisation of anterior 
neuroectoderm and its competence in responding to forebrain and midbrain inducing 
activities depend on mutual antagonism between OTX2 and GBX2. Development 128, 
4789-4800. 
Martinez, S., and Puelles, L. (2000). Neurogenetic compartments of the mouse 
diencephalon and some characteristic gene expression patterns. Results Probl Cell 
Differ 30, 91-106. 
Martinez, S., Wassef, M., and Alvarado-Mallart, R.M. (1991). Induction of a 
mesencephalic phenotype in the 2-day-old chick prosencephalon is preceded by the 
early expression of the homeobox gene en. Neuron 6, 971-981. 
Matise, M.P., Epstein, D.J., Park, H.L., Platt, K.A., and Joyner, A.L. (1998). Gli2 is 
required for induction of floor plate and adjacent cells, but not most ventral neurons in 
the mouse central nervous system. Development 125, 2759-2770. 
Matsunaga, E., Katahira, T., and Nakamura, H. (2002). Role of Lmx1b and Wnt1 in 
mesencephalon and metencephalon development. Development 129, 5269-5277. 
Matsuo, I., Kuratani, S., Kimura, C., Takeda, N., and Aizawa, S. (1995). Mouse Otx2 
functions in the formation and patterning of rostral head. Genes Dev 9, 2646-2658. 
Matthews, J.M., and Visvader, J.E. (2003). LIM-domain-binding protein 1: a 
multifunctional cofactor that interacts with diverse proteins. EMBO Rep 4, 1132-1137. 
Maxwell, S.L., Ho, H.Y., Kuehner, E., Zhao, S., and Li, M. (2005). Pitx3 regulates 
tyrosine hydroxylase expression in the substantia nigra and identifies a subgroup of 
mesencephalic dopaminergic progenitor neurons during mouse development. Dev Biol 
282, 467-479. 
McMahon, A.P., and Bradley, A. (1990). The Wnt-1 (int-1) proto-oncogene is required 
for development of a large region of the mouse brain. Cell 62, 1073-1085. 
McMahon, A.P., Joyner, A.L., Bradley, A., and McMahon, J.A. (1992). The midbrain-
hindbrain phenotype of Wnt-1-/Wnt-1- mice results from stepwise deletion of 
engrailed-expressing cells by 9.5 days postcoitum. Cell 69, 581-595. 
Meyers, E.N., Lewandoski, M., and Martin, G.R. (1998). An Fgf8 mutant allelic series 
generated by Cre- and Flp-mediated recombination. Nat Genet 18, 136-141. 
Millen, K.J., Millonig, J.H., and Hatten, M.E. (2004). Roof plate and dorsal spinal cord 
dl1 interneuron development in the dreher mutant mouse. Dev Biol 270, 382-392. 
Millen, K.J., Wurst, W., Herrup, K., and Joyner, A.L. (1994). Abnormal embryonic 
cerebellar development and patterning of postnatal foliation in two mouse Engrailed-2 
mutants. Development 120, 695-706. 
Millet, S., Campbell, K., Epstein, D.J., Losos, K., Harris, E., and Joyner, A.L. (1999). 
A role for Gbx2 in repression of Otx2 and positioning the mid/hindbrain organizer. 
Nature 401, 161-164. 
Millonig, J.H., Millen, K.J., and Hatten, M.E. (2000). The mouse Dreher gene Lmx1a 
controls formation of the roof plate in the vertebrate CNS. Nature 403, 764-769. 
Minowada, G., Jarvis, L.A., Chi, C.L., Neubuser, A., Sun, X., Hacohen, N., Krasnow, 
M.A., and Martin, G.R. (1999). Vertebrate Sprouty genes are induced by FGF signaling 
and can cause chondrodysplasia when overexpressed. Development 126, 4465-4475. 
Mishima, Y., Lindgren, A.G., Chizhikov, V.V., Johnson, R.L., and Millen, K.J. (2009). 
Overlapping function of Lmx1a and Lmx1b in anterior hindbrain roof plate formation 
and cerebellar growth. J Neurosci 29, 11377-11384. 
Morkel, M., Huelsken, J., Wakamiya, M., Ding, J., van de Wetering, M., Clevers, H., 
Taketo, M.M., Behringer, R.R., Shen, M.M., and Birchmeier, W. (2003). Beta-catenin 



