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General introduction 

 

The central nervous system (CNS) is the most complex organ of the mammalian organism 

and it subserves and integrates virtually all sensory, motor, cognitive, behavioural and 

autonomic functions of the body. The internal structure of the brain is highly 

differentiated and specific nuclear and cortical areas are intricately interconnected in a 

patterned way, establishing specific and dynamic networks of neuronal connections. The 

highly complex structure of the brain evolves from the early embryonic anlage, and largely 

depends on the diversity of differentiation and maturation pathways taken by neuronal 

precursor cells in early development. Final differentiation occurs once precursors have 

exited the cell cycle and is characterized by expression of enzymes and neurotransmitters 

required for neural function.
57

 The present thesis is concerned with the development of 

the dopaminergic system and related structures in the basal ganglia. We will therefore 

focus this introduction on the developmental aspects of these structures.  

 

The neurotransmitter dopamine (DA) is an important modulator of many CNS functions 

including motor control, neuroendocrine hormone release, cognition, emotional 

behaviour and reward-related behaviour.
214

 In mammals, DA neurons are relatively few 

when compared to the total number of CNS neurons. They are mainly located in the 

ventral midbrain/mesencephalon to form the substantia nigra (SN) and ventral tegmental 

area (VTA).
41

 The SN is composed of the dorsally situated pars compacta (SNc) that 

exhibits intense DA synthesis, and the ventrally situated pars reticulata (SNr) that contains 

hardly any DA neurons but is populated by cells that express the neurotransmitter γ-

aminobutyric acid (GABA) instead. DA neurons arising from SNc project to the neostriatum 

(corresponding to the caudate-putamen in primates),
41

 the main structure of the basal 

ganglia which receives inputs from virtually all cortical areas and in turn affects the frontal 

cortex via its pallidal and subsequent thalamic projections. The ascending nigrostriatal 

pathway regulates motor control and its degeneration in humans is associated with 

Parkinson’s disease (PD).
35

 DA neurons arising from VTA mainly project to the nucleus 

accumbens and prefrontal cortex, and are involved in emotional, motivational and 

reward-related behaviours.
305

 Disturbances in this so-called mesolimbic/mesocortical DA 

system have been associated with schizophrenia,
94

 addictive behavioural disorders,
369

 

obsessive-compulsive disorder (OCD),
242

 Gilles de la Tourette’s syndrome,
84

 and attention-

deficit hyperactivity disorder (ADHD).
331

  

 

Since the physiological role and clinical relevance of DA neurons are well recognized, 

mechanisms underlying their development have been the subject of intense investigation. 

At embryonic day (E) 11.5 of the 21 days of mouse development, the first DA neurons 
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arise at the most ventral rim of the neuroepithelium lining up along the mesencephalic 

flexure of the ventral midbrain.
113

 Mesencephalic DA (MesDA) neurons are generated 

from proliferating cells facing the ventricle at the level of the midbrain. They first migrate 

ventrally from the ventricular zone, and then laterally along the ventral pial surface to 

form the SNc and VTA.
190

 Their generation in mammals occurs according to a strict 

neurogenetic timetable.
7
 Quantitative analysis of neuronal birth dates using pulse labelling 

with single injections of [
3
H]-injections throughout mouse embryogenesis indicates that 

most SN neurons are generated on days E11 and E12, and most VTA neurons on days E12 

and E13.
235

 By E16, the distribution of DA neurons becomes basically similar to that seen 

in adult mice in which SNc and VTA are clearly distinguishable.
190

 The precise anatomical 

localization and functional differentiation of DA neurons in the mammalian midbrain is 

achieved through the action and gradient disposition of various diffusible factors. Data 

from tissue transplantation, explant culture studies, and biochemical and genetic 

experiments have demonstrated that DA neurons develop at sites where signals of two 

distinct signalling molecules, sonic hedgehog (Shh) and fibroblast growth factor 8 (FGF8), 

both necessary and sufficient for the induction of DA neurons, intersect (Figure 1).
376
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Figure 1. Schematic representation of the developing mouse central nervous system. Mesencephalic 

dopaminergic (MesDA) neurons are generated near the intersection of the signalling molecules sonic hedgehog 

(Shh) and fibroblast growth factor 8 (FGF8), both necessary and sufficient for the induction of DA neurons. 

