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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

  

Hind

Mid

Fore

: Shh

: FGF8

: MesDA neurons

 
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 
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(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
  

FP

N

Phox2A+

&
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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 
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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.  
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Abstract 

 

Mesencephalic dopaminergic (MesDA) neurons play critical roles in motor and behavioural 

processes; their loss in Parkinson’s disease (PD) results in striatal dopamine (DA) 

deficiency and a hypokinetic movement disorder. The Pitx3 homeobox gene is expressed 

in the MesDA system. We now show that only a subset of MesDA neurons express Pitx3 

and that in Pitx3-deficient aphakia mice, this subset is progressively lost by apoptosis 

during fetal (substantia nigra, SN) and post-natal (ventral tegmental area) development, 

resulting in very low striatal DA and hypokinesia. Similar to human PD, dorsal SN neurons 

(Pitx3-negative) are spared in mutant mice. Thus, Pitx3 defines a pathway for survival of 

neurons that are implicated in PD and that are required for spontaneous locomotor 

activity. 
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Introduction 

 

The physiological role and clinical relevance of mesencephalic dopaminergic (MesDA) 

neurons are well recognized in schizophrenia,
94

 addictive behavioural disorders,
332

 and 

Parkinson’s disease (PD).  Rare cases of familial PD have been linked to mutations in α-

synuclein and Parkin genes,
198,279

 but the cause of commonly encountered sporadic cases 

is unknown.  Studies in twins and relatives of sporadic cases, however, suggest that 

susceptibility to the disorder might be predisposed,
249,273,330,333

 highlighting the importance 

of genes that control development and/or maintenance of MesDA neurons. 

 

MesDA neurons are located in the ventral midbrain to form the substantia nigra (SN) and 

ventral tegmental area (VTA). Differentiation and anatomical localization of MesDA 

neurons are dependent on the action of various diffusible factors and transcription 

factors. MesDA neurons develop at sites where signals of sonic hedgehog (Shh) and FGF8 

intersect, both being necessary and sufficient for the induction of DA neurons.
376

 Before 

expression of DA-specific markers, early ventral midbrain markers like En1/2, Lmx1b, 

Pax2/5 and Wnt1 are expressed in these cells.
164,320

 The appearance of the key enzyme in 

DA synthesis, tyrosine hydroxylase (TH), at embryonic day (E) 11.5 of mouse development, 

shortly follows expression of the orphan nuclear receptor Nurr1 (E10.5) and the 

homeobox transcription factor Pitx3 (E11). The expression of Nurr1 is not restricted to 

MesDA neurons and extends to large fields in the mesencephalon and diencephalon.
382

  

Nurr1 null mutant mice fail to induce TH in MesDA progenitor neurons and die soon after 

birth.
381

 Whether these progenitors are lost during late fetal development or maintained 

post-natally is not entirely clear yet.
301,370

 

 

Pitx3 expression is, at the brain level, confined to MesDA neurons and is maintained 

throughout adult life in both rodents and humans.
322

 Extraneural Pitx3 expression was 

shown in the eye, where it is present in the developing lens.
310

 In humans, mutations of 

the PITX3 gene were found in two families with inherited forms of cataracts and anterior 

segment mesenchymal dysgenesis.
307

  Similarly, abnormal eye lens development was 

observed in a naturally occurring mouse mutant, the aphakia (ak) mouse, which has two 

5’ deletions in the Pitx3 gene, including one that deletes exon1.
284

 

 

Here we show that Pitx3 is only expressed in the ventral tier of the SN pars compacta 

(vSNc) and in about half of VTA DA neurons. In ak mice, we show undetectable midbrain 

Pitx3 expression, selective degeneration of vSNc DA neurons as well as of roughly half VTA 

neurons and greater than 90% decrease in dorsal striatal DA levels in association with 

marked reduction in spontaneous locomotor activity. The strong correlation between 
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Pitx3-expressing TH neurons and neuronal losses in ak mice and PD patients suggests that 

Pitx3 defines the neuronal population that is more susceptible to degeneration in PD. Ak 

mice thus represent a highly specific mouse model of neuronal loss in human PD. 

 

Materials and Methods 

 

Animals 

Ak mice originate from The Jackson Laboratories. The autosomal recessive ak mutation 

arose spontaneously in the 129/Sv-Sl
j 
strain,

358
 and was subsequently crossed into the 

C57Bl/6 background.
308

 The mice used in this study were maintained in the C57Bl/6 

background and provided to us by Dr. Jeff Murray, University of Iowa. C57Bl/6 mice were 

used as wild-type (wt) mice. For timed breeding experiments, mice were mated and the 

morning a vaginal plug was observed was considered E0.5. 

 

Brain preparation and immunohistochemistry 

Male post-natal day (P) 1, P21, P50 and P100 wt and ak mice were transcardially perfused 

with buffered 4% paraformaldehyde (PFA). Brains were collected, postfixed for 24 hours 

(h) and embedded in paraffin (P50) or cryoprotected in 30% sucrose for an additional 48 h 

(P1, P21 and P100). P50 midbrain-containing sections (5 µm) were mounted and 

immunostained for TH and Pitx3. P1, P21 and P100 brains were cut into 50-µm coronal 

sections encompassing the entire striatum and midbrain using a freezing microtome. Free-

floating sections were collected for immunohistochemistry as separate sets so that each 

set contained every third serial section.  One set of sections was immunostained for TH, 

another set was processed using 0.1% Cresyl Violet as a Nissl stain. Rostro-caudal position 

of sections was assessed with the aid of the mouse brain atlas of Franklin and Paxinos.
114

 

For embryos, pregnant mothers were perfused transcardially with 4% PFA. Embryos were 

dissected and their heads were postfixed for 24 h and embedded in paraffin. Midbrain-

containing sections (5 µm) were mounted and immunostained for TH. 

 

Immunostaining was performed using an avidin-biotin-peroxidase complex (ABC) method 

and a fluorescein/rhodamine-fluorochrome labelling method. Antibodies and dilutions 

used: anti-Pitx3,
220

 1:10; anti-TH (Chemicon polyclonal), 1:100; anti-TH (Immunostar 

monoclonal), 1:1000. Confocal microscopy was performed using a Zeiss LSM510 

instrument.  Apoptotic cells were identified using the Apoptag kit from Intergen according 

to the manufacturer's recommendations. Percentage apoptotic cell was calculated relative 

to nuclei counted on Nissl-stained sections. 
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Stereology and quantitative morphology 

Unbiased estimates of MesDA neurons were obtained using the optical dissector method 

of West and Gundersen.
365,366

 The entire rostro-caudal extent of the midbrain was 

examined in a 1:3 series of TH-stained coronal sections using an Olympus BX-40 

microscope equipped with a motorized XYZ stage and StereoInvestigator software 

(Microbrightfield Inc.). The SN and VTA were traced at low power (10x).  TH cell counts 

were performed at 100x magnification (oil, NA 1.3) using a 60 x 60 µm counting frame. A 

10 µm dissector was placed 2 µm below the surface of the section at counting sites 

located at 150 µm intervals after a random start. Cell densities within SNc and VTA were 

determined in cresyl violet stained sections delineated according to adjacent TH-stained 

sections. Nissl-stained profiles greater than 7 µm in diameter were counted. Total profile 

counts were then divided by SNc or VTA surface area estimated with the 

StereoInvestigator software. 

 

Locomotor activity measurements 

Male wt and ak mice of approximately 115 days old were maintained in standard animal 

housing conditions with a 12 h light-dark cycle and lights on at 6 a.m. Tests were carried 

out between 4 p.m. and 3 p.m. the next day. At 3.30 p.m., mice were placed in the 43 X 43 

cm Plexiglas arena of the Opto-Varimex-3 photocell-base monitor (Columbus Instruments) 

with water and food freely available, and recordings started 30 minutes later. The Opto-

Varimex-3 animal activity monitor employs a 15 X 15 photocell beam grid to measure 

spontaneous ambulatory and stereotypic activities like grooming, scratching and other 

non-ambulatory activities (as well as the amount of time spent on these activities) by 

separating beam interruptions associated with ambulatory activity from total activity.  

 

Dopamine quantitation 

Male wt and ak mice of approximately 130 days old were analyzed for postmortem tissue 

content of DA. After cervical dislocation, brains were cut into 1 mm sections on a ice-cold 

dissection plate; dorsal and ventral striatum were collected from two sections per brain 

with a biopsy punch (0.5 mm diameter). Homogenization of brain samples and DA 

quantitation by reverse-phase high pressure liquid chromatography (HPLC) with 

electrochemical detection were done as described previously (Ste-Marie et al. 1999). 

Protein content was determined using the bicinchoninic acid (BCA) assay in order to 

normalize DA context. 
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Results and Discussion 

 

Loss of Pitx3-positive TH-positive neurons in aphakia mice 

To test whether ak mice are deficient in midbrain Pitx3 expression, we assessed Pitx3 

levels using an antibody against Pitx3 in matched coronal sections through the midbrain of 

young adult (P50) ak and wt mice. Cytoplasmic TH (Fig. 1A) and nuclear Pitx3 (Fig. 1C, E) 

immunostained the same midbrain region in wt mice, whereas no Pitx3-immunoreactive 

cells were found in the midbrain of ak mice (Fig. 1D). A marked reduction of the MesDA 

system was also noted in ak mice (compare Fig. 1B with 1A). In order to precisely 

document these differences, serial midbrain sections of P100 mice were systematically 

analyzed for TH-immunoreactivity (Fig. 1F-K). The MesDA system includes the SN (Fig. 1F, 

H) and VTA (Fig. 1H, J). The SN is subdivided into pars reticulata (SNr) and compacta (SNc), 

with the latter containing the majority of TH-positive cell bodies (Fig. 1F). In ak mice, SNr 

and most of SNc are depleted of TH-positive fibers and cells, respectively (Fig. 1G), with 

the exception of dorsal tier SNc (dSNc) where TH-positive cells are preserved (Fig. 1I, K). 

The VTA is also affected, but to a lesser degree (Fig. 1I, K). To obtain an unbiased estimate 

of the number of TH-positive neurons in the SN and VTA, we performed stereological 

analysis on serial sections throughout the entire midbrain of wt and ak mice. Total TH-

positive cells were reduced by 71% in SN and by 52% in VTA of ak mice compared to wt 

(Fig. 1L). To determine whether there is an actual loss of neurons or only of TH expression, 

total neuron densities were evaluated in Nissl-stained sections. This analysis showed 57% 

reduction of Nissl-stained neurons in SNc and 34% reduction in VTA (Fig. 1M). The strong 

correlation between numbers of TH-positive cells and neuronal densities (Nissl) indicates a 

net loss of MesDA neurons in ak mice. The maintenance of TH-positive neurons in dSNc of 

ak mice is provocative in the context of human PD where relative sparing of these neurons 

also occurs.
101

  

 

In this context, we re-evaluated the expression of Pitx3 in the MesDA system. This analysis 

revealed that Pitx3 and TH are co-expressed only in a subset of SN and VTA neurons. Pitx3-

positive neurons account for most TH-positive neurons in vSNc (Fig. 1N) and for about half 

of TH-positive neurons in VTA, where both populations are intermingled (Fig. 1O). Dorsal 

tier SNc largely contains Pitx3-negative TH-positive neurons. These studies thus show that 

the MesDA system is composed of two previously unrecognized neuronal subpopulations 

that are differentiated by expression of Pitx3. The perfect correlation between Pitx3 

expression and neuronal losses in ak mice strongly suggests that Pitx3 is required for 

development and/or maintenance of the Pitx3-expressing subset of neurons. This strong 

correlation is also consistent with the exclusion of other genes of the ak locus in the 

phenotype of ak mice. 
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Figure 1. Aphakia (ak) mice have no detectable Pitx3 and a markedly reduced midbrain dopaminergic system. 

(A-D) Adjacent coronal midbrain sections containing substantia nigra (SN) in post-natal day (P) 50 wild-type (wt) 

(A,C) and ak (B,D) mice immunostained for tyrosine hydroxylase (TH) (A,B) and Pitx3 (C,D). Rostrocaudal 

positions are indicated as millimeters relative to bregma in the lower right corner. (E) High-power view of SN 

shown in C, highlighting wt nuclear Pitx3 staining. In contrast, none of the weak ak background staining in D was 

nuclear. (F-K) Equivalent rostral-to-caudal coronal midbrain sections of P100 wt (F,H,J) and ak (G,I,K) mice 

immunostained for TH. (L) Stereological analysis of TH-positive cells of left SN and ventral tegmental area (VTA) 

in wt and ak mice. Data are represented as means ± standard error of the mean (SEM) (n=4). (M) Density of Nissl-

stained cell bodies in left SN and VTA of wt and ak mice (n=4). A statistically significant decrease in TH-positive 

cell bodies and density of Nissl-stained cell bodies was detected in SN and VTA of ak mice compared with wt 

controls (p<0.01, t-test). (N,O) Coronal sections through right SN (N) and VTA (O) of a P50 wild-type mouse 

immunostained for TH (fluorescein-labeled, green) and Pitx3 (rhodamine-labeled, red) analyzed by confocal 

microscopy. Scale bars: in A, 125 μm for A-D; in F, 250 μm for F-K; in E, 30 μm for E; in N and O, 30 μm. 
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Indeed, expression of the Gbf1 gene is not affected in ak mice and that of Cig30 is only 

reduced by about 50%;
284

 this latter gene is primarily expressed in liver and skin and codes 

for a protein that is implicated in long-chain fatty acid recruitment.
343

 

 

Pitx3 serves a maintenance function 

In order to address the origin of neuronal deficit in ak mice, we analyzed the developing 

MesDA system. At E12.5, most MesDA neurons have been formed and during the post-

natal period, the MesDA system undergoes phenotypic maturation which includes 

developmental/programmed cell death.
25,170

 TH immunostaining throughout the E12.5 

midbrain did not show significant differences between ak and wt mice (Fig. 2A-H), 

suggesting that early developmental processes are not affected in ak mice. At P1, 

however, the SN of ak mice is almost completely devoid of TH-positive cells (Fig. 2I 

compared to H), whereas the VTA is not affected (Fig. 2H, I, J). When counted, TH-positive 

cells were found to be reduced by 91% in P1 SN, but not in VTA (Fig. 2J).  By P21, TH-

positive cells are reduced by 82% in the SN and tend to be reduced in the VTA (Fig. 2K). 