 

50 

regulates Cripto- and Wnt3-dependent gene expression programs in mouse axis and 
mesoderm formation. Development 130, 6283-6294. 
Muhr, J., Andersson, E., Persson, M., Jessell, T.M., and Ericson, J. (2001). Groucho-
mediated transcriptional repression establishes progenitor cell pattern and neuronal fate 
in the ventral neural tube. Cell 104, 861-873. 
Munoz-Sanjuan, I., and Brivanlou, A.H. (2002). Neural induction, the default model 
and embryonic stem cells. Nat Rev Neurosci 3, 271-280. 
Nakatani, T., Kumai, M., Mizuhara, E., Minaki, Y., and Ono, Y. (2010). Lmx1a and 
Lmx1b cooperate with Foxa2 to coordinate the specification of dopaminergic neurons 
and control of floor plate cell differentiation in the developing mesencephalon. Dev 
Biol 339, 101-113. 
Niehrs, C. (2004). Regionally specific induction by the Spemann-Mangold organizer. 
Nat Rev Genet 5, 425-434. 
Nieto, M.A. (1999). Reorganizing the organizer 75 years on. Cell 98, 417-425. 
Nieuwkoop, P.D. (1985). Inductive interactions in early amphibian development and 
their general nature. J Embryol Exp Morphol 89 Suppl, 333-347. 
Nieuwkoop, P.D., and Weijer, C.J. (1978). Neural induction, a two-way process. Med 
Biol 56, 366-371. 
Niwa, H., Toyooka, Y., Shimosato, D., Strumpf, D., Takahashi, K., Yagi, R., and 
Rossant, J. (2005). Interaction between Oct3/4 and Cdx2 determines trophectoderm 
differentiation. Cell 123, 917-929. 
Nonaka, S., Yoshiba, S., Watanabe, D., Ikeuchi, S., Goto, T., Marshall, W.F., and 
Hamada, H. (2005). De novo formation of left-right asymmetry by posterior tilt of 
nodal cilia. PLoS Biol 3, e268. 
Odenthal, J., van Eeden, F.J., Haffter, P., Ingham, P.W., and Nusslein-Volhard, C. 
(2000). Two distinct cell populations in the floor plate of the zebrafish are induced by 
different pathways. Dev Biol 219, 350-363. 
Okabe, S., Forsberg-Nilsson, K., Spiro, A.C., Segal, M., and McKay, R.D. (1996). 
Development of neuronal precursor cells and functional postmitotic neurons from 
embryonic stem cells in vitro. Mech Dev 59, 89-102. 
Okada, Y., Takeda, S., Tanaka, Y., Belmonte, J.C., and Hirokawa, N. (2005). 
Mechanism of nodal flow: a conserved symmetry breaking event in left-right axis 
determination. Cell 121, 633-644. 
Omodei, D., Acampora, D., Mancuso, P., Prakash, N., Di Giovannantonio, L.G., Wurst, 
W., and Simeone, A. (2008). Anterior-posterior graded response to Otx2 controls 
proliferation and differentiation of dopaminergic progenitors in the ventral 
mesencephalon. Development 135, 3459-3470. 
Ono, Y., Nakatani, T., Minaki, Y., and Kumai, M. (2010). The basic helix-loop-helix 
transcription factor Nato3 controls neurogenic activity in mesencephalic floor plate 
cells. Development 137, 1897-1906. 
Ono, Y., Nakatani, T., Sakamoto, Y., Mizuhara, E., Minaki, Y., Kumai, M., 
Hamaguchi, A., Nishimura, M., Inoue, Y., Hayashi, H., et al. (2007). Differences in 
neurogenic potential in floor plate cells along an anteroposterior location: midbrain 
dopaminergic neurons originate from mesencephalic floor plate cells. Development 
134, 3213-3225. 
Panhuysen, M., Vogt Weisenhorn, D.M., Blanquet, V., Brodski, C., Heinzmann, U., 
Beisker, W., and Wurst, W. (2004). Effects of Wnt1 signaling on proliferation in the 
developing mid-/hindbrain region. Mol Cell Neurosci 26, 101-111. 
Parish, C.L., Castelo-Branco, G., Rawal, N., Tonnesen, J., Sorensen, A.T., Salto, C., 
Kokaia, M., Lindvall, O., and Arenas, E. (2008). Wnt5a-treated midbrain neural stem 
cells improve dopamine cell replacement therapy in parkinsonian mice. J Clin Invest 
118, 149-160. 
Park, C.H., Kang, J.S., Shin, Y.H., Chang, M.Y., Chung, S., Koh, H.C., Zhu, M.H., Oh, 
S.B., Lee, Y.S., Panagiotakos, G., et al. (2006). Acquisition of in vitro and in vivo 
functionality of Nurr1-induced dopamine neurons. FASEB J 20, 2553-2555. 
Pattyn, A., Morin, X., Cremer, H., Goridis, C., and Brunet, J.F. (1997). Expression and 
interactions of the two closely related homeobox genes Phox2a and Phox2b during 
neurogenesis. Development 124, 4065-4075. 
Pera, M.F., Andrade, J., Houssami, S., Reubinoff, B., Trounson, A., Stanley, E.G., 
Ward-van Oostwaard, D., and Mummery, C. (2004). Regulation of human embryonic 