 

Both inductive molecules are thought to activate cascades of other signalling molecules 

and transcription factors in the midbrain. The first specific signs of the birth of MesDA 

neurons shortly follow induction of the orphan nuclear hormone receptor Nurr1 

(E10.5),
382

 and homeobox gene Pitx3 (E11),
322

 when expression of tyrosine hydroxylase 



Chapter 1 

 12 

(TH), the key enzyme in DA synthesis that hydroxylates L-tyrosine to 3,4-

dihydroxyphenylalanine (L-DOPA),
253

 is initiated and completed. 

 

Patterning genes in midbrain dopaminergic neurogenesis 

 

Anterior-posterior patterning genes 

Complexity within the CNS is generated in a stepwise manner. The formation of the 

mesencephalon and metencephalon (embryological precursor of adult anterior hindbrain 

structures, including the cerebellum) is one of the best studied examples of sequential 

pattern formation. The initial anterior-posterior (A-P) regionalization begins during 

gastrulation and is characterized by the broad induction of several homeobox or 

homeodomain (HD) genes.
29

 These genes encode transcription factors that typically switch 

on cascades of other genes, and play a key role in determining cell fate in the 

development of organisms as diverse as yeast, plants, insects and mammals. HD-

containing proteins bind DNA in a sequence dependent manner and share remarkable 

evolutionary conservation of both protein structure and function.
184  

 

The presumptive mouse forebrain, midbrain and prospective rostral hindbrain are 

visualized at E7.75 by the expression of two homeobox transcription factors, Otx2 

(orthodenticle homeobox 2) and Gbx2 (gastrulation brain homeobox 2).
248

 The expression 

domains of Otx2 and Gbx2 meet and are mutually exclusive at the future 

midbrain/hindbrain boundary (MHB) or isthmus.
158

 Gain-of-function studies have 

demonstrated that mutual antagonism between Otx2 and Gbx2 determines the position 

of the MHB.
189

 Otx2 knockout mice lack the forebrain, midbrain and rostral 

hindbrain,
1,13,239

 Gbx2 knockout mice show abnormalities in the anterior hindbrain and 

caudal extension of the midbrain including the cerebellum.
364

 The second phase of A-P 

pattern-formation begins when an organizing signalling center, the isthmic organizer (IsO), 

is established just caudal to the Otx2/Gbx2 junction. Transplantation and explant studies 

have demonstrated that the IsO is responsible for patterning much of the midbrain and 

hindbrain along the rostrocaudal axis.
182

 The proper establishment of the IsO is not just 

defined by Otx2 and Gbx2 but rather by a complex cascade of genetic interactions. Soon 

after Otx2 and Gbx2, the signalling molecules Wnt1 (wingless-type MMTV (mouse 

mammary tumor virus) integration site family, member 1) and FGF8, and the homeobox 

transcription factor En1 (engrailed-1) are activated in broad areas along the posterior 

midbrain and anterior hindbrain. Then, their expression becomes more restricted and 

between E9 and E10, restricted expression of these genes defines an isthmic molecular 

code: Otx2 and Wnt1 identify the midbrain side of the MHB, FGF8 and Gbx2 identify the 

hindbrain side and En1 identifies both sides (Figure 2).
314

 Mutant mice that are 
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homozygous null for Wnt1 fail to form a normal MHB and, ultimately, lack most of the 

midbrain, isthmic nuclei and anterior cerebellum.
243,336

 Partial loss-of-function of FGF8 

disrupts midbrain and cerebellum development in mouse and fish.
245,281

 En1-mutants lack 

the cerebellum and inferior colliculus,
371

 a phenotype similar to, but milder than, that of 

Wnt1 null mutants. The midbrain- and cerebellum-inducing properties of the IsO have so 

far only been demonstrated for FGF8: when implanted in the caudal diencephalon, FGF8-

soaked beads can induce an ectopic midbrain by modifying the fate of the host tissue 

surrounding the beads.
75,236
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Figure 2. Schematic representation of the anterior (A) and posterior (P) patterning genes during early 

development of the mouse fore-, mid- and hindbrain. The establishment of the isthmic organizer at the 

midbrain-hindbrain boundary (MHB) follows a complex cascade of genetic interactions in which Otx2 and Wnt1 

identify the midbrain side of the MHB, and FGF8 and Gbx2 the hindbrain side. Pax2/5, En1/2 and Lmx1b are 

expressed in overlapping bands of cells in both the mid- and hindbrain. MesDA neurons develop at a later stage, 

just anterior of the MHB. 