Collectively, these data suggest that SN TH-positive neurons disappear during the fetal 

period, whereas VTA neurons are lost later with 52% reduction at P100 (Fig. 1L). To assess 

whether apoptosis contributes to the loss of MesDA cells in ak mice, we compared the 

frequency of TUNEL-positive cells in the SNc of P1 ak and wt mice. A significant increase in 

the frequency of apoptotic cells was observed in ak mice (Fig. 2L), in agreement with 

neuronal losses in SNc of P1 ak mice (Fig. 2J). These data indicate that early differentiation 

of MesDA neurons is not highly dependent on Pitx3, as shown in ak mice that carry a 

strongly hypomorphic (and possibly null) allele of this gene. However, survival of Pitx3-

expressing MesDA neurons requires significant Pitx3 expression. Most sensitive are the 

vSNc neurons that are severely depleted by birth in ak mice, in contrast to those of VTA 

that are lost later. 

 

Striatal dopamine deficiency 

SN dopaminergic neurons project primarily to the dorsal striatum to regulate motor 

control, whereas VTA dopaminergic neurons project to the ventral striatum and modulate 

emotional behaviour.
41

 The impact of MesDA neuronal depletion in ak mice was assessed 

by immunohistochemical staining of striatal TH fibers (Fig. 3A, B) and HPLC measurement 

of striatal DA levels (Fig. 3C, D). A dramatic reduction of dopaminergic innervation was 

observed in the dorso-lateral striatum of ak mice, with relative sparing in the ventral 

striatum (Fig. 3B compared to A).  Corresponding striatal DA levels were reduced by 93% 

in the dorsal striatum and by 69% in the ventral striatum (Fig. 3C, D). The severe depletion 

of dorsal striatal DA levels, which are supplied from vSNc neurons, correlates well with the 

pattern of DA deficiency observed in PD patients.
197
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Figure 2. TH-positive MesDA neurons are lost primarily during fetal period for SN and during post-natal period for 

VTA. (A) Plane of sections for analysis of TH-positive neurons in brains of embryonic day (E) 12.5 embryos. (B-G) 

Equivalent rostral-to-caudal sections through the midbrain of E12.5 wt (B,D,F) and ak (C,E,G) embryos 

immunostained for TH. (H,I) Coronal midbrain sections containing SN and VTA in P1 wt (H) and ak (I) mice 

immunostained for TH. (J) Stereological analysis of TH-positive cells of left SN and VTA in P1 wt and ak mice. Data 

are represented as means ± SEM (n=4). (K) Stereological analysis of TH-positive cells of left SN and VTA in P21 wt 

and ak mice (n=4). A statistically significant decrease in TH-positive cell bodies was detected in SN of P1 and P21 

ak mice compared with wt controls (p<0.01, t-test) with no difference in VTA. (L) Frequency of apoptotic cells 

revealed by TUNEL assay in left SNc of P1 wt and ak mice (n=4). A statistically significant increase in the 

frequency of apoptotic cells was detected in SNc of P1 ak mice compared with wt controls (p<0.05, t-test). 
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Figure 3. Ak mice have deficient striatal dopaminergic innervation. (A,B) Coronal sections through left striatum of 

P100 wt (A) and ak (B) mice immunostained for TH. Rostrocaudal positions are indicated as millimeters relative 

to bregma in the lower right corner. Scale bar: in A, 250 µm for A and B. (C,D) DA concentration in dorsal (C) and 

ventral (D) striatum of P130 wt and ak mice. Data are represented as means ± SEM (n=4). A statistically 

significant decrease in DA concentration was detected in the dorsal and ventral striatum of ak mice compared 

with wt controls (p<0.01, t-test). 

 

Reduced spontaneous locomotor activity 

We then determined whether ak mice display altered locomotor behaviour by measuring 

spontaneous ambulatory and stereotypic activities over 23 h periods using a photocell grid 

counter. During the day, when mice are normally less active, no differences were 

observed between groups (Fig. 4A-E). However, ak mice showed a marked reduction in 

ambulatory (Fig. 4A) and stereotypic (Fig. 4D) activities during the night, as they walked 

71% less than wt (Fig. 4B), spent 69% less time walking (Fig. 4C), made 53% less 

stereotypic movements (Fig. 4E) and spent 44% less time making stereotypic movements 

(Fig. 4F). Conversely, they spent 38% more time resting (Fig. 4G, H). In view of the ak mice 

eye defect, it is interesting to contrast the reduction of spontaneous movement in ak mice 
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Figure 4. Ak mice have impaired spontaneous locomotor activity. (A) Spontaneous ambulatory activity of mice 

recorded over 23 hours. The distance (cm) covered during each 1 hour period is shown for wt and ak mice. (B) 

Average distance covered per hour for wt and ak mice during daytime and night-time. (C) Average ambulatory 

time spent per hour for the recordings shown in A during daytime and nighttime. (D) Spontaneous stereotypic 

movements of mice recorded over 23 hours. The stereotypic movements during each 1 hour period are shown 

for wt and ak mice. (E) Average numbers of stereotypic movements per hour for wt and ak mice during daytime 

and nighttime. (F) Average time spent making stereotypic movements per hour for the recordings shown in D 

during daytime and night-time. (G) Resting time of mice recorded over 23 hours. The resting time during each 1 

hour period is shown for wt and ak mice. (H) Average resting time per hour for wt and ak mice during daytime 

and night-time. (I) Average speed of spontaneous ambulatory movements for wt and ak mice during daytime and 

night-time. Data are represented as the means ± SEM (n=5). Locomotor activity scores for ak mice that are 

significantly different from wild-type scores are marked with a asterisk (p<0.01, t-test). 
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with the effects of gene mutations that eliminate circadian rhythms, such as mutations of 

the clock or Per1 and Per2 genes.
196,384

 The latter result in loss of diurnal rythmicity, but 

not in reduction of total movement per 24 h period as observed in ak mice. Moreover, the 

speed of spontaneous ambulatory movements was not different in ak compared to wt 

mice (Fig. 4I), suggesting that the ak mutation and the associated blindness do not impair 

peripheral motor function. These results indicate that ak mice display marked akinesia. 

 

Pitx3 and neurodegeneration in Parkinson’s disease 

Ak mice thus recapitulate cardinal features of PD, in particular the akinetic subtype of PD.  

Indeed, the preferential loss of vSNc TH-positive neurons together with severe depletion 

of dorsal striatal DA levels and associated hypokinesia are very similar to the pathogenesis 

of PD.
101,175,197

 This close similarity raises the possibility that PD patients are preferentially 

susceptible to loss of Pitx3-positive rather than Pitx3-negative MesDA neurons (Fig. 5). 

This hypothesis is supported by previous observations,
322

 but will demand further 

investigation.  

 

Previously reported models of MesDA neuronal deficiency may not be as selective or as 

similar to PD.  Indeed, Nurr1-deficient mice have complete agenesis of MesDA neurons 

and die soon after birth.
301,381

 Similarly, Lmx1b-deficient mice have complete loss of 

MesDA neurons from E16, major deficits throughout the midbrain and limb and kidney 

defects.
66,320

 Furthermore, currently available animal models for PD, whether induced by 

neurotoxins or by overexpression of different forms of α-synuclein or Parkin, have not 

been able to explain the highly specific and stereotypic pattern of MesDA cell loss in 

human PD, with vSNc being most affected.
80

 In contrast, ak mice are deficient in this 

specific subset of MesDA neurons and have normal other midbrain structures. They may 

thus provide a useful model to test therapies (drugs, cellular or gene therapy) for PD and 

to define a molecular mechanism explaining the selective sensitivity of Pitx3-expressing 

MesDA neurons to degeneration. 

 

Finally, the dependence on Pitx3 for survival of Pitx3-positive TH neurons, and the 

sensitivity of Pitx3-positive MesDA cells to degenerate in PD,
322

 suggest that Pitx3-

dependent function(s) may relate to the pathogenesis of human PD. Such function or 

downstream target gene(s) may contribute to control cell survival/death in development 

and/or in pathogenesis of the MesDA system. Pitx3 gene mutations may be involved in the 

etiology of diseases that affect the MesDA system. Thus far, two PITX3 mutations have 

been identified in families with autosomal-dominant cataracts and autosomal-dominant 

anterior segment mesenchymal dysgenesis.
307
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Figure 5. Similar distribution of MesDA neuronal losses in ak mice and individuals with Parkinson’s disease (PD). 

(A) The right midbrain of a normal mouse showing the distribution of TH-positive/Pitx3-positive (green with red 

core) and TH-positive/Pitx3-negative neurons (green) in SNc and VTA. Most vSNc TH-positive neurons are Pitx3 

positive, whereas dSNc largely contains Pitx3-negative TH-positive neurons. About half of the VTA TH-positive 

neurons are Pitx3 positive, and both populations are intermingled. (B) In ak mice, SNc Pitx3-positive neurons are 

lost between E12.5 and P1, whereas VTA cells are lost postnatally. (C) Outline of the right MesDA system of a 

normal human showing the distribution of TH-positive neurons in SNc and VTA. (D) Individuals with PD typically 

have most severe cell depletion in vSNc, followed by dSNc and VTA (modified, with permission, from Jellinger).
175

 

Although a decrease of PITX3-positive neurons was shown in samples from individuals with PD,
322

 the regional 

distribution of human PITX3-positive neurons remains to be established. 
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These patients are not known to have parkinsonian symptoms. It is noteworthy that both 

mutations have dominant effects in patients that still have an intact PITX3 allele. Since a 

midbrain phenotype may not be expected in hemizygous carriers as heterozygous ak mice 

do not exhibit any phenotype (data not shown),
358

 it is likely that these human mutations 

cause a dominant effect that may for example, impair protein-protein interactions.
307

 This 

would be consistent with the position in the N- or C- termini of Pitx3 rather than in the 

homeodomain that has been implicated in many loss-of-function mutations in the related 

PITX2 gene.
12

 Thus, it would be worthwhile to investigate whether PITX3 allelic 

polymorphism can be detected in families with PD. 
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Abstract 

 

The homeodomain transcription factor Pitx3 is required for survival of midbrain 

dopaminergic (MesDA) neurons. Pitx3-deficient mice exhibit severe but selective 

developmental loss of these neurons, with accompanying locomotor deficits resembling 

those seen in Parkinson’s disease (PD). Here we demonstrate that Pitx3 is not 

indiscriminately required by all MesDA neurons for maintenance and that specific MesDA 

subpopulations are consistently spared in its absence. Virtually all surviving MesDA 

neurons in the substantia nigra pars compacta (SNc) and the majority of neurons in the 

adjacent ventral tegmental area (VTA) expressed calbindin D28K (CB), a protein previously 

associated with resistance to injury in PD and various animal models. Cell mapping studies 

in wild-type (wt) mice also revealed that Pitx3 was primarily expressed in the ventral SN, a 

region particularly susceptible to the neurotoxin 1-methyl 4-phenyl 1,2,3,6-

tetrahydropyridine (MPTP). Furthermore, Pitx3-expressing SN cells were preferentially lost 

following acute MPTP treatment. Thus, two distinct MesDA subpopulations are present in 

the wt SN: resistant Pitx3-independent neurons expressing CB and susceptible Pitx3-

dependent neurons. Together, these data provide a link between Pitx3 function and the 

selective pattern of MesDA cell loss observed in PD. 
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Introduction 

 

Parkinson’s disease (PD) is a progressive multi-system neurodegenerative disorder 

characterized primarily by locomotor deficits arising from massive loss of midbrain 

dopaminergic (MesDA) neurons in the substantia nigra pars compacta (SNc).
175

 Among the 

multiple nuclei which comprise the mammalian MesDA system, including the substantia 

nigra pars compacta (SNc), ventral tegmental area (VTA) and retrorubral field (RRF), 

neurons within the SNc appear to be particularly susceptible in PD. The precise factors 

contributing to this selective vulnerability are poorly understood.  

 

Homeodomain transcription factors play critical roles in the specification and maintenance 

of MesDA neurons. We and others have previously shown that Pitx3, whose expression in 

the brain is restricted to MesDA neurons,
310,322

 plays a central role in their postmitotic 

survival.
161,258,321,351

 As in PD brains, aphakia (ak) mice harboring a functional deletion in 

the Pitx3 gene,
284,358

 also display profound MesDA cell loss characterized by massive 

nigrostriatal degeneration alongside conspicuous sparing of mesolimbic projections. As a 

result, DA content in the dorsal striatum is reduced by over 90%,
161,351

 leading to 

locomotor and behaviourial deficits which are partially reversible with administration of 

3,4-dihydroxyphenylalanine (L-DOPA).
162,350

  

 

In both PD and the widely used 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) 

neurotoxin model of the disease, MesDA cell loss is most pronounced in the ventral tier of 

SNc (vSNc) with sparing in the dorsal layers and adjacent VTA.
101,215,375

 While MesDA 

neurons in ak mice already undergo cell death in early development, similarities between 

the pattern of ak MesDA cell loss to PD prompted us to compare vulnerable and resistant 

MesDA subpopulations in ak mice with those in PD.  