 

  51 

stem cell differentiation by BMP-2 and its antagonist noggin. J Cell Sci 117, 1269-
1280. 
Perez-Balaguer, A., Puelles, E., Wurst, W., and Martinez, S. (2009). Shh dependent and 
independent maintenance of basal midbrain. Mech Dev 126, 301-313. 
Placzek, M., and Briscoe, J. (2005). The floor plate: multiple cells, multiple signals. Nat 
Rev Neurosci 6, 230-240. 
Placzek, M., Dodd, J., and Jessell, T.M. (2000). Discussion point. The case for floor 
plate induction by the notochord. Curr Opin Neurobiol 10, 15-22. 
Placzek, M., Tessier-Lavigne, M., Yamada, T., Jessell, T., and Dodd, J. (1990). 
Mesodermal control of neural cell identity: floor plate induction by the notochord. 
Science 250, 985-988. 
Politis, M., Wu, K., Loane, C., Quinn, N.P., Brooks, D.J., Rehncrona, S., Bjorklund, A., 
Lindvall, O., and Piccini, P. (2010). Serotonergic neurons mediate dyskinesia side 
effects in Parkinson's patients with neural transplants. Sci Transl Med 2, 38ra46. 
Poulsen, K.T., Armanini, M.P., Klein, R.D., Hynes, M.A., Phillips, H.S., and 
Rosenthal, A. (1994). TGF beta 2 and TGF beta 3 are potent survival factors for 
midbrain dopaminergic neurons. Neuron 13, 1245-1252. 
Prakash, N., Brodski, C., Naserke, T., Puelles, E., Gogoi, R., Hall, A., Panhuysen, M., 
Echevarria, D., Sussel, L., Weisenhorn, D.M., et al. (2006). A Wnt1-regulated genetic 
network controls the identity and fate of midbrain-dopaminergic progenitors in vivo. 
Development 133, 89-98. 
Prakash, N., Puelles, E., Freude, K., Trumbach, D., Omodei, D., Di Salvio, M., Sussel, 
L., Ericson, J., Sander, M., Simeone, A., et al. (2009). Nkx6-1 controls the identity and 
fate of red nucleus and oculomotor neurons in the mouse midbrain. Development 136, 
2545-2555. 
Puelles, E., Acampora, D., Lacroix, E., Signore, M., Annino, A., Tuorto, F., Filosa, S., 
Corte, G., Wurst, W., Ang, S.L., et al. (2003). Otx dose-dependent integrated control of 
antero-posterior and dorso-ventral patterning of midbrain. Nat Neurosci 6, 453-460. 
Puelles, E., Annino, A., Tuorto, F., Usiello, A., Acampora, D., Czerny, T., Brodski, C., 