 

In addition to the genetic cascade mentioned above, expression studies have identified 

other early genes that are (transiently) expressed in the MHB of the developing mouse 

embryo. Pax2 (paired box 2), Pax5, Lmx1b (LIM homeobox transcription factor 1, beta) 

and En2 are expressed in overlapping bands of cells in the presumptive mid- and hindbrain 

and analyses of their gene mutants have provided an essential resource for further 

exploration of cellular events that control midbrain formation. Pax2 is at the CNS level 
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expressed between E7.5 and E11, and targeted inactivation results in exencephaly at the 

midbrain region.
339

 Pax5 (E8.25) shortly follows Pax2 and reaches its maximal expression 

at E12.5.
16

 The CNS phenotype of homozygous Pax5 mutant mice manifests as a change in 

foliation pattern of the anterior cerebellum and as a reduction of the inferior colliculus 

near the midline.
345

 Analysis of Pax2/5 compound mutant embryos shows loss of 

midbrain/hindbrain anlagen and FGF8/Wnt1/En1 expression.
306

 This subsequently results 

in complete loss of the midbrain and cerebellum, together with fusion of fore- and 

hindbrain. The LIM homeobox gene Lmx1b gets at the CNS level first expressed at E7.5, in 

the future MHB region.
320

 Early developmental expression extends anteriorly into the 

ventral hypothalamic area and ventral midbrain, and posteriorly into the dorsal hindbrain 

and dorsal part of the spinal cord. Its expression continues into adulthood in MesDA 

neurons. In Lmx1b mutant mice, a small set of TH neurons develops in the ventral 

midbrain, but subsequently gets lost; after E16 no TH neurons are present in this region.
320

 

No obvious abnormalities were detected in other brain areas. En2 is expressed from E8.5, 

half a day later than En1, and has a similar expression profile to En1.
78

 En2 mutants show 

reduction in the size of the cerebellum and an abnormal cerebellar foliation pattern.
181,247

 

MesDA neurons express both engrailed proteins into adulthood. The proteins are able to 

compensate for each other in the development of MesDA neurons and targeted deletion 

of both En1 and En2 genes results in complete loss of TH neurons by E14.
315

 

 

Dorsal-ventral patterning genes 

As stated before, the generation of a proper functional MesDA system requires a 

developmental program that ensures that appropriate cell types are generated at the 

correct time and in specific positions. The first major insight into the understanding of 

these processes came with the discovery of Shh. Shh is produced by two ventral midline 

signalling centres: the notochord (N), the axial mesoderm that underlies the ventral neural 

plate, and the floor plate (FP), a specialized population of cells at the ventral midline of 

the developing CNS.
234

 Transplantation and explant studies had already demonstrated that 

these two signalling centres were responsible for ventralizing the neural tube,
277

 and Shh 

was shown to be present in both, precisely at the times when the centres were known to 

have inducing capacities.
234

 Subsequently, gain- and loss-of-function experiments 

demonstrated that Shh is both necessary and sufficient to induce ventral neural cell 

types.
68,287

 Shh was shown to function in a concentration-dependent way as a gradient 

morphogen, acting both directly and at long-range to pattern the ventral neural tube.
146

 

Signalling by Shh gradients establishes distinct progenitor domains by regulating the 

expression of a set of homeobox transcription factors that comprises, at the spinal cord 

level, members of the Pax, Nkx, Dbx and Irx families.
52,53,275

 These homeobox transcription 

factors have been subdivided into class I and class II proteins, based on their differential 
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regulation by Shh signalling. Class I proteins are synthesized by neural progenitor cells in 

the absence of Shh, whereas production of class II proteins depends upon exposure to 

Shh.
53,98,275

 By the induction or the repression of the levels of these transcription factors, 

Shh defines five progenitor domains in the ventral neural tube. The pairs of transcription 

factors that abut a common progenitor-domain boundary, repress in turn each other’s 

expression, contributing to the definition of neural progenitor domains and positions at 

which postmitotic neurons are generated.
51,177

 Similar mechanisms are thought to be 

responsible for determining ventral cell fate in more anterior areas of the CNS. Indeed, 

Shh-mediated induction of similar molecularly distinguished territories was described for 

the developing chick midbrain (Figure 3).
3
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Figure 3. Schematic representation of the concentration-dependent induction of ventral (V) and dorsal (D) 

territories in response to sonic hedgehog (Shh) during early development of the mouse midbrain. Shh is 

expressed in two ventral midline signalling centres: the notochord (N) and floorplate (FP). Signalling by the 

gradient morphogen Shh establishes distinct progenitor domains by regulating the expression of a set of 

homeobox transcription factors. MesDA neurons develop at a later stage, at the site where Shh and the MHB 

signalling molecule FGF8 intersect: on the ventral side of the developing midbrain. 
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At E5, five ventral to dorsal midbrain territories can be identified: arc 1-marked by Phox2A 