 

Here we show that vSNc neurons are selectively vulnerable in absence of normal Pitx3 

function, with sparing of MesDA neurons in the dorsal tier of SNc (dSNc). Nearly all 

surviving nigral neurons in ak mice express the calcium-binding protein calbindin D28K (CB), 

a marker of resistant MesDA neurons in PD.
133

 Furthermore, Pitx3 and CB are largely 

complementary in their expression pattern with only a small group of MesDA cells 

expressing both markers. In wild-type (wt) animals, exposure to MPTP also led to 

preferential loss of Pitx3-expressing SNc neurons. Together, these data indicate that the 

pattern of MesDA cell loss observed in the SNc in ak mice and possibly in PD results from 

the presence of resistant Pitx3-independent neurons and vulnerable Pitx3-dependent 

neurons. 
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Methods and Materials 

 

Animals and MPTP treatment 

All animal procedures were performed in accordance with the Canadian Council on Animal 

Care guidelines for the use of animals in research, as administered by the McGill 

University Animal Care Committee. Ak mice were backcrossed and maintained in the 

C57Bl/6 background while C57Bl/6 animals were used as wt. Male animals were 

transcardially perfused with 4% buffered paraformaldehyde (PFA) at postnatal days (P) 1, 

21, 35, 100, or >700. Brains were then removed, postfixed for 24 hours (h), and immersed 

in phosphate-buffered sucrose (30%) for 48 h. Sectioning was performed using a freezing 

microtome (Microm, Walldorf, Germany) at 40 μm. Serial coronal sections were collected 

in phosphate-buffered saline (PBS) and immunostained for stereology. For MPTP studies, 

P35 mice received four intra-peritoneal injections (20mg/kg each) of 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine hydrochloride (5mg/mL in saline; Sigma, St Louis, MO). Control 

animals were injected four times with a similar volume of saline. Animals were sacrificed 

10 days after treatment. Statistical analysis was performed using a two-way analysis of 

variance (ANOVA) procedure with Tukey’s HSD post-hoc test. Main and interaction effects 

were calculated using SAS software (v. 6.12, Cary, NC) or Datasim (v. 1.1, Drake Bradley, 

Bates College, ME). 

 

Immunohistochemistry 

Complete rostrocaudal coronal series representing every sixth section (i.e. 240 μm 

intervals) were immunostained for tyrosine hydroxylase (TH), CB or Pitx3 using an avidin-

biotin-peroxidase complex method as previously described.
351

 Briefly, sections were 

incubated in anti-TH (1:1000, Immunostar), anti-CB (1:2000, Sigma) or anti-Pitx3 (1:100)
220

 

antibody overnight after blocking. Sections were then washed, incubated for 1 h with 

biotinylated anti-mouse secondary antibody (1:200, Vector), followed by avidin-biotin 

complex (Vector, Burlingame, CA) as per manufacturer’s instructions. The final reaction 

was revealed by 3,3’-diaminobenzidine. Sections were counterstained lightly in 0.1% cresyl 

violet, dehydrated, and coverslipped. For colocalization experiments, double 

immunofluorescence for TH, CB, or Pitx3 was performed on 5 μm sections from paraffin 

embedded mouse brains as previously described.
351

 Confocal images (40X) were collected 

using a Zeiss LSM510 microscope. 

 

Stereology and computer-assisted cell mapping 

Neurons positive for either TH, CB or Pitx3 were quantified using the optical dissector 

method as previously described.
211,351

 The entire rostrocaudal extent of the midbrain was 

examined in TH-, CB- or Pitx3-stained coronal sections (1:6 series) using an Olympus BX-40 
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microscope equipped with a motorized XYZ stage and StereoInvestigator software 

(Microbrightfield, Williston, VT). In non-TH stained sections, SNc was defined 

ventrolaterally by SN pars reticulata (SNr) and medially by VTA or medial lemniscus.
256

 DA 

neurons of SNc and VTA were distinguished by their size and mediolateral orientation.
40

 

After tracing SNc and VTA at low power, TH-, CB- or Pitx3-cell counts were performed at 

100X magnification (oil, NA 1.3) by employing a 60 x 60 μm counting frame in conjunction 

with a 12 μm dissector placed 2 μm below the surface of the section. Counting sites were 

assigned using a randomly placed 125 x 125 μm grid. 

 

Results 

 

MesDA neurons expressing CB are Pitx3-independent 

While ak mice show a dramatic reduction in total MesDA neuron number, we consistently 

observed in these animals persistent TH-expressing subpopulations (Figure 1). In 

agreement with previous reports, TH-cell loss was nonuniform and most pronounced 

within SNc, with loss of nigrostriatal projections to the neostriatum. In contrast, VTA and 

mesolimbic MesDA projections to the nucleus accumbens and olfactory tubercle were 

relatively spared.
161,258,351

 Remaining MesDA neurons in ak animals were located 

predominantly in dSNc and scattered throughout VTA, reminiscent of the pattern 

observed in human PD brains and in animal models using the dopaminergic toxins 6-

hydroxydopamine (6-OHDA) or MPTP.
133,215

 We therefore examined whether this Pitx3-

independent subpopulation corresponded to neurons expressing CB, which labels 

resistant MesDA neurons in PD patients.
375

 Double-immunostaining was performed to 

examine coexpression of CB in persisting TH-positive cells in ak mice at P100 (Fig. 2a-f). CB 

staining was observed in 92% (SNc) and 87% (VTA) of TH-positive cells (Fig. 2g-j). 

Colocalization was also relatively uniform, reaching as high as 97% at some coronal levels 

examined. Thus, the majority of surviving MesDA cells in ak mice are CB-positive. In 

agreement with this finding, stereological quantification of total number of TH-positive 

neurons in midbrains of 35 day-old ak and wt animals (Fig. 2k,l) revealed an 80 ± 2.5 % 

(mean ± standard deviation) reduction in SNc neurons of ak mice compared to wt mice. In 

contrast to TH-positive cells, no difference in total CB-positive cell number could be 

detected between the two groups (Fig. 2l). Moreover, the ratio of total CB-positive to TH-

positive neurons in SNc of ak mice reached 95.5± 4.6% compared to only 24.5 ± 1.6% in wt 

animals (Fig. 2m), indicating that survival of CB-positive SNc cells is unaffected in absence 

of Pitx3. In comparison to wt mice, VTA of ak animals also showed a marked reduction (32 

± 1.9 %) in the number of TH-positive cells. In agreement with previous studies,
321,351

 TH-

positive cell loss in VTA was less severe than in SNc.  
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Figure 1. Selective loss of ventral tier SNc (vSNc) neurons and corresponding dopaminergic projections in Pitx3-

deficient aphakia (ak) mice. Midbrain sections of postnatal day (P) 35 wild-type (wt) (a-e) and ak (f-j) mice 

immunostained for tyrosine hydroxylase (TH), demonstrating marked loss of mesencephalic dopaminergic 

(MesDA) neurons in various dopaminergic nuclei. In contrast to the pronounced cell loss in SNc, there is relative 

sparing of TH-positive neurons in VTA. Note also the persistent MesDA populations present in ak mice, primarily 

within the medial and dorsal aspects of SNc (g,h). MesDA neuron loss is also observed in the retrorubral field 

(RRF) (e,j). TH-staining at the level of the neostriatum (k,l) reveals massive loss of DA terminals in neostriatal 

regions of ak mice, with relative sparing observed in ventral regions, including nucleus accumbens and olfactory 

tubercle. Approximate levels relative to bregma are indicated. Scale bars: in a and f, 400 µm for a-j; in k and l, 

500 µm. 
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Interestingly, the ratio of CB-positive to TH-positive cells in VTA in wt mice was nearly 

three-fold that of SNc (Fig. 2m). However, in contrast to SNc where CB-positive cell 

number remained unchanged, CB-positive cells in VTA of ak mice were also significantly 

reduced (Fig. 2l), suggesting that CB expression alone does not protect VTA neurons from 

loss of Pitx3. Together these data confirm that Pitx3 is only necessary for survival of 

selective MesDA neuron subpopulations in SNc and VTA. Although CB is a robust marker 

of Pitx3-independent MesDA neurons in SNc, a significant number of CB-positive cells are 

lost from VTA in Pitx3-deficient ak mice. 

 

To determine whether these MesDA subpopulations also fluctuated as a function of age, 

we compared ak and wt animals at various ages (P1, 21, 35, 100, and 700; Fig. 3). Within 

SNc, TH-positive cell numbers stabilized in both wt and ak animals after the fifth postnatal 

week with no significant changes in SNc MesDA cell counts at P35, 100, or 700; Fig. 3a). 

Importantly, the ratios of total CB-positive to TH-positive neurons were comparable 

between wt and ak mice even at P700, suggesting that CB-positive neurons persist with 

aging in the absence of Pitx3. These observations are concordant with the selective loss of 

TH-positive/CB-negative cells in SNc of ak mice. Whereas total VTA TH-positive cell 

numbers were similar in both genotypes at birth, this population gradually decreased after 

P21 before stabilizing at P100 in ak animals (Fig. 3b). This suggests that loss of Pitx3-

dependent subpopulations in these two regions follow different temporal trajectories with 

loss in SNc preceding that of VTA. 

 

Pitx3 expression is heterogeneous in SNc neurons 

The presence of a Pitx3-independent subpopulation led us to believe that Pitx3 may not 

be homogenously expressed among MesDA neurons as suggested by previous gene 

expression studies.
203,322,383

 Therefore we directly compared TH and Pitx3 expression by 

double-immunostaining midbrain sections from wt mice. Confocal imaging revealed that 

the majority of TH-positive cells showed strong nuclear Pitx3 immunostaining (Fig. 4). 

Pitx3 was detected only within TH-positive cells in SNc, VTA, RRF and a small number of 

TH-positive neurons in the periaquaductal grey area (Fig. 4a-i and data not shown). 

Rostral-caudal mapping of sections revealed that TH-positive/Pitx3-negative neurons were 

intermingled with TH-positive/Pitx3-positive cells within VTA (Fig. 4c,j). In contrast to this 

arrangement, SNc showed a distinctive spatial segregation with TH-positive/Pitx3-negative 

cells located predominantly in dSNc, adjacent to TH-positive/Pitx3-positive cells that were 

localized in vSNc (Fig. 4f,k,m). Both markers were also detected in the so-called ventrally 

displaced DA neurons in the SNr.
40
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Figure 2. (page 46) Selective sparing of calbindin28K (CB) positive MesDA neurons in ak mice. TH and CB double-

immunofluorescence of SNc (a-c) and VTA (d-f) in P100 ak mice. High power fields (inset) confirming that the 

majority of MesDA neurons co-express CB. Remaining MesDA neurons in ak mice were mapped from 40 µm-

thick TH/CB double-immunostained sections. Representative rostral-to-caudal series of cell maps in ak mice are 

shown (g-j). Closed circles (red) denote TH-positive/CB-positive neurons, while TH-positive/CB-negative cells are 

shown as open triangles (blue). The majority of surviving MesDA neurons express both proteins, demonstrating 

that CB distinguishes Pitx3-dependent and Pitx3-independent MesDA neurons. Total TH-positive (k) and CB-

positive (l) neuron numbers in SNc and VTA of P35 ak and wt mice quantified by stereology. The ratio of CB-

positive to total TH-positive cell numbers (m) indicates relative sparing of CB-positive neurons in both MesDA 

regions of ak mice at P35 (* p<0.01; ** p<0.0001, t-test). Data are expressed as means ± standard deviation (SD) 

(n=4-5). Scale bars: in a and d, 100 µm for a-f. 

 

 
 

Figure 3. Timetable of Pitx3-dependent MesDA neuron loss in ak mice. Total TH-positive  neuron numbers in the 

SNc (a) and VTA (b) of wt (white bars) and ak (grey bars) mice were quantified using the optical dissector method. 

Counts were obtained from male animals at various ages ranging from P1 through P700. Total CB-positive neuron 

numbers in these two regions were also quantified independently in P35 and P700 animals (c,d) and expressed 

as a ratio to TH-positive cell numbers in a,b. In wt mice, CB-positive cells comprise a larger proportion of cells in 

VTA than in SNc. In ak mice, CB-positive cell numbers approach that of TH-positive SNc cells, suggesting no loss of 

this subpopulation within SNc in absence of Pitx3 expression. Data are expressed as means ±  SD (n=4; **p<0.001, 

t-test compared to age-matched controls). 
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Figure 4. (page 48) Pitx3 expression in wt MesDA neurons. Double-immunostaining for TH (green) and Pitx3 (red) 

in MesDA nuclei of wt mice (a-l). Pitx3 expressing neurons are interspersed within VTA (a-c) and RRF (g-i), while 

being restricted to ventral tier SNc (vSNc) (d-f). High power fields (j-l), corresponding to 4c,f,i illustrating a 

minority of MesDA neurons lacking Pitx3 (arrows) in all three regions. Confocal imaging showing a clear 

delineation of dorsal/ventral nigral neurons (TH, green) by Pitx3 (red) immunostaining (m). Scale bars: in j-l, 25 

µm; in m, 125 µm. ml, medial lemniscus. 