Ang, S.L., Wurst, W., and Simeone, A. (2004). Otx2 regulates the extent, identity and 
fate of neuronal progenitor domains in the ventral midbrain. Development 131, 2037-
2048. 
Rallu, M., Corbin, J.G., and Fishell, G. (2002). Parsing the prosencephalon. Nat Rev 
Neurosci 3, 943-951. 
Ralston, A., and Rossant, J. (2005). Genetic regulation of stem cell origins in the mouse 
embryo. Clin Genet 68, 106-112. 
Reifers, F., Bohli, H., Walsh, E.C., Crossley, P.H., Stainier, D.Y., and Brand, M. 
(1998). Fgf8 is mutated in zebrafish acerebellar (ace) mutants and is required for 
maintenance of midbrain-hindbrain boundary development and somitogenesis. 
Development 125, 2381-2395. 
Rentzsch, F., Bakkers, J., Kramer, C., and Hammerschmidt, M. (2004). Fgf signaling 
induces posterior neuroectoderm independently of Bmp signaling inhibition. Dev Dyn 
231, 750-757. 
Reubinoff, B.E., Itsykson, P., Turetsky, T., Pera, M.F., Reinhartz, E., Itzik, A., and 
Ben-Hur, T. (2001). Neural progenitors from human embryonic stem cells. Nat 
Biotechnol 19, 1134-1140. 
Ristoratore, F., Carl, M., Deschet, K., Richard-Parpaillon, L., Boujard, D., Wittbrodt, J., 
Chourrout, D., Bourrat, F., and Joly, J.S. (1999). The midbrain-hindbrain boundary 
genetic cascade is activated ectopically in the diencephalon in response to the 
widespread expression of one of its components, the medaka gene Ol-eng2. 
Development 126, 3769-3779. 
Robertson, E.J., Norris, D.P., Brennan, J., and Bikoff, E.K. (2003). Control of early 
anterior-posterior patterning in the mouse embryo by TGF-beta signalling. Philos Trans 
R Soc Lond B Biol Sci 358, 1351-1357; discussion 1357. 
Rodriguez-Gallardo, L., Climent, V., Garcia-Martinez, V., Schoenwolf, G.C., and 
Alvarez, I.S. (1997). Targeted over-expression of FGF in chick embryos induces 
formation of ectopic neural cells. Int J Dev Biol 41, 715-723. 
Roelink, H., Augsburger, A., Heemskerk, J., Korzh, V., Norlin, S., Ruiz i Altaba, A., 
Tanabe, Y., Placzek, M., Edlund, T., Jessell, T.M., et al. (1994). Floor plate and motor 



 