(paired mesoderm homeobox 2A) expressing neurons, arc 2-marked by both Gata2- (GATA 

binding protein 2) and Foxa2- (forkhead box a2) expressing neurons, a Pax6-expressing 

stripe, arc 3-marked by Gata2-expressing but Foxa2-negative neurons, and an Evx1 (even-

skipped homeobox 1) expressing stripe. Phox2A mutant mice lack noradrenergic locus 

coeruleus neurons, parasympathetic ganglia in the head, the superior cervical ganglion, as 

well as the VIIth, IXth and Xth cranial sensory ganglia.
250

 Many GABA-ergic precursors in 

the Gata2-mutant embryonic midbrain fail to activate correct gene expression, and 

instead switch to a glutamatergic phenotype.
183

 The forkhead/winged helix transcription 

factor Foxa2 regulates, together with Foxa1, the extent of neurogenesis in MesDA 

progenitors; targeted deletion of both genes from the mouse embryonic midbain causes 

57% decrease of neurons expressing the proneural basic helix-loop-helix gene Ngn2 

(neurogenin 2),
107

 which is required for differentiation of precursor cells in the ventricular 

zone into Nurr1-expressing MesDA progenitors.
191

 

 

Terminal differentiation genes in MesDA neurogenesis 

 

Nurr1 

Nurr1 (nuclear receptor related 1) is member of the orphan nuclear hormone receptor 

superfamily of transcription factors,
216

 and is expressed in several unrelated regions of the 

CNS.
300,372

 It has a relatively wide field of expression in the embryonic midbrain, covering 

the entire ventral region. Only a small proportion of Nurr1-expressing neurons overlaps 

with MesDA progenitor cells. Thus, its CNS expression is not uniquely linked to MesDA 

neurons. Nurr1 expression is confined to postmitotic progenitor cells and starts in the 

mouse at E10.5, just before the induction of the DA neuron markers Pitx3 (E11) and TH 

(E11.5).
322,361,381,382

 The expression is maintained in adults, albeit in a more limited pattern, 

but including the MesDA system.
18,300,372

 The function of Nurr1 has been addressed by the 

creation of null-mutant mice. Nurr1 knockout mice develop until gestation but die soon 

after birth. Although the cause of death is not entirely clear, it appears to involve inability 

to suckle. Mutant mice display movement disturbances including severe difficulties in 

turning when placed on their backs and abnormal flexion-extension movements of the 

limbs.
381

 Analysis of the CNS of these animals showed that, in newborn animals, no TH 

could be detected in the midbrain and no DA was detected at the level of the 

striatum.
60,301,381

 The Nurr1-/- phenotype is remarkably midbrain-specific since 

hypothalamic DA neurons and TH cells in neural crest-derived cells of the adrenal medulla, 

that all express Nurr1, are not affected by the ablation of Nurr1.
19,217,301

 Although it was 

initially concluded that the absence of Nurr1 causes “agenesis” of MesDA neurons,
381

 

several additional studies demonstrated a more refined role of Nurr1 in MesDA neurons. 
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In E12.5 Nurr1 null mutants, these neurons fail to induce TH, but express other MesDA 

markers like En1/2, Lmx1b and Pitx3.
301,320,361

 Thus, it appears that MesDA progenitor cells 

are normally generated and that the only missing marker is TH.  

 

The perinatal survival of these Nurr1-/- MesDA progenitor cells is not entirely clear, since 

conflicting findings exist. Some studies showed increased apoptosis and decreased neuron 

numbers in the ventral midbrain of Nurr1 mutant newborns,
217,301,361

 whereas others 

reported comparable number of apoptotic cells and no changes in cell number in the SN 

and VTA of wildtype mice and Nurr1 mutants.
370

 Another conflicting finding in Nurr1 

mutants is whether MesDA progenitor cells migrate to their normal positions and extend 

projections toward the striatum. Wallén et al. showed marked reduction and mainly 

medial localization of MesDA markers at E15.5, suggesting that cells are unable to migrate 

laterally.
361

 In newborns, they showed no retrograde Fluorogold tracer-labeling in the 

ventral midbrain after striatal injection, suggesting that the too medially located MesDA 