 

Double-immunostaining for CB and Pitx3 (Fig. 5) was also used to confirm the chemical 

identity of dSNc TH-positive/Pitx3-negative cells, which possess conspicuous horizontally-

oriented processes.
40

 CB-positive cells were distributed throughout VTA and RRF, but 

restricted in dSNc (Fig. 5a,d). The majority (89%) of Pitx3-positive neurons were not CB-

immunoreactive. Furthermore, 96% of CB-positive cells lacked Pitx3-staining although a 

small proportion of Pitx3-positive neurons at the ventral/dorsal interface also expressed 

CB (Fig. 5a-d). Thus, two largely exclusive MesDA subpopulations marked by Pitx3 and CB 

(Pitx3-positive/CB-negative and Pitx3-negative/CB-positive, respectively) are present in 

SNc. As in SNc, the majority (81%) of CB-positive cells in VTA were also Pitx3-negative (Fig. 

5b-d), although it is unclear whether Pitx3-positive/CB-negative cells represent the 

majority of MesDA neurons lost from this region in ak animals. 

 

MesDA neurons expressing Pitx3 are selectively vulnerable to MPTP 

The observation that CB-positive MesDA neurons are spared following MPTP treatment or 

in the absence of Pitx3 suggests that Pitx3-dependent neurons in vSNc may be selectively 

vulnerable to various insults, in contrast to their Pitx3-independent CB-positive neighbors. 

To test this hypothesis, we quantified total number of TH-positive, CB-positive and Pitx3-

positive neurons in wt mice following exposure to MPTP (Fig. 6). Mice treated with MPTP 

showed 25% reduction in total TH-positive cell number in SNc compared to saline treated 

animals (Fig. 6a,b,g). Interestingly, total Pitx3-positive cell number decreased by nearly 

50% (Fig. 6c,d,h), indicating that they accounted to the bulk of SNc cell loss mediated by 

this neurotoxin. In contrast, the number of CB-positive neurons in both MPTP- and saline-

treated animals was comparable (Fig. 6e,f,i), consistent with their previously reported 

resistance.
133,215,225

 Interestingly, VTA did not show a significant change in total TH-positive 

cell number with treatment, correlating with the higher proportion of Pitx3-independent 

cells present relative to SNc (Fig. 2l,m and 3d). Concordant with this, Pitx3-positive VTA 

neurons decreased by 23% after MPTP administration whereas the number of CB-positive 

cells were actually slightly elevated (Fig. 6h, i). Together, these results indicate that Pitx3-

expressing neurons in vSNc and VTA display increased sensitivity in a common animal 

model of PD. 
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Figure 5. (page 50) Pitx3 and CB midbrain populations are largely exclusive. Midbrain sections from wt P100 mice 

immunostained for Pitx3 and CB were mapped using Stereo Investigator and plotted according to their 

expression of both markers (a-f). Pitx3-negative/CB-positive (blue circles), Pitx3-positive/CB-positive (black 

diamonds) and Pitx3-positve/CB-negative (red triangles) are represented. Double-stained sections from SNc (g) 

and VTA (h) showing that neurons expressing either CB or Pitx3 alone are distributed almost exclusively within, 

respecitively, dorsal tier SNc (dSNc) and vSNc, with only a small subset of Pitx3-positive/CB-positive cells at the 

interface of these two regions. In VTA, CB and Pitx3 expressing cells also remain largely separate but are 

scattered among each other. D: dorsal, L: lateral. Scale bar: in h, 50 µm for g and h. 

 

 
Figure 6. Selective loss of Pitx3 neurons following 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) 

treatment. Representative midbrain coronal sections from wt mice treated with saline (a,c,e) or MPTP (b,d,f) 

immunostained for TH, Pitx3 or CB. MPTP treatment led to a reduction in MesDA neurons in SNc, but VTA 

remained relatively intact (a,b). Cells within SNc containing Pitx3 were also dramatically reduced (c,d), whereas 

CB-positive cells remained unchanged (e,f). High-power fields of indicated regions (boxes) are also shown (insets). 

Stereological quantification of total TH (g), Pitx3 (h) and CB (i) neurons in treated (white bars) and untreated 

(grey bars) animals. Data are expressed as means ±  SD. ** p<0.01 vs. saline control, n=5. Scale bar: in a, 400 µm 

for a-f. 

 

Discussion 

 

The non-uniform patterns of MesDA neuron losses observed in various animal models of 

PD and in human disease imply existence of multiple subpopulations with distinct levels of 

susceptibility. Identifying these individual neuronal subpopulations and factors which 
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contribute to their differential vulnerability should significantly further our understanding 

of mechanisms governing MesDA degeneration in PD and related disorders. One possible 

group of candidates include homeodomain transcription factors whose expression are 

largely restricted to MesDA neurons, namely Engrailed 1/2,
6,316

 Lmx1b,
17,320

 and 

Pitx3.
258,321,322,351

 Disruption of any of these genes leads to prominent and selective cell 

loss in the mesencephalon, indicating their role as critical regulators in the development 

and maintenance of MesDA neurons.  

 

Our findings provide clear evidence for discrete MesDA subpopulations distinguished by 

their dependence on Pitx3 for survival. Importantly, the preservation of specific TH-

positive neuron groups in ak mice demonstrates that not all MesDA neurons require this 

transcription factor for survival. On the other hand, Pitx3 appears to be critical for survival 

of vSNc neurons. Indeed, this same Pitx3-dependent subpopulation is also particularly 

susceptible to degeneration following MPTP treatment in wt animals, strongly implicating 

Pitx3 as a marker of vulnerable MesDA subpopulations in this region. In agreement with 

our initial report, cell-mapping experiments of immunostained sections showed that Pitx3 

expression is predominantly restricted to these same ventral tier neurons, and 

represented as scattered subpopulations in VTA in normal midbrains.
351

 This finding 

indicates Pitx3-expressing MesDA neurons as the main population lost in ak mice. 

Interestingly, previous reports examining localization of Pitx3 message suggest Pitx3 

message is present in all MesDA neurons.
203,240,321,322,383

 A plausible explanation would be 

that Pitx3-expression depends on mechanisms beyond transcriptional regulation alone, 

although additional studies are needed to verify this.  

 

CB-expressing cells on the other hand,, which comprise the majority of MesDA neurons in 

dSNc, appear to be Pitx3-independent. Previous reports have shown this group of MesDA 

neurons to be relatively resistant to injury in PD.
133,215,375

 Similarly, CB-expressing MesDA 

neurons are also spared in rodents following exposure to neurotoxins such as MPTP and 6-

OHDA.
225

 Calcium-binding proteins such as CB may provide neuroprotection by reducing 

intracellular calcium levels which generate of reactive oxygen.
303

 The fact that another 

calcium-binding protein, calretinin, also colocalizes to resistant MesDA subpopulations,
224

 

indicates that calcium homeostasis may be a critical contributing factor. In agreement 

with this, it has recently been shown that the unique voltage gated L-type calcium 

channels expressed by SNc neurons render them susceptible to both MPTP and 6-OHDA 

exposure while blockade with isradipine, a common calcium channel antagonist, protects 

these neurons.
65

 Interestingly, CB-positive MesDA neurons in dSNc and VTA are also 

overwhelmingly spared in weaver mutant mice.
119

 On the other hand, previous 

susceptibility studies in CB-null mice failed to demonstrate a significant role for CB in 
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MesDA neuronal survival,
4
 suggesting that additional factors such as differences in target 

innervations and electrophysiology may also play a major role.
65,130,228

 Moreover, 

differences between SNc and VTA observed in this study suggest that CB alone cannot 

account for increased resistance in MesDA neurons. 

 

The striking resemblance between the pattern of MesDA neuron loss seen in ak mice,  

toxin-induced DA neurodegeneration,
133,215

 and human PD,
133,375

 suggests that the Pitx3 

pathway underlies the common vulnerability of these MesDA subpopulations. Recent data 

indicate that early survival of MesDA neurons is influenced by Pitx3 via transcriptional 

regulation of the enzyme aldehyde dehydrogenase 2 (Ahd2), an enzyme responsible for 

retinoid production.
171

 Furthermore, Pitx3 appears to regulate key components of the DA 

metabolic pathway such as vesicular monoamine transporter 2 (VMAT2) and vasoactive 

intestinal polypeptide by forming a transcriptional complex with Nurr1,
172

 another MesDA 

transcription factor enriched in MesDA populations. Whether Pitx3 function directly 

influences survival of mature MesDA neurons remains largely unexplored.  

 

In summary, our findings show a close link between Pitx3 and MesDA neurons most 

susceptible to degeneration. Massive loss of Pitx3 neurons has previously been reported 

in human PD.
322

 The recent discovery in PD patients of dysfunctional elements regulated 

by Pitx3,
195

 as well as identification of polymorphisms in the PITX3 promoter region that  

associate with increased risk of sporadic PD,
34,115

 highlights the need for additional studies 

on the role of this transcription factor in both normal midbrain physiology and disease. 
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Abstract 

 

Preferential neurodegeneration of dopaminergic neurons in the ventral tier of the 

substantia nigra is a hallmark of Parkinson’s disease (PD). The homeobox transcription 

factor Pitx3 is similarly and selectively expressed in the same neurons. Pitx3 deficiency in a 

natural mouse mutant, the aphakia (ak) mouse, was correlated with the loss of these 

neurons and with a deficit in locomotor activity. We now report that the locomotor deficit 

of ak mice is established by 40 days of age and that it can be rescued by injection of 3,4-

dihydroxyphenylalanine (L-DOPA). We further show that downstream striatal correlates of 

midbrain neuronal losses in ak mice, as assessed by expression-levels of dopamine 

receptors, enkephalin, dynorphin and neurotensin, and dopamine transporter binding are 

highly similar to neuroadaptive phenomena as observed with rapid neurodegeneration 

induced by neurotoxin administration in adult animals, or following slowly progressive 

neurodegenerative processes as seen in PD patients. Taken collectively, these data 

support the idea that ak mice represent a selective model of midbrain dopaminergic 

deficiency that closely ressembles the neuropathology associated with PD, and suggest ak 

mice are a good model to assess therapies for PD as well as to understand susceptibility of 

these neurons to neurodegeneration. 
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Introduction 

 

Mesencephalic dopaminergic (MesDA) neurons play a critical role in the control of 

locomotor activity as revealed in Parkinson’s disease (PD), which is associated with 

neurodegeneration of these neurons.
175

 The severity of symptoms associated with PD has 

been correlated with progressive cell death of MesDA neurons, particularly in the 

substantia nigra (SN). Severe PD is associated with an almost complete loss of ventral tier 

dopamine (DA) neurons of SN pars compacta (vSNc) and with relative sparing of dorsal tier 

DA neurons (dSNc).
76,197,375

 While relatively rare forms of inherited PD have been 

associated with mutations in α-synuclein and Parkin genes,
198,279

 the pathogenesis of the 

vast majority of PD remains poorly understood. 

 

The particular sensitivity of vSNc DA neurons to degeneration is likely reflective of a 

different developmental origin and, consequently, of a unique genetic program for these 

neurons compared to other DA neurons. While the Nurr1 orphan nuclear receptor has 

been associated with development of MesDA neurons,
381

 its distribution is much wider 

than the pattern of neuronal loss in PD.
382

 We have identified the homeobox transcription 

factor Pitx3 for its unique expression in MesDA neurons.
322

 Pitx3 is also expressed in the 

eye lens,
310

 and a spontaneous mouse mutant of this gene, the aphakia (ak) mouse, was 

identified on the basis of its ocular dysgenesis.
308,310

 Also, rare forms of familial cataracts 

and anterior segment mesenchymal dysgenesis (ASMD) were associated with mutations in 

the human PITX3 gene.
36,307

 In the midbrain, the gene for tyrosine hydroxylase (TH), which 

is a marker of DA neurons, appears to be a target of Pitx3.
220

  

 

We have previously shown that ak mice constitute a loss-of-function mutation for 

midbrain expression of Pitx3.
351

 The major defect of these hypomorphic mutant mice 

seems to be at the level of MesDA neuron survival. At post-natal day (P) 100, ak mice are 

characterized by an almost complete loss of vSNc DA neurons and a loss of about 50% of 

ventral tegmental area (VTA) DA neurons. SNc cell loss is complete by birth whereas there 

is no detectable cell loss in VTA before at least six weeks post-natally.
258,351

 The loss of 

these cells appears in part due to apoptosis and the pattern of cell loss closely resembles 

the distribution of Pitx3 expression in MesDA neurons.
351

 It is striking that this pattern also 

corresponds to the neuropathology of human PD.
175

 In P100 ak mice, midbrain neuronal 

losses are associated with 93% DA-level reduction in the SNc projection area, the dorsal 

striatum, and 69% DA-level reduction in the VTA projection area, the ventral striatum.
351

 

Ak mice fail to initiate spontaneous locomotor activity at night when normal rodents do,
351

 

and show motor deficits in several nigrostriatal pathway-sensitive behavioural tests.
162
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In the present work, we have assessed the onset of the locomotor deficit and found it was 

present at the time when only SNc but not VTA is affected by neuronal cell losses. The 

effects of MesDA deficiencies on downstream structures, such as the striatum, and their 

pattern of gene expression were investigated by in situ hybridization and the functional 

integrity of those downstream structures was assessed by rescue experiments with 3,4-

dihydroxyphenylalanine (L-DOPA). As in other PD models, ak mice have reduced DA D3 

receptor mRNA levels and normal DA D1 receptor mRNA levels in the striatum, together 

with a selective increase in DA D2 receptor mRNA in the dorsolateral striatum (StDL). 

Similarly, they exhibit increased enkephalin (ENK) mRNA levels and normal dynorphin 

(DYN) mRNA levels, with a strong increase in neurotensin (NT) mRNA levels in the 

ventrolateral (StVL) and dorsomedial (StDM) portions of the striatum. L-DOPA was found 

to elicit a locomotor response in ak mice and this response was correlated with 

biochemical changes such as expression of the immediate early response gene Nur77 (also 

known as Nerve-Growth Factor Inducible B, NGFI-B). Collectively, these data support the 

idea that ak mice are a faithful model of PD as it exhibits the cell specificity of 

neurodegeneration observed in the human pathology, highly similar neuroadaptive 

phenomena at the level of the striatum and a locomotor deficit that is rescued by L-DOPA. 