52 

neuron induction by vhh-1, a vertebrate homolog of hedgehog expressed by the 
notochord. Cell 76, 761-775. 
Rossant, J. (2004). Lineage development and polar asymmetries in the peri-
implantation mouse blastocyst. Semin Cell Dev Biol 15, 573-581. 
Rossant, J., and Tam, P.P. (2009). Blastocyst lineage formation, early embryonic 
asymmetries and axis patterning in the mouse. Development 136, 701-713. 
Roussa, E., Wiehle, M., Dunker, N., Becker-Katins, S., Oehlke, O., and Krieglstein, K. 
(2006). Transforming growth factor beta is required for differentiation of mouse 
mesencephalic progenitors into dopaminergic neurons in vitro and in vivo: ectopic 
induction in dorsal mesencephalon. Stem Cells 24, 2120-2129. 
Rowitch, D.H., and McMahon, A.P. (1995). Pax-2 expression in the murine neural 
plate precedes and encompasses the expression domains of Wnt-1 and En-1. Mech Dev 
52, 3-8. 
Rubenstein, J.L., and Beachy, P.A. (1998). Patterning of the embryonic forebrain. Curr 
Opin Neurobiol 8, 18-26. 
Rubenstein, J.L., Martinez, S., Shimamura, K., and Puelles, L. (1994). The embryonic 
vertebrate forebrain: the prosomeric model. Science 266, 578-580. 
Sanchez-Garcia, I., and Rabbitts, T.H. (1994). The LIM domain: a new structural motif 
found in zinc-finger-like proteins. Trends Genet 10, 315-320. 
Sander, M., Paydar, S., Ericson, J., Briscoe, J., Berber, E., German, M., Jessell, T.M., 
and Rubenstein, J.L. (2000). Ventral neural patterning by Nkx homeobox genes: 
Nkx6.1 controls somatic motor neuron and ventral interneuron fates. Genes Dev 14, 
2134-2139. 
Sasai, Y., Lu, B., Steinbeisser, H., Geissert, D., Gont, L.K., and De Robertis, E.M. 
(1994). Xenopus chordin: a novel dorsalizing factor activated by organizer-specific 
homeobox genes. Cell 79, 779-790. 
Sato, S.M., and Sargent, T.D. (1989). Development of neural inducing capacity in 
dissociated Xenopus embryos. Dev Biol 134, 263-266. 
Sato, T., Araki, I., and Nakamura, H. (2001). Inductive signal and tissue responsiveness 
defining the tectum and the cerebellum. Development 128, 2461-2469. 
Sato, T., and Joyner, A.L. (2009). The duration of Fgf8 isthmic organizer expression is 
key to patterning different tectal-isthmo-cerebellum structures. Development 136, 
3617-3626. 
Sato, T., Joyner, A.L., and Nakamura, H. (2004). How does Fgf signaling from the 
isthmic organizer induce midbrain and cerebellum development? Dev Growth Differ 
46, 487-494. 
Sato, T., and Nakamura, H. (2004). The Fgf8 signal causes cerebellar differentiation by 
activating the Ras-ERK signaling pathway. Development 131, 4275-4285. 
Saucedo-Cardenas, O., Quintana-Hau, J.D., Le, W.D., Smidt, M.P., Cox, J.J., De Mayo, 
F., Burbach, J.P., and Conneely, O.M. (1998). Nurr1 is essential for the induction of the 
dopaminergic phenotype and the survival of ventral mesencephalic late dopaminergic 
precursor neurons. Proc Natl Acad Sci U S A 95, 4013-4018. 
Schauerte, H.E., van Eeden, F.J., Fricke, C., Odenthal, J., Strahle, U., and Haffter, P. 
(1998). Sonic hedgehog is not required for the induction of medial floor plate cells in 
the zebrafish. Development 125, 2983-2993. 
Schwarz, M., Alvarez-Bolado, G., Urbanek, P., Busslinger, M., and Gruss, P. (1997). 
Conserved biological function between Pax-2 and Pax-5 in midbrain and cerebellum 
development: evidence from targeted mutations. Proc Natl Acad Sci U S A 94, 14518-
14523. 
Shawlot, W., and Behringer, R.R. (1995). Requirement for Lim1 in head-organizer 
function. Nature 374, 425-430. 
Shimamura, K., and Rubenstein, J.L. (1997). Inductive interactions direct early 
regionalization of the mouse forebrain. Development 124, 2709-2718. 
Simon, H.H., Saueressig, H., Wurst, W., Goulding, M.D., and O'Leary, D.D. (2001). 
Fate of midbrain dopaminergic neurons controlled by the engrailed genes. J Neurosci 
21, 3126-3134. 
Simon, H.H., Thuret, S., and Alberi, L. (2004). Midbrain dopaminergic neurons: 
control of their cell fate by the engrailed transcription factors. Cell Tissue Res 318, 53-
61. 