progenitor cells were unable to innervate the striatum. Witta et al., however, reported no 

apparent differences in topographic pattern of SN and VTA neurons in Nurr1 mutant 

newborns, and normal anterograde DiI tracer-labeling in the striatum after midbrain 

injection, suggesting that the nigrostriatal neuronal connections are well developed, even 

in the absence of DA.
370

 The reason for these conflicting results is unknown. The absence 

of TH alone is not sufficient for the absence of projections, since TH mutant mice still form 

projections to the striatum.
385

 Perhaps the discrepancies result from different genetic 

backgrounds of Nurr1 knockout mouse strains, or differences in how gene targeting of 

Nurr1 was achieved. In tissue culture studies from Törnqvist et al., TH neurons were found 

in dissected ventral mesencephalon from both E10.5 and E15.5 Nurr1 mutants when 

cultured in the presence of serum medium.
338

 A similar finding was reported by Eells et al., 

who detected TH neurons in dissociated ventral midbrain neurons from newborn Nurr1 

mutants that were grown on an astrocyte feeder layer.
93

 These results strongly suggest 

that Nurr1 is not absolutely required for TH expression in the ventral midbrain in vitro. Still, 

Nurr1 has been shown to activate transcription of the TH gene promoter,
63,168,298

 although 

others reported no effect on TH promoter activity.
220

 Besides, Nurr1 has been reported to 

regulate transcription of the dopamine transporter gene (DAT).
295

 Tornqvist et al. reported 

a clear difference in nerve fiber distribution in wildtype and Nurr1 mutant cultures when 

co-cultured with striatal tissue.
338

 No well-defined nerve fiber bundles were found in 

knockout cultures suggesting that DA axon pathfinding does require Nurr1. It was noted, 

however, that these findings were derived from the same line of Nurr1 knockout animals 

previously shown to lack nigrostriatal connections.
361 

 



Chapter 1 

 18 

The relevance of the human homologue NURR1, also known as the NR4A2 or NOT 

gene,
216,233

 to the pathogenesis of diseases that affect the MesDA system has been 

addressed by several groups. Buervenich et al. reported two different missense mutations 

in the third exon of NURR1 in two schizophrenic patients and another missense mutation 

in the same exon in an individual with manic-depressive disorder.
54

 All three mutations 

caused a similar 30-40% reduction of in vitro Nurr1 transcriptional activity. Chen et al. 

identified a rare variant of the NURR1 gene, with a nucleotide-deletion in the untranslated 

exon 1, in two out of 177 unrelated Han-Chinese schizophrenic patients from Taiwan.
67

 

Bannon et al. reported 50% reduction in NURR1 and DAT mRNA in postmortem MesDA 

neurons of cocaine abusers, whereas mRNA levels of human vesicular monoamine 

transporter 2 (VMAT2), a distinct transporter protein expressed in high abundance within 

MesDA neurons that mediates the intracellular storage of DA but is not known to be 

regulated by Nurr1,
108

 were unaltered.
22

 Xu et al. found a significant correlation between 

homozygozity for the 7048G7049 polymorphism in intron 6 of NURR1, that inserts a 

single-nucleotide G between nucleotide positions 7048 and 7049, and PD.
374

  

 

Taken together, it seems that Nurr1 is an essential factor in the differentiation program of 

MesDA progenitor cells and also fulfills a role in maintaining the MesDA neuron 

phenotype within the mature CNS, by controlling TH and DAT expression in a direct or 

indirect way. Possibly, Nurr1-/- MesDA progenitor cells cannot form or maintain the 

connections to their targets. Alternatively, Nurr1 may function parallel in a switch from 

proliferating stem cells to non-proliferating differentiating cells, and be more fundamental 

in the control of the cell cycle; Nurr1 expression starts at about the same time as neuronal 

differentiation becomes evident,
361

 and Nurr1 can induce cell cycle arrest and a highly 

differentiated cell morphology in the DA-synthesizing cell line MN9D.
61

 It is intriguing to 

know why Nurr1 displays its marked function in the development of MesDA neurons, and 

not in many other cell populations in which it is expressed. This unique role of Nurr1 to 

MesDA neurons is likely linked to other specific aspects of the developmental cascades in 

MesDA progenitor cells. 