 

Materials and Methods 

 

Animals and locomotor activity 

Ak mice were described previously.
351

 They were maintained in the C57Bl/6 background in 

a barrier pathogen-free facility with 12 hours (h) light-dark cycle (lights on at 6 a.m.) and 

water and food freely available. For locomotor activity measurements, mice were housed 

singly in 10 x 18 x 8 inch cages with water and food freely available for 24 h before 

experimentation. At the start of a locomotor activity measurement session, mice were 

placed together with their cage in the OptoVarimex enclosure (Columbus Instruments). 

Thus, animals were maintained in their normal cage environment. For spontaneous 

ambulatory activity measurements, P40 ak and C57Bl/6 wild-type (wt) mice were 

monitored for a complete 24 h light cycle. For the L-DOPA dose-response experiments, 

methyl L-DOPA hydrochloride (Sigma) was dissolved in 0.9% NaCl together with 

benserazide (Sigma) at a weight ration of 4:1. L-DOPA doses ranged from 3-100 mg/kg. L-

DOPA or vehicle (0.9% NaCl) were administered as a 0.3 ml intraperitoneal (ip) injection. 

P100-200 ak mice were tested twice on consecutive days, once being injected with L-

DOPA on the first day and vehicle on the following day and the second time in reverse 

order. Ambulatory activity was measured until 6 h post-injection. For marker studies, mice 

were sacrificed 3 h post-injection. 
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Autoradiography 

For determination of DA D2 receptor binding site density, a buffer containing 50 mM Tris-

HCl, 120 mM NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM MgCl2 and 5,7 mM ascorbic acid (pH 7.4) 

was used with 0.2 nM [
125

I]iodosulpride (specific activity: 2200 Ci/mmol, Dupont NEN
TM

, 

Guelph CA).
237

 One µM (+)-eticlopride (RBI, Natick, MA) was used to determine non-

specific binding. Slides were exposed against BiomaxMR sensitive films (Kodak, New 

Haven, USA) for 2 days. Quantification of autoradiograms was performed using 

computerized analysis (ImageJ software, Wayne Rasband, NIH), as previously described.
99

 

Optical gray densities were transformed into µCi/mg of tissue equivalent using standard 

curves generated with [
125

I]-microscales (Amersham, Oakville, CA). For DA D3 receptors, 

binding of [
125

I]7-hydroxy-PIPAT, (specific activity: 2200 Ci/mmol, Amersham, Oakville, CA) 

was performed as previously described.
55,222

 In brief, slides were dried and then pre-

incubated three times for 5 min each at room temperature in 50 mM 4-(2-hydroxyethyl)-

1-piperazineethanesulfonic acid buffer (HEPES) (pH 7.5) containing 1 mM 

ethylenediaminotetra-acetic acid (EDTA) and 0.1% bovine serum albumin (BSA). Sections 

were air-dried and then re-incubated in the same buffer containing 0.2 nM [
125

I]7-hydroxy-

PIPAT for 90 min at 22°C. One µM DA was added to the above incubation buffer with 

some adjacent sections to estimate non-specific binding. Slides were then rinsed three 

times in ice-cold HEPES buffer containing 100 mM NaCl. After brief dipping into ice-cold 

distilled water, slides were dried and apposed to BiomaxMR films (Kodak, New Haven, CT) 

for 3 days. For autoradiography of DA transporter (DAT), we performed [
125

I]RTI-121 

binding (20 pM).
44

 Specific binding was obtained by subtraction of non-specific binding 

obtained in presence of 5 µM mazindol. Incubation buffer was composed of Na2HPO4 10 

mM, KH2PO4 1.8 mM, NaCl 137 mM and KCl 2 mM, pH 7.5. Slides were pre-incubated in 

phosphate buffer for 30 min. Buffer containing ligand was placed on slides and incubated 

for 1 h at room temperature. Then, slides were rinsed in the same buffer at 4°C, two times 

for 20 min. Finally, slides were immersed for 5 seconds in water to remove salts. After 

drying, slides were exposed against Kodak film for 40 h. 

 

In situ hybridization procedures 

Cryostat coronal brain sections (12 µm) were mounted onto Snowcoat X-tra
TM 

slides 

(Surgipath, Winnipeg, CA) and stored at -80° Celsius (C) until used. Brain sections were 

fixed in 4% paraformaldehyde at 4°C for 20 min. Specific [
35

S]UTP-radiolabeled 

complementary RNA (cRNA) probes were used. The Nur77 (NGFI-B), preproenkephalin, 

prodynorphin and neurotensin/neuromedin N precursor probe preparations have been 

described in detail elsewhere.
27,99

 Single-stranded riboprobes cRNA were synthesized and 

labeled using Promega riboprobe kit (Promega, Madison, WI) with appropriate RNA 

polymerase (T3 or T7) and [
35

S]-UTP (8X10
6
 cpm, Perkin Elmer Inc., CA). In situ 
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hybridization of riboprobes with tissue sections was done at 55-58°C, overnight, in 

standard hybridization buffer containing 50% formamide (Beaudry et al. 2000). Tissue 

sections were then apposed against BiomaxMR (Kodak, New Haven, USA) radioactive 

sensitive films for 2 to 10 days. Quantification of autoradiograms was performed using 

computerized analysis (ImageJ software, Wayne Rasband, NIH). Optical gray densities 

were transformed into µCi/g tissue equivalent using standard curves generated with 
14

C-

microscales (Amersham, Oakville, CA). Brain areas investigated included lateral (StL), 

medial (StM), dorsolateral (StDL), dorsomedial (StDM), ventrolateral (StVL) and 

ventromedial (StVM) portions of the striatum, shell (AcSh) and core (AcC) of the nucleus 

accumbens, medial prefrontal (mPFC), cingulated (CC) and somatosensory (SSP) cortices, 

hippocampus, SN and VTA. 

 

Statistical analysis 

Data were compared using analysis of variance (one-way ANOVA), followed by Fisher’s 

protected least significant difference (PLSD) post hoc test. 

 

Results 

 

Locomotor phenotype correlates with SN cell loss 

SN cell loss in the ak mouse is complete by birth whereas there is no detectable cell loss in 

VTA before at least six weeks post-natally.
258,351

 In addition, at this early age ak mice were 

shown to have both normal DA levels in the ventral striatum and normal retrograde 

labelling of VTA neurons projecting to the striatum.
161,258

 Thus, at this early age 

mesolimbic DA projections do not seem to be affected in ak mice. In order to assess 

whether locomotor deficits of ak mice correlate with SN or VTA cell loss, we assessed 

spontaneous locomotor activity in young ak mice at the time when VTA cell loss is not 

significant. Earliest age at which we could perform these studies was P40: these young ak 

mice show similarly reduced spontaneous locomotor activity at nighttime (Fig. 1) as P100 

ak mice.
351

 These data strongly correlate the loss of spontaneous locomotor activity with 

neuronal cell loss in SN rather than in VTA. It is interesting to note that the initial 

ambulatory reaction of mice to a novel environment (observed in the first hour of 

measurement) was greater in young C57Bl/6 control mice than in ak mice (Fig. 1). In 

contrast, the opposite was observed in P100 ak compared to C57Bl/6 mice.
351

 

 

Rescue of locomotor deficit by L-DOPA 

Since ak mice lose most of their vSNc DA neurons during fetal stages (between embryonic 

day (E) 12 and birth), it is possible that development of downstream structures involved in 

locomotor activity is altered in a permanent manner during this developmental phase.  
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p ≤ 0.05

 
 

Figure 1. Locomotor deficit in young aphakia (ak) mice at post-natal day (P) 40. Ak and age-matched C57Bl/6 

wild-type (wt) mice were assessed for spontaneous ambulatory activity for a complete 24 hours (h) light-dark 

cycle. Distance (cm) covered during each 1-h period is shown for ak and wt. Data are represented as means ± 

standard error of the mean (SEM) for the indicated number of animals. 

 

In order to assess this, we attempted chemical rescue of locomotor activity using the DA 

precursor L-DOPA, following the same rationale as for the use of this substance in the 

treatment of PD. For this experiment, a single dose of L-DOPA was injected ip at 10 a.m. in 

ak mice; control ak mice were injected with vehicle alone. Similar results were obtained 

when L-DOPA was injected at 5 p.m. (data not shown). Increasing doses of L-DOPA 

resulted in stimulation of spontaneous locomotor activity, with larger doses having more 

prolonged effects (Fig. 2). Longer effects observed at 50 and 100 mg/kg (Fig. 2E,F) is 

probably due to the time required to clear L-DOPA. In order to assess dose-responsiveness 

of locomotor activity relative to L-DOPA injected, initial peak ambulatory activity was 

plotted relative to L-DOPA dose (Fig. 3). This indicated a dose-related response that 

reached a plateau at a dose of 25 mg/kg, with higher dosages having more prolonged but 

no greater effect. These data clearly show that ak mice are not markedly impaired in their 

ability to respond to DA stimulation despite loss of nigrostriatal DA projections. 
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Figure 2. Rescue of locomotor activity in ak mice following L-DOPA injection. Increasing doses of L-DOPA were 

injected intraperitoneally (ip) in ak mice as indicated. Each mouse served as its own control, being injected with 

L-DOPA on the first day and with vehicle the following day. The order of injection did not change the results. 

Spontaneous ambulatory activity was recorded as in Figure 1. Data are represented as means ± SEM for the 

indicated number of animals. 

 

Biochemical correlates of L-DOPA rescue 

The orphan nuclear receptor Nur77 (NGFI-B) is expressed predominantly in the dorsal 

striatum in normal mice or rats, but experimental models of PD such as produced by 

injection of 6-hydroxydopamine (6-OHDA), result in strong stimulation of Nur77 

expression throughout the striatum.
328

 We therefore compared expression of this gene in 

wt, ak and ak plus L-DOPA mice. We found that ak mice exhibited a selective increase of 

Nur77 expression in ventral portions of the striatum (Fig. 4a indicated by arrows and 4b). 

Interestingly, injection of a single dose of 50 mg/kg of L-DOPA in ak mice reversed this 

change (3 h post-injection) of Nur77 gene expression, such that ventral expression of 

Nur77 in L-DOPA-treated ak mice became indistinguishable from wt mice (Fig. 4B). 
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Figure 3. Dose–response for L-DOPA induction of spontaneous locomotor activity in ak mice. For each L-DOPA 

dosage shown in Fig. 2, peak spontaneous ambulatory activity in cm/h is plotted relative to the dose of L-DOPA. 

Data are represented as means ± SEM. 

 

 
Figure 4. Modulation of Nur77 mRNA levels correlated with L-DOPA rescue in ak mice. (A) Representative 

autoradiograms revealing Nur77 mRNA in situ hybridization signals obtained with specific [
35

S]UTP-labelled 

riboprobes in wt, ak and ak plus L-DOPA (3 h post-injection of 50 mg/kg) mice. Arrows indicate ventral portions 

of striatum, where stronger modulations of Nur77 mRNA levels are observed. (B) Quantification of Nur77 mRNA 

levels in various portions of caudal striatum. Data are represented as means ± SEM (n=8; *p<0.05, ***p<0.001 

compared to wt mice). (C) Schematic illustration of striatal subdivisions areas used for quantification. StDL, 

dorsolateral portion of striatum; StDM, dorsomedial portion of striatum; StVL, ventrolateral portion of striatum 

and StVM, ventromedial portion of striatum. 
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On the other hand, L-DOPA treatment in ak mice reduced Nur77 expression in dorsal 

striatum (Fig. 4B). In many tissues, transcription of the Nur77 gene behaves like an 

immediate early response gene and changes observed in ak mice after a single injection of 

L-DOPA are consistent with such pattern of gene expression. These striatal changes in 

Nur77 expression provide a clear biochemical correlate for rescue of ak locomotor activity 

by L-DOPA, suggesting that striatal structures are not irreversibly affected in ak mice. 

Nur77 mRNA levels are also increased in the nucleus accumbens shell and core of ak mice, 

and acute administration of L-DOPA normalized Nur77 levels in these brain structures 

(Table 1). No significant modulation of Nur77 was observed in prefrontal and cingulate 

cortices or in CA1 and CA3 regions of the hippocampus of ak mice (Table 1). However, 

similar Nur77 modulation as observed in ventral striatum was observed in the 

somatosensory cortex and dentate gyrus (Table 1). Acute L-DOPA treatment, as used 

herein (50 mg/kg), did not modulate Nur77 expression in striatum of normal rats.
328
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Functional alterations in aphakia mice 

Dopamine receptors 

The loss of MesDA innervation of the striatum has been associated with various changes in 

gene expression in striatum and other structures. Studies from experimental PD models, 

as well as postmortem evaluation of parkinsonian brains, indicated that adaptive 

processes are induced in response to striatal denervation. The most consistent changes in 

postsynaptic striatal components include modulation of DA D2/D3 receptor levels, as well 

as neuropeptide genes expression.
58,128,222,294,327

 Denervation, as produced following 6-

OHDA injection in rats, induces reduction of DA D3 receptors that is accompanied by a 

selective increase of DA D2 receptors in lateral portions of the striatum.
47,147,222,251

 Ak mice 

exhibit a similar increase of DA D2 receptor binding capacity in the lateral portion of the 

striatum, whereas no change is observed in the medial portion (Fig. 5B). Note that DA D2 

receptor levels were reduced in the SN/VTA (Fig. 5A,B), which reflects the loss of DA 

autoreceptors. Ak mice exhibit a deficit of DA D3 receptors expression that is also 

consistent with DA-deficient rodent models (Fig. 6). As expected, acute L-DOPA injection 

did not reverse these modulations of DA receptor expression (Fig. 5B and 6B). Ak mice 

have normal DA D1 receptor binding site levels, as compared to normal mice (data not 

shown). 