 

  53 

Smidt, M.P., Asbreuk, C.H., Cox, J.J., Chen, H., Johnson, R.L., and Burbach, J.P. 
(2000). A second independent pathway for development of mesencephalic 
dopaminergic neurons requires Lmx1b. Nat Neurosci 3, 337-341. 
Smidt, M.P., Smits, S.M., Bouwmeester, H., Hamers, F.P., van der Linden, A.J., 
Hellemons, A.J., Graw, J., and Burbach, J.P. (2004). Early developmental failure of 
substantia nigra dopamine neurons in mice lacking the homeodomain gene Pitx3. 
Development 131, 1145-1155. 
Smith, W.C., and Harland, R.M. (1992). Expression cloning of noggin, a new 
dorsalizing factor localized to the Spemann organizer in Xenopus embryos. Cell 70, 
829-840. 
Smith, W.C., Knecht, A.K., Wu, M., and Harland, R.M. (1993). Secreted noggin 
protein mimics the Spemann organizer in dorsalizing Xenopus mesoderm. Nature 361, 
547-549. 
Smits, S.M., Ponnio, T., Conneely, O.M., Burbach, J.P., and Smidt, M.P. (2003). 
Involvement of Nurr1 in specifying the neurotransmitter identity of ventral midbrain 
dopaminergic neurons. Eur J Neurosci 18, 1731-1738. 
Spemann, H. (1943). Forschung und Leben. 
Spemann, H., and Mangold, H. (2001). Induction of embryonic primordia by 
implantation of organizers from a different species. 1923. Int J Dev Biol 45, 13-38. 
Stern, C.D. (2005). Neural induction: old problem, new findings, yet more questions. 
Development 132, 2007-2021. 
Stern, C.D., Charite, J., Deschamps, J., Duboule, D., Durston, A.J., Kmita, M., Nicolas, 
J.F., Palmeirim, I., Smith, J.C., and Wolpert, L. (2006). Head-tail patterning of the 
vertebrate embryo: one, two or many unresolved problems? Int J Dev Biol 50, 3-15. 
Strahle, U., Lam, C.S., Ertzer, R., and Rastegar, S. (2004). Vertebrate floor-plate 
specification: variations on common themes. Trends Genet 20, 155-162. 
Streit, A., Berliner, A.J., Papanayotou, C., Sirulnik, A., and Stern, C.D. (2000). 
Initiation of neural induction by FGF signalling before gastrulation. Nature 406, 74-78. 
Streit, A., Lee, K.J., Woo, I., Roberts, C., Jessell, T.M., and Stern, C.D. (1998). 
Chordin regulates primitive streak development and the stability of induced neural 
cells, but is not sufficient for neural induction in the chick embryo. Development 125, 
507-519. 
Sugiyama, S., Funahashi, J., and Nakamura, H. (2000). Antagonizing activity of chick 
Grg4 against tectum-organizing activity. Dev Biol 221, 168-180. 
Tam, P.P., and Loebel, D.A. (2007). Gene function in mouse embryogenesis: get set for 
gastrulation. Nat Rev Genet 8, 368-381. 
Tanabe, Y., and Jessell, T.M. (1996). Diversity and pattern in the developing spinal 
cord. Science 274, 1115-1123. 
Tang, M., Miyamoto, Y., and Huang, E.J. (2009). Multiple roles of beta-catenin in 
controlling the neurogenic niche for midbrain dopamine neurons. Development 136, 
2027-2038. 
Tang, M., Villaescusa, J.C., Luo, S.X., Guitarte, C., Lei, S., Miyamoto, Y., Taketo, 
M.M., Arenas, E., and Huang, E.J. (2010). Interactions of Wnt/beta-catenin signaling 
and sonic hedgehog regulate the neurogenesis of ventral midbrain dopamine neurons. J 
Neurosci 30, 9280-9291. 
Teillet, M.A., Lapointe, F., and Le Douarin, N.M. (1998). The relationships between 
notochord and floor plate in vertebrate development revisited. Proc Natl Acad Sci U S 
A 95, 11733-11738. 
Thaler, J.P., Lee, S.K., Jurata, L.W., Gill, G.N., and Pfaff, S.L. (2002). LIM factor 
Lhx3 contributes to the specification of motor neuron and interneuron identity through 
cell-type-specific protein-protein interactions. Cell 110, 237-249. 
Thomas, K.R., and Capecchi, M.R. (1990). Targeted disruption of the murine int-1 
proto-oncogene resulting in severe abnormalities in midbrain and cerebellar 
development. Nature 346, 847-850. 
Thompson, L.H., Kirik, D., and Bjorklund, A. (2008). Non-dopaminergic neurons in 
ventral mesencephalic transplants make widespread axonal connections in the host 
brain. Exp Neurol 213, 220-228. 
Ungerstedt, U. (1971). Stereotaxic mapping of the monoamine pathways in the rat 
brain. Acta Physiol Scand Suppl 367, 1-48. 