 

Pitx3 

Pitx1, Pitx2 and Pitx3 are members of the paired family of homeobox transcription 

factors.
91,207,322

 The first member of this family, Pitx1 (pituitary homeobox 1) was isolated 

as a transcription factor involved in pro-opiomelanocortin gene transcription in anterior 

pituitary corticotropes.
207

 The gene is expressed in cell lines representing the five anterior 

pituitary neuroendocrine cell lineages.
340

 Its expression defines the stomodeum and 

continues within stomodial derivates, including the nasal pit and Rathke’s pouch, 

precursor to the anterior and intermediate lobes of the pituitary gland.
116,209

 Pitx1 is also 
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expressed in the first branchial arch and, more caudally, in the posterior lateral plate,
209

 

where it was shown to be implicated in dorso-ventral patterning of the hindlimbs.
210

 The 

second family member Pitx2 is another early marker for the incipient Rathke’s pouch, and 

its expression is absent only from corticotropes.
116,340

 It gets expressed in many tissues 

during development, including the left lateral plate mesoderm, derivates of the first 

branchial arch, the eye, brain, mandible, heart and limbs.
15,116,200,252,309

 During brain 

development, early Pitx2 expression patterns within the prosencephalon and 

mesencephalon are consistent with the prosomeric model of fore- and midbrain 

development.
200,252,292

 Subsequently, Pitx2 expression becomes limited to discrete brain 

nuclei like the subthalamic nucleus (STN) and the zona incerta pars dorsalis of the 

thalamus.
200,252

 Recent studies on visceral organogenesis reported that manipulation of 

Pitx2 expression is sufficient to reprogram the left/right body asymmetry in vertebrates, 

and Pitx2 appears to be the most downstream gene in this laterality pathway that includes 

Shh, activinβB, nodal and lefty-2.
274,293

   

 

Pitx3 is expressed from E11 in mouse mesencephalic progenitor cells and double-staining 

with TH probes showed that Pitx3 expression completely overlapped with TH-positive cells, 

demonstrating that Pitx3 is expressed in MesDA neurons.
322

 This is the only site of Pitx3 

expression in the CNS and its expression is maintained throughout adult life in mice, rats 

and humans. Extraneural Pitx3 expression was shown in the developing lens, nose 

cartilage, tongue, condensing mesenchyme around the sternum and vertebrae, and in the 

head muscles.
307,310,322

 The neural expression pattern of Pitx3 suggests that it might be 

involved in the development and/or maintenance of MesDA neurons. Analysis of the SN of 

PD patients revealed a reduced density of Pitx3-expressing neurons as compared to 

normal controls.
322

 In cell culture studies, Pitx3 was shown to activate the TH gene 

promoter through direct interaction,
63,220

 suggesting that Pitx3 contributes to the 

regulation of TH expression in MesDA neurons. Nurr1 null mutant mice, that fail to 

generate TH-positive neurons in the mesencephalon, show however a normal expression 

pattern of Pitx3 at E11.5, indicating that Pitx3 expression is independent of Nurr1 and 

insufficient for proper MesDA neuron differentiation.
301,361

 In E12.5 Lmx1b null mutant 

mice, TH-positive but Pitx3-negative cells are generated in the ventral tegmentum, 

indicating that Lmx1b and Pitx3 are not necessary for TH expression.
320

 In these embryos, 

only a small number of aberrantly located Pitx3-positive was identified, posterior and 

dorsal to the TH-positive cells. From E16 however, no more TH-positive neurons were 

present in the region
320

, and Lmx1b null mutants die as neonates.
246

 A molecular cascade 

involving Lmx1b and Pitx3 thus seems to be tied to aspects of neuronal specification other 

than neurotransmitter phenotype, in particular survival of MesDA neurons. 
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Postnatal MesDA neuron development 

 

During the course of development, most neuronal populations undergo a regressive event, 

termed natural, developmental, or physiological cell death.
73

 This process eliminates more 

than half of the neurons initially present and seems to be highly regulated, often by the 

trophic support that neurons receive from their postsynaptic targets,
23

 as well as from 

afferent projections.
226

 It has been postulated that the process of developmental cell 

death serves critical purposes, including the creation of appropriate relationships between 

the number of neurons and the size of the target in order to foster a structural harmony, 

crucial to establishing a functional neurotransmission network.
266

 MesDA neurons seem 

not to escape this sculpting process. Indeed, during rodent development, a large number 

of SNc and VTA neurons die through apoptosis.
170,173

 This process is essentially a postnatal 

event. In mice, the highest number of apoptotic neurons is seen at postnatal day (P) 2, 