 

Neuropeptides: enkephalin, dynorphin, neurotensin 

It is widely documented that DA denervation and repeated L-DOPA treatment perturbate 

striatal neuropeptide expression
58,128

. Denervation increases ENK and NT mRNA levels in 

various models of PD, whereas subsequent chronic L-DOPA treatment enhances striatal 

DYN mRNA levels.
64,131,152,327

 As in other PD models, ak mice have increased ENK mRNA 

levels in the striatum (Fig. 7A) and normal levels of DYN mRNA (Fig. 7B), as compared to 

wt mice. In addition, a strong increase of NT mRNA levels is seen in the ventrolateral and 

dorsomedial portions of the caudal striatum, whereas NT levels are less dramatically 

increased in other areas of the striatum (Fig. 7C,D). Acute L-DOPA treatment did not 

further modulate DYN mRNA levels (Fig. 7B). 

 

Discussion 

 

Behavioural and biochemical characterization of the ak mouse, as presented here, indicate 

that this mouse mutant displays anatomical and functional alterations similar to PD and 

animal models of PD. Interestingly, rescue of ak locomotor deficits by L-DOPA 

demonstrates that the behavioural effects of vSNc DA neuron loss generated by genetic 

deletion in the ak locus (Pitx3) is reversible by classic DA replacement therapy.  
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Figure 5. Dopamine (DA) D2 receptor binding site levels are reduced in substantia nigra (SN) and ventral 

tegmental area (VTA) and up-regulated in lateral striatum target area of ak mice. (A) Representative 

autoradiograms of specific binding of [
125

I]iodosulpride binding in wt and ak mice coronal brain sections at the 

level of caudal striatum (level 1) and SN and VTA level (level 2). For DA D2 receptor measurements, the striatum 

was subdivided into two subterritories: lateral (StL) and medial (StM) striatum. (B) Quantification of DA D2 

receptor binding sites in various brain regions of wt, ak and ak plus L-DOPA (3 h post-injection of 50 mg/kg) mice. 

Data are represented as means ± SEM (n=8; **p < 0.01, ***p < 0.001 compared to wt mice). 
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Figure 6. DA D3 receptor binding site levels are reduced in ak mice. (A) Representative autoradiograms of specific 

binding of [
125

I]7-OH-PIPAT in wt and ak mice coronal brain sections at the level of the rostral striatum (level 1), 

caudal striatum (level 2) and SN and VTA level (level 3). For DA D3 receptor measurements, the striatum was 

subdivided into two subterritories: StL and StM. We also performed quantification of DA D3 receptor specific 

binding sites in the shell (AcSh) and core (AcC) subdivisions of nucleus accumbens. (B) Quantification of DA D3 

receptor binding sites in various brain regions of wt, ak and ak plus L-DOPA (3 h post-injection of 50 mg/kg) mice. 

Data are represented as means ± SEM (n=8; *p < 0.05, **p < 0.01 compared to wt mice). 
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Figure 7. Striatal neuropeptide mRNA levels are altered in ak mice. (A) Quantification of enkephalin (ENK) mRNA 

levels in various portions of the striatum and nucleus accumbens in wt, ak and ak plus L-DOPA (3 h post-injection 

of 50 mg/kg) mice. Data are represented as means ± SEM (n=8; *p < 0.05, **p < 0.01 compared to wt mice). (B) 

Quantification of dynorphin (DYN) mRNA levels in various portions of the striatum and nucleus accumbens in wt, 

ak and ak plus L-DOPA mice. Data are represented as means ± SEM (n=8). (C) Representative autoradiograms 

revealing neurotensin (NT) mRNA in situ hybridization signals obtained with a specific [
35

S]UTP-labelled riboprobe 

in wt and ak mice. NT mRNA levels were evaluated in the rostral striatum (level 1), which included AcSh and AcC 

subdivision of the nucleus accumbens and caudal striatum (level 2), which included four subterritories: StDL, 

StDM, StVL and StVM portions of the striatum. Arrows in level 2 indicate StVL and StDM portions of the striatum, 

where stronger modulations of NT mRNA levels are observed. (D) Quantification of NT mRNA levels in various 

portions of the striatum and nucleus accumbens in wt, ak and ak plus L-DOPA mice. Data are represented as 

means ± SEM (n=8; *p < 0.05, **p < 0.01, ***p < 0.001 compared to wt mice). 

 

To date, animal models of PD, whether induced by neurotoxins or by overexpression of 

different forms of α-synuclein or Parkin,
198,279

 have not been able to reproduce the highly 

selective and stereotypic pattern of DA cell loss as observed in individuals with PD, with 

vSNc compared to dSNc being most affected.
80

 The present study indicates that loss of 
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Pitx3-positive MesDA cells in ak mice reproduces behavioural and biochemical deficits 

similar to PD and that downstream structures are still able to respond to L-DOPA challenge. 

In ak mice, MesDA cell loss has been monitored by reduction of total neuron count,
351

 and 

TH-expression.
161,258,321,351

 Analysis of MesDA neurons-associated gene expression 

indicated that DAT and DA D2 receptor mRNAs are reduced in ak mice.
321

 Here we report 

similar changes for DAT binding sites (in both DA cells and terminal fields in the striatum, 

Supplemental figure) and DA D2 autoreceptor binding site levels. These data also confirm 

the extent and selective pattern of DA innervation losses in ak mice that were previously 

assessed with TH-immunoreactivity, since reduction of DA cell components are less 

pronounced in VTA and ventral striatum, compared to SN and dorsal striatum. We also 

observed reduction of somatodendritic DA D2 autoreceptors in SN/VTA that supports, 

along with TH and DAT reductions, concommitant losses of function of TH cells in ak mice. 

 

Denervation induces important neuroadaptation in brain areas that are normally 

innervated by DA neurons. The striatum represents by far the most important structure 

where such adaptive changes are observed. We have studied three categories of genes 

that are associated with adaptive phenomena, namely post-synaptic DA D1, D2 and D3 

receptor subtypes, neuropeptides ENK, DYN and NT and the transcription factor Nur77. All 

modulations observed in ak mice coincide with alterations previously observed in animal 

models of PD or postmortem brain tissue analysis in PD patients.
47,58,127,147,222,251,294,327

 For 

example, selective upregulation of DA D2 receptor in the dorsolateral striatum and 

massive reduction of DA D3 receptor levels that are reminiscent to previous reports using 

neurotoxin-induced DA depletion,
47,222,251

 were also observed in ak mice. This indicates 

that Pitx3-deficient ak mice, a putative genetic model of PD where loss of SN DA cells 

occurred during development, generate similar neuroadaptive phenomena as observed 

with rapid neurodegeneration induced by 6-OHDA or 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) administration in adult animals or following slowly progressive 

neurodegenerative processes as seen in PD patients. Note however, that since we 

performed acute rescue with L-DOPA challenges, we did not detect modulations 

associated with chronic L-DOPA treatment, as previously observed in PD models.
47,327

 

Neuropeptide gene expression patterns in ak mice are also consistent with animal models 

of PD. Ak mice display a small, but significant, selective ENK transcript increase in the 

dorsolateral striatum.
131

 NT mRNA levels were also upregulated following 6-OHDA lesions 

in rats.
152,327

 DYN mRNA levels are not affected or reduced by denervation.
131,327

 In general, 

alterations of gene patterns observed in ak mice are more restricted compared to what is 

observed in other animal models of PD. This observation reflects the more selective 

MesDA neuron loss produced by Pitx3 deficiency compared to the massive MesDA cell 

degeneration induced by neurotoxins in experimental models of PD and is consistent with 
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Supplemental figure. DA transporter (DAT) binding site levels are reduced in both somatodendritic and axon 

terminal areas of ak mice. (A) Representative autoradiograms of specific binding of [
125

I]RTI-121 binding in wt 

and ak mice coronal brain sections at the level of the rostral striatum (level 1), caudal striatum (level 2) and SN 

and VTA level (level 3). (B) We performed quantification of DAT specific binding sites in the striatum and the AcSh 

and AcC subdivisions of nucleus accumbens. The striatum was subdivided into four subterritories: StDL, StDM, 

StVL and StVM portions of the striatum (corresponding to level 2). Data are represented as means ± SEM (n=8; 

**p < 0.01 compared to wt mice). 
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the topographic organization of ascending DA projections.
100

 

 

We performed acute L-DOPA challenges in order to explore the possibility of behavioural 

rescue of the akinetic phenotype of ak mice, and observed a very rapid and strong 

locomotor response to L-DOPA that is quite similar to what is observed in animal models 

of PD.
58

 The dose-response range and duration of L-DOPA effects are also comparable to 

previous reports using PD models. However, additional experiments will be required in 

order to determine if reduction of L-DOPA efficacy (wearing off) and generation of L-

DOPA-induced side effects (dyskinesias), classically observed following chronic L-DOPA 

treatment in PD patients, also appear in ak mice. 

 

Loss of vSNc DA cells mostly occurred during fetal stages in ak mice. However, DA cell loss 

from VTA occurs a few months after birth. We show here that locomotor deficits of young 

P40 ak mice is similar to older mice.
351

 This suggests that the locomotor deficits observed 

in these mice are mainly produced by DA cell loss of vSNc. This represents an additional 

pattern that is shared with PD, in which VTA-related alterations also occur at later stages 

of disease progression.
175

 It is interesting to note that the initial ambulatory reaction of 

mice to a novel environment (observed in the first hour of measurement) was greater in 

young C57Bl/6 control mice than in ak mice (Fig. 1). In contrast, the opposite was 

observed in older ak compared to C57Bl/6 mice.
351

 This age-dependent behavioural 

response may be related to the more progressive and partial MesDA cell loss in VTA, that 

may have triggered a delayed compensatory adaptive phenomenon. Indeed, previous 

behavioural studies have suggested that partial destruction of the nigrostriatal pathway 

causes hyperactivity of the mesolimbic pathway.
357

 We also observed very strong 

increases of Nur77 expression in the nucleus accumbens of old ak mice (Table 1), 

suggesting that partial cell loss of VTA also alters brain targets of the mesolimbic DA 

pathway. In addition, this stronger locomotor response of old ak mice to a novel 

environment may be responsible for the discrepancy in the literature regarding the 

locomotor phenotype of ak mice since this response (which lasted for about one hour 

following introduction of mice into a novel environment) may have initially masked the 

primary locomotor deficit of these mice observed during the nocturnal phase of the 

circadian cycle.
161,321,351

 This discrepancy is again highlighted in a recent report from 

Hwang et al., showing that ak mice were hyperactive during most of the day compared to 

wt controls.
162

 Nevertheless, the authors evidenced L-DOPA rescue of ak locomotor 

deficits in the challenging beam and pole test and of their reduced spontaneous 

exploratory activity in a transparent cylinder. This stresses the fact that significant 

differences may exist in specific mouse strains bearing the ak mutation from one 
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laboratory to another, or that differences in animal handling may produce varying 

environmental stresses. 

 

In summary, the present report indicates that the neural and locomotor deficits of ak mice 

are very similar to those of advanced PD patients and that, accordingly, L-DOPA 

administration elicits a locomotor response. The data clearly suggest that striatal functions 

downstream of MesDA neurons are not irreversibly altered by Pitx3-deficiency, and that 

locomotor deficits can be rescued in this mouse model of PD.  
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Abstract 

 

Neurons of the neostriatum are organized in anatomically and chemically distinct patch 

and matrix compartments. Dopaminergic neurons of the substantia nigra and ventral 

tegmental area provide early input to the embryonic neostriatum and may play an 

important role in neostriatal morphogenesis. Our group and others have demonstrated 

early loss of dopaminergic neurons in the Pitx3-deficient aphakia (ak) mouse, associated 

with a >90% reduction in neostriatal dopamine levels and a hypokinetic movement 

disorder. Here, we show scant or absent dopaminergic fibers in the adult ak dorsolateral 

and medial neostriatum, altering the chemical anatomy of µ-opioid receptor stained 

patches. Furthermore, neostriatal neurons numbers are comparable in ak and wild-type 

animals, but the volume of the ak neostriatum and its neurons is significantly reduced. We 

propose that early nigrostriatal dopaminergic loss in ak mice results in loss of trophic 

support to the developing neostriatum.    
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Introduction 

 

The neostriatum, which is the major component of the basal ganglia, displays a complex 

organization of neurochemical systems that relates to its neuroanatomical connections. 