 

54 

Wallen-Mackenzie, A., Mata de Urquiza, A., Petersson, S., Rodriguez, F.J., Friling, S., 
Wagner, J., Ordentlich, P., Lengqvist, J., Heyman, R.A., Arenas, E., et al. (2003). 
Nurr1-RXR heterodimers mediate RXR ligand-induced signaling in neuronal cells. 
Genes Dev 17, 3036-3047. 
Wallen, A., and Perlmann, T. (2003). Transcriptional control of dopamine neuron 
development. Ann N Y Acad Sci 991, 48-60. 
Wallen, A., Zetterstrom, R.H., Solomin, L., Arvidsson, M., Olson, L., and Perlmann, T. 
(1999). Fate of mesencephalic AHD2-expressing dopamine progenitor cells in NURR1 
mutant mice. Exp Cell Res 253, 737-746. 
Wallen, A.A., Castro, D.S., Zetterstrom, R.H., Karlen, M., Olson, L., Ericson, J., and 
Perlmann, T. (2001). Orphan nuclear receptor Nurr1 is essential for Ret expression in 
midbrain dopamine neurons and in the brain stem. Mol Cell Neurosci 18, 649-663. 
Vallstedt, A., Muhr, J., Pattyn, A., Pierani, A., Mendelsohn, M., Sander, M., Jessell, 
T.M., and Ericson, J. (2001). Different levels of repressor activity assign redundant and 
specific roles to Nkx6 genes in motor neuron and interneuron specification. Neuron 31, 
743-755. 
Van den Heuvel, D.M., and Pasterkamp, R.J. (2008). Getting connected in the 
dopamine system. Prog Neurobiol 85, 75-93. 
van den Munckhof, P., Luk, K.C., Ste-Marie, L., Montgomery, J., Blanchet, P.J., 
Sadikot, A.F., and Drouin, J. (2003). Pitx3 is required for motor activity and for 
survival of a subset of midbrain dopaminergic neurons. Development 130, 2535-2542. 
Wang, M.Z., Jin, P., Bumcrot, D.A., Marigo, V., McMahon, A.P., Wang, E.A., Woolf, 
T., and Pang, K. (1995). Induction of dopaminergic neuron phenotype in the midbrain 
by Sonic hedgehog protein. Nat Med 1, 1184-1188. 
Vernay, B., Koch, M., Vaccarino, F., Briscoe, J., Simeone, A., Kageyama, R., and Ang, 
S.L. (2005). Otx2 regulates subtype specification and neurogenesis in the midbrain. J 
Neurosci 25, 4856-4867. 
Wilson, S.I., and Edlund, T. (2001). Neural induction: toward a unifying mechanism. 
Nat Neurosci 4 Suppl, 1161-1168. 
Wilson, S.I., Graziano, E., Harland, R., Jessell, T.M., and Edlund, T. (2000). An early 
requirement for FGF signalling in the acquisition of neural cell fate in the chick 
embryo. Curr Biol 10, 421-429. 
Wilson, S.I., Rydstrom, A., Trimborn, T., Willert, K., Nusse, R., Jessell, T.M., and 
Edlund, T. (2001). The status of Wnt signalling regulates neural and epidermal fates in 
the chick embryo. Nature 411, 325-330. 