followed by a steep drop until P10. Thereafter, the number of apoptotic neurons 

transiently increases, reaches a peak at P14 and drops again. By P32 and on into 

adulthood, apoptotic neurons are no longer seen.
170

 Similar findings have been described 

in rat.
173,264

 Despite the occurrence of developmental apoptosis, there is no decrease in TH 

neurons numbers in SNc and VTA but, on the contrary, a progressive increase; the 

proportion of ‘TH immunostainable’ neurons relative to the total number of neurons 

present increases over time and parallels the increase in TH neuron numbers.
170

 Together 

with the finding that TH expression and DA levels do not reach adult levels before 4-6 

weeks of age,
74

 this suggests that there is a process of ‘phenotypic maturation’ of MesDA 

neurons that extends into young adulthood. 

 

Development of projections between MesDA neurons and the 

neostriatum 

 

The DA innervation of the basal ganglia plays a central role in a wide variety of motor, 

cognitive and emotional functions ascribed to the basal ganglia. The neostriatum is the 

major recipient of DA input. At E13 of mouse development, the first mesencephalic DA 

arrives via the nigrostriatal pathway in the lateral ganglionic eminence (LGE),
261

 a transient 

embryonic neuroepithelial structure bordering the lateral ventricles in the basal 

telencephalon where neurons of the neostriatum are born.
104

 Throughout the period of 

neostriatal neurogenesis, the DA content of the forebrain remains high.
261

  

 

In understanding the organization of projections between MesDA neurons and the 

neostriatum, three different functional subdivisisons of the neostriatum can be applied. 

Firstly, the developing and adult neostriatum is characterized by a mosaic of two 
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interdigitating, neurochemically distinct compartments. The patch (or striosome) 

compartment receives DA inputs from ventral tier SNc neurons and islands of DA neurons 

in the SNr.
132

 The patch compartment can be further delineated in the adult by high levels 

of dynorphin (DYN),
37

 enkephalin (ENK),
124

 opiate receptors,
194,272

 substance P (SP),
124,151

 

neurotensin (NT),
138

 and afferents from the prefrontal cortex.
31,124

 The matrix 

compartment receives DA inputs from dorsal tier SNc and VTA neurons and can be further 

indentified by high levels of calbindin D28K (CB),
129

 somatostatin,
124

 acetylcholinesterase 

(AChE),
143

 and thalamic projections from the intralaminar nuclei, including the 

centromedian parafascicular complex.
32,157

 In addition, there is a different time course for 

the development of the neurons in both compartments. Patch neurons become 

postmitotic first, in rat primarly from E13-E15 (of the 22 days of rat development, i.e. one 

day behind that of mouse), whereas matrix neurons follow later, in rat primarily from E18-

E20.
355

 In the perinatal and early postnatal period, DA fibers of the nigrostriatal pathway 

predominantly innervate the patches, before assuming a homogenous distribution 

throughout the neostriatum in adulthood.
263

 Patch neurons project back to the DA-rich 

SNc, matrix neurons to the DA-poor SNr.
124,125

 Secondly, the neostriatum can also be 

subdivided functionally into a motor and associative part. In rodents, the motor 

neostriatum comprises the lateral caudate-putamen, receives MesDA inputs mainly from 

the lateral SNc and projects back to the ventrolateral SNc and lateral SNr. The associative 

neostriatum comprises the medial caudate-putamen, receives MesDA inputs mainly from 

the medial SNc and projects back to the ventromedial SNc and medial SNr.
28,179

 Thirdly, a 

subdivision can be applied based on the organization of the neostriatal output 

connections to internal part of the globus pallidus (GPi) and SNr. GPi and SNr represent 

the major output nuclei of the basal ganglia and exert a tonic inhibitory influence, 

mediated via GABA, upon excitatory premotor neurons located in the ventral tier thalamic 

nuclei, which relay back data to cortex, thereby establishing the cortico-basal ganglia--

thalamo-cortical circuit.
269

 Neostriatal medium spiny neurons, characterized by the high 

density of spines on the dendrites and making up >90% of the neostriatum,
87

 give rise to 

the direct and indirect neostriatal pathways.
367

 The direct pathway originates from GABA-

ergic neostriatal neurons, that also coexpress DA D1 receptors, SP and DYN, and projects 

monosynaptically to the GPi/SNr. The indirect pathway arises from GABA-ergic neostriatal 

neurons that coexpress DA D2 receptors and ENK and projects polysynaptically to the 