Two neurochemically distinct compartments, the patches and matrix, are arranged in a 

mosaic fashion. They receive different afferents from the cortex and mesencephalic 

dopaminergic (MesDA) neurons and give rise to separate projection systems to the 

midbrain. In rodents, dopamine (DA) inputs to the patches arise from ventral tier neurons 

of the substantia nigra pars compacta (vSNc) and from islands of DA neurons in the SN 

pars reticulata (SNr), whereas DA inputs to the matrix arise from a dorsal set of neurons in 

the ventral tegmental area (VTA) and the dorsal tier of the SNc (dSNc).
132

 Patches project 

to SNc neurons and the matrix projects to SNr neurons.
125

 Neurons of the neostriatum are 

born in the lateral ganglionic eminence (LGE), a transient embryonic neuroepithelial 

structure bordering the lateral ventricles in the basal telencephalon,
104

 with patch neurons 

born earlier than matrix neurons.
355

 Postnatally, the neostriatum undergoes extensive 

naturally occurring cell death that eliminates approximately 25-30% of its neurons, sparing 

those neurons with early projections to the midbrain.
102,109

 

 

DA and its receptor binding sites are present early in embryonic brain development, prior 

to the onset of synaptogenesis, suggesting a role in development independent of its role 

at the mature synapse.
213

 In mice, future DA neurons differentiate into SN and VTA at 

embryonic day (E) 10.
85,190

 By E13 their extended axons reach the LGE and the DA content 

of the forebrain remains high from E13 onward throughout the period of neostriatal 

neurogenesis.
261

 Indeed, early embryonic DA has been shown to modulate cell cycle 

regulation in the murine LGE, resulting in an increase in cell output.
261

 Mechanical and 

pharmacological lesions of DA inputs to the rodent neostriatum throughout development 

alter the neurochemical properties of the patches,
130,208,325,356

 but only mechanical lesions 

during the first postnatal week seem to cause substantial death of neostriatal neurons.
354

     

 

We and other groups recently discovered that the naturally occurring aphakia (ak) mouse, 

bearing deletions in the promoter and exon-1 of the homeobox gene Pitx3,
284,308

 shows 

marked developmental loss of DA neurons in the SN and VTA.
161,258,321,351

 DA cell loss in the 

SN starts as early as E12.5,
321

 whereas those of the VTA disappear in the first postnatal 

weeks.
351

 In adult ak mice, DA neurons are reduced by 71% in SN, with relative sparing of 

dSNc, and by 52% in VTA.
296,351

 In the adult ak neostriatum, DA levels are reduced by 

93%,
351

 together with significantly decreased DA D3 receptor levels and increased levels of 

DA D2 receptor and enkephalin.
350

 Ak mice exhibit reduced spontaneous locomotor 

behavior that can be rescued by injection of 3,4-dihydroxyphenylalanine (L-DOPA).
162,351
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In the present work, we used the ak mouse to study the effects of early embryonic DA 

depletion on the development of the neostriatum since the specific pattern of 

developmental DA cell loss in this mouse potentially offers new insights in the role of DA 

in the development of the neostriatum and its patch/matrix compartmentalization. First, 

DA depletion in ak mice occurs throughout the period of embryonic neostriatal 

neurogenesis and postnatal cell death. Second, ak cell losses predominantly affect DA 

neurons in vSNc and those occupying SNr (that project to the patches), whereas DA 

neurons in dSNc and VTA (that innervate the matrix) are relatively spared. Third, these lost 

vSNc neurons are normally the main projections neurons of the patches. Thus, in ak mice 

the neostriatum develops in hypodopaminergic conditions and developing patches lack 

their proper afferent and efferent vSNc neurons. Here, immunohistochemical studies 

demonstrate scant or absent DA fibers in the dorsolateral and medial ak neostriatum, 

altering the chemical anatomy of µ-opioid receptor (MOR) stained patches. Using 

unbiased stereology, we show comparable neostriatal neuron numbers in adult ak and 

control animals. However, neuronal soma size is significantly reduced in ak mutants, as 

estimated using the nuclear probe. We therefore propose that early nigrostriatal DA loss 

in ak mice results in loss of trophic support to the developing neostriatum, which is 

reflected in changes in neuronal size rather than reduced cell number. 

 

Materials and Methods 

 

All animal procedures were performed in accordance with the Canadian Council on Animal 

Care guidelines for the use of animals in research and were approved by the McGill 

University Animal Care Committee. Ak mice homozygous for the Pitx3 mutation were 

purchased from Jackson Laboratories (Maine, USA) and backcrossed to C57Bl/6 mice. A 

total of 5 adult male mutant and 5 adult male wild-type (wt) C57Bl/6 mice were used. 

Animals were transcardially perfused with 4% paraformaldehyde (PFA; in phosphate 

buffer, pH 7.4) at postnatal day (P) 100-170. Brains were then removed, postfixed for 12 

hours (h), and cryoprotected by immersion in buffered sucrose (30%, pH 7.4) for an 

additional 48 h before cutting. Sectioning was performed using a freezing microtome 

(Micron, Germany) at 50 µm. Floating coronal sections were collected in phosphate 

buffered saline (PBS) as 6 separate sets so that each set contained every sixth serial 

section. One series of sections was immunostained for tyrosine hydroxylase (TH), the rate-

limiting enzyme in DA synthesis,
253

 and another for MOR, a postsynaptic neurochemical 

marker of patches,
157,362

 using an avidin-biotin-peroxidase
 
complex (ABC) method as 

previously described.
351

 Antibodies used were mouse anti-TH (1:1000, Immunostar, USA) 

and rabbit anti-MOR (1:750, Immunostar, USA). Floating sections were incubated in anti-

TH or anti-MOR antibody overnight, washed in PBS three times, and incubated for 1 h with 
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biotinylated anti-mouse or anti-rabbit secondary antibody (1:200, Vector, USA). Following 

another set of washes, ABC (Vector, USA) was used as per manufacturer’s instructions and 

the final reaction was revealed by 3’3’-diaminobenzidene (DAB) in the presence of 0.006% 

hydrogen peroxide. A third series of sections was Nissl-stained in 0.1% cresyl violet. 

Sections were dehydrated and coverslipped. Photographs were captured using a digital 

camera (Microfire, Optronics, USA). 

 

Unbiased estimates of neuron numbers in the neostriatum were obtained using
 
the optical 

disector method,
148

 as previously described.
351

 The entire rostro-caudal extent of the 

neostriatum was examined in a 1:6 series of Nissl-stained coronal sections using an 

Olympus BX40 microscope equipped with an XYZ movement-sensitive stage and Stereo 

Investigator software (Microbrightfield, USA). The first and last coronal sections with 

visible caudate-putamen were used as rostral and caudal limits of the reference volume. 

The corpus callosum, globus pallidus, external capsule, lateral ventricle and anterior 

commisure were used as boundaries for the area of analysis. In the more caudal sections, 

the borders of the caudate-putamen were the external capsule, globus pallidus, bed 

nucleus of the stria terminalis, substantia innominata and dorsal amygdala. The boundary 

of the neostriatum and ventral striatum in precommissural sections was delineated by a 

line drawn from the ventral tip of the lateral ventricle to the dorsal border of the piriform 

cortex, as described in detail in previous work.
297

 In each section, the area of analysis was 

traced at 10x magnification to estimate the surface area. Nissl cell counts were performed 

at 100x magnification (oil, NA 1.25) using a 60x60 µm counting frame. A 10 µm dissector 

was placed 1 µm below the surface of the section at counting sites located at 500 µm 

intervals. Glia were excluded on the basis of size (<7.0 µm diameter) and morphology. 

Cavalieri’s method was used to estimate the volume of the reference region.
230,265

  

 

For analysis of cell size, a four-ray isotropic nucleator probe was applied to estimate the 

cross-sectional area and volume of neostriatal neurons.
148

 The longest axis of each cell 

was determined during application of the nucleator, and the cells were divided into three 

subgroups based on size. Again, glia were excluded on the basis of size (<7.0 µm diameter) 

and morphology. Statistical analysis was performed by one-way analysis of variance 

(ANOVA) with the Student-Newman-Keuls post hoc test for comparison between groups. 

 

Results 

 

To study the effects of developmental MesDA cell loss on the neurochemistry of the 

neostriatum, brains of adult wt and ak mice were immunostained and examined at 

multiple coronal levels for TH and MOR (Fig. 1 and 2).  
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Figure 1. Loss of neostriatal dopaminergic fibers in aphakia (ak) mice. Tyrosine hydroxylase (TH) 

immunohistochemistry in adult ak (B,D,F) and wild-type (wt) (A,C,E) mice demonstrates marked loss of dopamine 

(DA) innervation throughout the neostriatum. Rostrocaudal positions are indicated in millimeters relative to 

bregma in the lower right corner. DA terminals are largely absent in the dorsolateral and medial neostriatum and 

relatively preserved in the ventrolateral neostriatum and nucleus accumbens. Note the denser patches of DA 

fibers visible on a background of lower innervation density in the upper part of the ventrolateral ak neostriatum 

(B,D,F). Scale bar:in A, 250 µm for A-F. 
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Figure 2. Loss of neostriatal µ-opioid receptor (MOR) expressing patches in ak mice. MOR immunohistochemistry 

in adult ak (B,D,F) and wt (A,C,E) mice demonstrates marked loss of MOR expression throughout the neostriatum. 

Rostrocaudal positions are indicated in millimeters relative to bregma in the lower right corner. MOR-patches are 

absent in the dorsolateral and medial neostriatum, lightly stained in the upper parts of the ventrolateral 

neostriatum and relatively preserved in its lower parts (B,D,F). Scale bar: in A, 250 µm for A-F. 
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Figure 3. Developmental dopaminergic depletion in ak mice does not alter neostriatal neuron numbers but 

reduces neostriatal volume and neuronal cell size. (A) Stereological estimates of the total number of neostriatal 

neurons using the optical fractionator technique are similar for adult ak mice compared to wt controls. The 

average number of neostriatal neurons is 1.35 million (n = 5). (B) Stereological estimates of neostriatal volume 

using Cavalieri’s method shows a significantly reduced neostriatal volume (± 18%) in adult ak mice compared to 

wt controls, 5.3 versus 6.5 mm
3
 (p<0.05, n=5). (C) Stereological estimates of frequency distribution of neostriatal 

neuronal long axis, determined with a four-ray isotropic nucleator probe, shows a shift in frequency distribution 

to neurons with a smaller long axis in ak mice compared to wt controls. (D) Ak mice have significantly smaller 

neostriatal neurons compared to wt controls, 295 versus 413 µm
3
 (p<0.05, n=5). 

 

As previously reported, DA levels are reduced by 93% in the ak neostriatum and by 69% in 

the ak nucleus accumbens.
351

 TH immunostaining showed significant loss of neostriatal 

TH-positive fibers in ak mice, with scant or absent input to the dorsolateral and medial 

neostriatum and relative preservation of inputs to the ventrolateral neostriatum and 

nucleus accumbens (Fig. 1). Within the relatively spared ventrolateral TH immunostaining, 

that by itself also seems to contain a dorsal to ventral density gradient of DA fibers, 

patches of DA fibers are visible on a background of lower innervation density (Fig. 1B,D,F). 

 

Immunostaining for MOR showed a similar dorso-ventral gradient in the neostriatum. 

MOR-patches are absent in the dorsolateral and medial part, lightly stained in the upper 

part of the ventrolateral neostriatum and relatively preserved in its lower parts (Fig. 2). 
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To determine whether developmental DA depletion influences the number of neurons in 

the adult ak neostriatum, total numbers of neurons in the neostriatum were determined 

on Nissl stained sections using the optical fractionator technique. Unbiased stereology 

showed similar neuronal number in the neostriatum of ak mice compared to wt controls 

(Fig. 3A). The average number of neostriatal neurons was 1.35±0.13 million for ak mice 

and 1.39±0.09 million for wildtype controls (±SD, n=5). These numbers are similar to 

results obtained in previous studies of the neostriatum of adult C57Bl/6 mice.
102

 

 

Morphological analysis of the ak neostriatum showed a significant reduction in neostriatal 

volume (±18%) compared to wt controls, 5.3 versus 6.5 mm
3
 (Fig. 3B, p<0.05, n=5). 

Neostriatal neurons in ak mice showed a shift in frequency distribution to neurons with a 

smaller long axis compared to wt controls (Fig. 3C), with a significant reduction in neuronal 

volume (±29%), 295 versus 413 µm
3
 (Fig. 3D, p<0.05, n=5). 

 

Discussion and perspectives 

 

Our understanding of the role of DA in neostriatal development stems from animal studies 

employing pharmacological or mechanical lesions of DA neurons and transgenic mice. 

Embryonic and perinatal 6-hydroxydopamine (6-OHDA) lesions and late embryonic and 

neonatal mechanical lesions of the SN in rats result in a reduction of MOR-binding, but do 

not cause substantial disruption of patch-matrix compartmentalization.
130,208,325,356

 Late 

embryonic mechanical lesions of the SN do not cause obvious neostriatal shrinkage or cell 

death,
356

 whereas first postnatal week mechanical lesions cause a greater than 50% 

shrinkage of the ipsilateral neostriatum due to death of neostriatal neurons and disruption 

of patch/matrix compartmentalization.
354

 On the other hand, first postnatal week 6-OHDA 

lesions of the SN do not produce substantial neostriatal shrinkage.
56

 Transgenic DA-

deficient mice seem to have a smaller neostriatum with more compact neurons, although 

no volumes were reported.
385

 The size of the neostriatum in DA D1 receptor knockout 

mice is reduced by 22%, but no quantative data on neostriatal cell numbers were 

reported.
90

 Thus, although DA clearly regulates MOR expression, a uniform conclusion on 

the developmental role of DA in neostriatal neurogenesis and patch/matrix 

compartmentalization cannot easily been drawn from these results.    

 

Neostriatal dopamine afferents in ak mice are reduced in a dorsal to ventral manner  

DA inputs to the patches arise from vSNc neurons and islands of SNr neurons, whereas DA 

inputs to the matrix arise from dSNc and VTA neurons.
132

 Since vSNc/SNr DA neurons are 

lost and dSNc/VTA DA neurons relatively spared in ak mice,
296,351

 TH immunostaining of 



Chapter 5 

 82 

the ak neostriatum in the present study was expected to show absence of DA inputs to 

the patches and relative sparing of DA inputs to the matrix. Interestingly however, TH 

immunostaining showed a dorsoventral gradient in the neostriatum, with scant or absent 

input to the dorsolateral and medial neostriatum, without any residual input to the matrix. 