Wittmann, D.M., Blochl, F., Trumbach, D., Wurst, W., Prakash, N., and Theis, F.J. 
(2009). Spatial analysis of expression patterns predicts genetic interactions at the mid-
hindbrain boundary. PLoS Comput Biol 5, e1000569. 
Wright, C.V. (2001). Mechanisms of left-right asymmetry: what's right and what's left? 
Dev Cell 1, 179-186. 
Yamauchi, K., Mizushima, S., Tamada, A., Yamamoto, N., Takashima, S., and 
Murakami, F. (2009). FGF8 signaling regulates growth of midbrain dopaminergic 
axons by inducing semaphorin 3F. J Neurosci 29, 4044-4055. 
Ye, W., Shimamura, K., Rubenstein, J.L., Hynes, M.A., and Rosenthal, A. (1998). FGF 
and Shh signals control dopaminergic and serotonergic cell fate in the anterior neural 
plate. Cell 93, 755-766. 
Ying, Q.L., and Smith, A.G. (2003). Defined conditions for neural commitment and 
differentiation. Methods Enzymol 365, 327-341. 
Ying, Q.L., Stavridis, M., Griffiths, D., Li, M., and Smith, A. (2003). Conversion of 
embryonic stem cells into neuroectodermal precursors in adherent monoculture. Nat 
Biotechnol 21, 183-186. 
Young, T., and Deschamps, J. (2009). Hox, Cdx, and anteroposterior patterning in the 
mouse embryo. Curr Top Dev Biol 88, 235-255. 
Zernicka-Goetz, M., Morris, S.A., and Bruce, A.W. (2009). Making a firm decision: 
multifaceted regulation of cell fate in the early mouse embryo. Nat Rev Genet 10, 467-
477. 
Zetterstrom, R.H., Solomin, L., Jansson, L., Hoffer, B.J., Olson, L., and Perlmann, T. 
(1997). Dopamine neuron agenesis in Nurr1-deficient mice. Science 276, 248-250. 
Zhang, H., Catron, K.M., and Abate-Shen, C. (1996). A role for the Msx-1 
homeodomain in transcriptional regulation: residues in the N-terminal arm mediate 



 

  55 

TATA binding protein interaction and transcriptional repression. Proc Natl Acad Sci U 
S A 93, 1764-1769. 
Zhao, Z.Q., Scott, M., Chiechio, S., Wang, J.S., Renner, K.J., Gereau, R.W.t., Johnson, 
R.L., Deneris, E.S., and Chen, Z.F. (2006). Lmx1b is required for maintenance of 
central serotonergic neurons and mice lacking central serotonergic system exhibit 
normal locomotor activity. J Neurosci 26, 12781-12788. 
Zhou, Q.Y., and Palmiter, R.D. (1995). Dopamine-deficient mice are severely 
hypoactive, adipsic, and aphagic. Cell 83, 1197-1209. 
Zhou, Q.Y., Quaife, C.J., and Palmiter, R.D. (1995). Targeted disruption of the tyrosine 
hydroxylase gene reveals that catecholamines are required for mouse fetal 
development. Nature 374, 640-643. 
 
 


	RESULTS AND DISCUSSION
	ACKNOWLEDGEMENTS