GPi/SNr complex, via GABA-ergic relays in the external part of the globus pallidus (GPe) 

and excitatory glutamatergic relays in the STN. MesDA input has a dual action on the 

GABA-ergic neostriatal output neurons, facilitating GABA/D1/SP/DYN neurons in the direct 

pathway and inhibiting GABA/D2/ENK neurons in the indirect pathway, thereby reducing 

the inhibitory GABA-ergic influence from the GPi/SNr complex on the thalamus.
126,131,141
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The Pitx3-deficient aphakia mouse 

 

The Pitx3 gene maps to the region of the aphakia (ak) mutation on mouse chromosome 

19.
310

 Ak is a recessive mutation, described originally by Varnum and Stevens in 1968, that 

spontaneously occurred in the 129/Sv-Sl
J
 strain.

358
 The ak mutation causes blindness due 

to microphthalmia, with an absence of lens, iris and pupil. Retinal folds partially fill the 

vitreous chamber, lacrimal glands are enlarged and eyelids are closed in the adult. These 

anomalies are caused by an arrest of lens development at the stage of the lens-vesicle 

formation around E10.5-E11.
145,358

 In homozygous ak mutants, persistence of the lens 

stalk at E12.5 interrupts the corneal mesenchyme and leads to permanent close contact 

between the developing cornea and other ocular tissues without the formation of an 

anterior chamber.
144,145

 Until 2003, there were no other systemic abnormalities reported 

in these mice.  

 

The Pitx3 gene was shown zero recombination with the ak mutation and screening of the 

gene for mutations revealed a 652 basepair (bp) deletion in the 5’ flanking region at 

approximately 2.5 kbp of the transcription startsite and a 1423 bp deletion eliminating 

putative promoter sequences, the noncoding exon 1 and part of intron 1.
284,308

 Levels of 

Pitx3 transcripts are only about 5% of wild-type (wt) levels in ak mice. These data strongly 

suggest that the ocular ak phenotype is caused by dramatic reduction in Pitx3 expression 

as a result of the double deletion in the gene. The relative contribution of the two 

deletions to the phenotype remains to be determined. The minor deletion contains 

sequences with some similarity to transcription binding sites and a large polymorphic GAA 

repeat.
284,308

 This repeat is approximately 150 bp larger in wt DBA and C57 mouse 

substrains than in various wt 129 substrains and others tested,
284

 suggesting that large 

changes in this area do not affect eye development. The major deletion extends from the 

putative promoter into the first intron. Nonetheless, a low level of Pitx3 transcripts is 

detectable. This means that a weak promoter activity must be present upstream, in 

between, or downstream of the deleted regions. Since the translation start site is located 

in exon 2, it is possible that some small amounts of Pitx3 protein are made in ak mice. 

However, since the residual portion of intron 1 cannot be spliced out due to the missing 5’ 

splice site, translation of these transcripts may be aberrantly initiated at any ATG triplet 

contained in the intron, possibly leading to no or aberrant protein formation.
204

 The ak 

mouse thus constitutes a severely affected hypomorphic or null allele for Pitx3. 
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Aim of this thesis 

 

The aim of the present thesis is to test the hypothesis that the ak mouse is a hypomorph 

or knockout for Pitx3 at the CNS level, and that absence of Pitx3 expression during MesDA 

neuron development results in SNc/VTA DA neuron depletion and subsequent 

downstream loss of DA innervation in the neostriatum. To that aim, we carried out the 

following experiments. A start was made with a study of Pitx3 expression in wt and ak 

mice. Furthermore, a detailed analysis of SNc and VTA anatomy and stereological 

quantification of DA neurons in ak mice was performed at different developmental and 

adult stages (Chapters 2 and 3). Subsequently, a further analysis was made of the 

downstream effects of the ak midbrain phenotype on neostriatal DA levels, patch/matrix 

compartmentalization and direct/indirect pathways. Also neostriatal markers and neuron 

numbers and volumes were studied (Chapters 2, 4 and 5). In a more functional approach, 

locomotor behaviour of ak mice, both spontaneous and following administration of the 

DA-precursor 3,4-dihydroxyphenylalanine (L-DOPA), was analyzed (Chapters 2 and 4). On 

the basis of the results of the above-mentioned studies, we propose in Chapter 6 that the 

ak mouse is a naturally occurring mouse model of DA deficiency and this model is 

compared to other experimental mouse models. Finally, Chapter 7 discusses the results of 

our studies against the recent developments.  