Inputs to the ventrolateral striatum were relatively preserved. Within this relatively 

spared area, patches of DA fibers were preserved. So apparently, compensatory 

innervation from spared dSNc/VTA DA neurons is responsible for these preserved patches 

of DA fibers. And although ak dSNc/VTA DA neurons are relatively spared, those 

responsible for DA input to the matrix of the dorsolateral/medial neostriatum seem to be 

gone. Alternatively, the supposed reciprocal connections between vSNc/SNr and patches 

and dSNc/VTA and matrix are not strictly separated but more intermingled in ak mice. Or, 

more fundamentally, these mice exhibit reciprocal connections between, respectively, 

vSNc/SNr DA neurons and dorsolateral/medial neostriatum and dSNc/VTA DA neurons 

and ventrolateral neostriatum. Future experiments with anterograde and retrograde 

axonal tracers in ak neostriatum and SNc/VTA will explain the observed neostriatal TH-

immunostaining.     

 

Reduced neostriatal dopamine afferents in ak mice reduce patchy MOR expression 

Much evidence has suggested that the patchy postsynaptic MOR expression in the 

neostriatum is associated with nigrostriatal DA afferent terminals. Indeed, mechanical, 6-

OHDA and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) lesions of the rodent SN 

produce significant depletion of MOR expressing or MOR-ligand binding 

patches.
56,118,130,278,318,353,356

 Our current results of TH and MOR immunostaining in the ak 

neostriatum further support this strong association. The density of the patches of MOR 

expression in the ak neostriatum consequently follows the dorsoventral density gradient 

of TH immunostaining. MOR-patches are absent in those neostriatal regions devoid of DA 

fibers and get denser in areas with relatively preserved DA innervation. Thus, the presence 

of DA nigrostriatal projections is critical for patchy neostriatal MOR expression. Whether 

DA itself is the critical inducer for MOR expression or another factor released by DA 

neurons cannot be concluded from the current data. Neither can be determined whether 

the absence of DA in the dorsolateral and medial neostriatum of ak mice affects the 

embryonic aggregation of early born patch neurons into discrete patches embedded in the 

later born matrix neurons in these neostriatal subregions. This remains to be determined 

with intraperitoneal bromodeoxyuridine (BrdU) injections in timed-pregnant ak mice 

during the period of patch/matrix neurogenesis and these experiments are currently 

performed.          
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Developmental dopamine depletion in ak mice does not alter neostriatal neuron 

numbers but reduces neostriatal volume and neuronal cell size  

Early embryonic DA has been shown to modulate cell cycle regulation in the murine LGE, 

resulting in an increase in cell output.
261

 Experimental quantitative data elucidating the 

developmental role of dopamine in neostriatal neurogenesis is, however, scarce. Van der 

Kooy reported massive neostriatal shrinkage and more than 40% loss of neostriatal 

neurons following first postnatal week mechanical lesions of the SN,
354

 but suggested that 

concomittant lesioning of striatonigral projections might be crucial for this observation 

since both first postnatal week pharmacological lesions of the SN and transgenic DA-

deficiency did not cause obvious shrinkage.
56,385

 Our current stereology results do not 

attribute a clear role to DA in neostriatal neurogenesis or neuronal survival in ak mice. 

Total neostriatal neuron numbers in adult ak mice are no different from wt mice. Since the 

ak neostriatum contains a dorsal to ventral density gradient of DA fibers input, an analysis 

comparing neuron numbers in the different subregions of the ak neostriatum might 

provide further ‘proof’ for the DA-independency of neostriatal neurogenesis in vivo. In 

addition, quantification of ak neostriatal neurons during embryonic and postnatal 

development could determine whether compensatory plasticity from other afferent 

systems, e.g. corticostriatal inputs, may allow for survival of the appropriate number of 

neostriatal neurons. 

 

The current volumetric results point to a trophic role of DA in neostriatal development. 

Adult ak mice have a 18% smaller neostriatum and 29% smaller neuronal soma size. 

Similar reductions in neostriatal volume were reported in DA-deficient mice,
385

 and DA D1 

receptor knockout mice.
90

 Thus, DA might play a specific role in neostriatal cell growth and 

differentiation. Again, an analysis comparing neuronal volumes in the neostriatal 

subregions with different density of DA fibers’ input might further unravel this trophic role 

of DA in neostriatal development. 
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Abstract  

 

Loss of mesencephalic dopamine (MesDA) neurons in Parkinson’s disease (PD) results in 

80-98% striatal dopamine (DA) deficiency and a hypokinetic movement disorder. In the 

last four decades, several toxin and genetic animal models of DA deficiency have been 

generated to study disease pathways of PD. Which model is the best depends on the 

specific focus of research. Here, we present the Pitx3-deficient aphakia (ak) mouse as a 

naturally occurring mouse model of DA deficiency, and compare it with other available 

mouse models of DA deficiency. Similar to PD, ak mice exhibit >70% loss of ventral tier 

substantia nigra pars compacta (SNc) DA neurons with relative sparing of dorsal tier SNc 

neurons. This loss causes >90% reduction of striatal DA levels, 20% striatal atrophy and 

hypokinetic locomotor deficits during nigrostriatal pathway-sensitive tests, which can be 

reversed by the DA-precursor 3.4-dihydroxyphenylalanine (L-DOPA). Pitx3-deficient ak 

mice thus faithfully model the selective parkinsonian pattern of SNc DA neuron loss and 

associated striatal pathology. Interestingly, polymorphisms in the human PITX3 gene are 

associated with increased susceptibility to PD. However, the SNc DA neuron loss in ak 

mice occurs during embryonic/fetal development and is complete at birth. In addition, no 

α-synuclein-positive Lewy bodies have thus far been reported in these mice. ATM 

knockout, En1 heterozygote/En2 double knockout, Girk2 knockout/weaver, MitoPark, 

MPTP/rotenone-treated, Nurr1 heterozygote knockout, Parkin-Q311X overexpressing, and 

VMAT2 low expressor mice exhibit 26-85% loss of SNc DA neurons during adult life and 

are therefore better models to study the cellular mechanisms that occur during SNc 

neuron loss. ATM knockout, MPTP/rotenone-treated, Parkin-Q311X overexpressing, and 

VMAT2 low expressor mice also have α-synuclein-positive inclusions in the SNc.   
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Introduction  

 

The neurotransmitter dopamine (DA) is an important modulator of many central nervous 

system (CNS) functions, including motor control, neuroendocrine hormone release, 

cognition, emotional behaviour and reward-related behaviour.
214

 In mammals, DA 

neurons are located in the ventral midbrain/mesencephalon to form the ventral 

tegmental area (VTA) and substantia nigra (SN).
41

 DA neurons arising from VTA project to 

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

and reward-related behaviours.
305

 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 the 

SNc project to the neostriatum (corresponding to the caudate-putamen (Cd/Put) 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.  

 

Progressive death of selected but hetereogenous populations of mesencephalic DA 

(MesDA) neurons, most importantly DA neurons of the SNc and to a lesser extent of the 

VTA, is the pathological hallmark of Parkinson’s disease (PD),
35

 together with the presence 

of α-synuclein/ubiquitin-positive Lewy bodies and Lewy neuritis throughout the central, 

peripheral and enteric nervous systems.
38,49

 Historically, PD is characterized by the classic 

triad of slowly progressive tremor, rigidity and bradykinesie/akinesia.
270

 It is the second 

most frequent neurodegenerative disorder after Alzheimer’s disease, with a prevalence of 

±1% at 65 years of age, increasing to 4-5% by the age of 85, affecting millions of people 

worldwide.
48,82

 At the onset of motor dysfunction, 60-70% of SNc neurons are estimated 

to be lost.
154

 Within the parkinsonian SNc, neuronal loss tends to be greatest in the ventral 

tier (vSNc), with the dorsal tier (dSNc) relatively spared.
76,101

 Calbindin D28K (CB), member 

of the class of calcium-binding proteins, specifically marks the dSNc.
133,375

 The selective 

MesDA neuronal loss results in 80-98% regional loss of striatal DA,
35,69,197

 26-38% striatal 

atrophy,
123,227

 and secondary modulation of DA receptor levels and neuropeptide genes 

expression.
105,106,160,276,294

 Since its introduction in the late 1960s, the DA-precursor 3.4-

dihydroxyphenylalanine (L-DOPA) remains the most effective drug for symptomatic 

treatment of PD.
39,72,262

 

 

Although there are rare familial forms of PD, the majority of PD is sporadic and its specific 

etiology remains unknown. There is evidence for a role of both genetic and environmental 

factors like exposure to pesticides, farming, well water and rural living.
120,212

 In PD, as in 
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many other neurodegenerative disorders, animal models have provided tremendous 

insight in its pathogenesis and are a valuable tool for testing new treatment strategies. In 

the last four decades, several toxin and genetic animal models of DA deficiency have been 

generated to study disease pathways of PD. Here, we present the Pitx3-deficient aphakia 

(ak) mouse as a naturally occurring mouse model of DA deficiency that exhibits a pattern 

of MesDA neuron loss and striatal DA loss which are highly similar to PD. In addition, we 

compare the ak mouse with other available mouse models of DA deficiency. 

 

Dopamine deficiency in the Pitx3-deficient aphakia mouse  

 

In 1968, Varnum and Stevens described the recessive ak mutation that occurred 

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

358
 The mutation causes blindness due to 

microphthalmia with absence of lens, iris and pupil. In 2001, Rieger et al. reported the 

genetic defect in the ak mouse, which constitutes of two 5’ deletions in the homeobox-

containing transcription factor Pitx3, including one that deletes exon 1.
284

 In the CNS, Pitx3 

expression is confined to MesDA neurons and is maintained throughout adult life in both 

rodents and humans.
322

 We and other groups discovered that ak mice are deficient in 

midbrain Pitx3 expression and exhibit marked loss of MesDA neurons.
161,258,321,351

 

 

Midbrain pathology 

Analysis of the adult ak MesDA system showed a 71% reduction of cells expressing 

tyrosine hydroxylase (TH), the rate-limiting enzyme in DA synthesis, in the SN and a 52% 

reduction in the VTA.
351

 Together with a, respectively, 57% and 34% reduction of Nissl-

stained neurons, these findings indicate that ak mice have a net loss of MesDA neurons.
351

 

Most of the ak SNc is depleted of DA neurons, with the exception of the CB-expressing DA 

neurons in dSNc.
296,351

 Although no α-synuclein/ubiquitin-positive Lewy bodies have thus 

far been reported, the maintenance of dSNc DA neurons in ak mice is provocative in the 

context of human PD, where relative sparing of these neurons also occurs (Fig. 

1).
76,101,133,375

 This suggests that Pitx3 is necessary for survival of the neuronal 

subpopulation that is most susceptible in PD. In fact, our re-evaluation of Pitx3 expression 

in the MesDA system of normal mice revealed that Pitx3 and TH are co-expressed only in 

vSNc and about half of the VTA DA neurons,
351

 although other groups reported Pitx3 

expression throughout the MesDA system.
203,321,383

 Analysis of the developing ak MesDA 

system showed developmentally affected SNc from embryonic day (E) 12.5,
321

 suggesting 

a role of Pitx3 in the terminal differentiation of these neurons. VTA, on the other hand, 

has normal DA neuron numbers until postnatal day (P) 50,
258,351

 with an almost 50% loss 

thereafter,
351

 suggesting a maintenance function of Pitx3 in VTA DA neurons. 
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MesDA cell loss in Parkinson’s 

disease (PD) and in aphakia (ak) mice
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Figure 1. Similar distribution of midbrain dopaminergic (MesDA) neuronal loss in individuals with Parkinson’s 

disease (PD) and in aphakia (ak) mice. (A) Schematic outline of the right MesDA system of a normal human 

showing the distribution of DA neurons (black dots) in the substantia nigra pars compacta (SNc) and ventral 

tegmental area (VTA). (B) Individuals with PD typically have the most severe DA cell depletion in the ventral tier 

of SNc (vSNc), followed by the dorsal tier of SNc (dSNc) and VTA. (C) The right midbrain of a normal mouse 

showing the distribution of DA neurons in SNc and VTA. (D) In ak mice, vSNc is almost depleted of DA cells, with 

dSNc and VTA relatively spared. 
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Striatal pathology 

The MesDA neuronal depletion in ak mice causes a dramatic reduction of DA innervation 

in the striatum; DA terminals are scant or absent in the dorsal, dorsolateral and medial 

subterritories of the neostriatum, with relative preservation of DA innervation in the 

ventrolateral neostriatum and nucleus accumbens (Fig. 2).
30,352

 Morphological analysis 

showed a 20% reduction in neostriatal volume compared to normal mice.
352

 The observed 

pattern of DA loss and atrophy in ak mice are strikingly similar to what is seen in 

individuals with advanced PD (Fig. 2).
35,69,123,197,227

 DA D3 receptor and µ-opioid receptor 

(MOR) expression levels in ak mice were reduced,
317,350,352

 whereas the reported results on 

expression levels of DA D1 and D2 receptors, dynorphin (DYN), enkephalin (ENK) and 

substance P (SP) were ambiguous (Table).
88,317,323,350

 Literature on striatal expression levels 

of DA receptors and neuropeptides in PD also contains disagreements (Table). 

 

Locomotor deficit and pharmacological treatment 

Although ak mice do not have tremor, they showed a marked reduction in spontaneous 

activity during active night hours, with >50% reduced walking distance and ±50% less 

stereotypic movements (grooming, scratching and other non-ambulatory activities) as 

compared to wild-type mice.
350,351

 On nigrostriatal pathway-sensitive tests, ak mice 

showed a ±50% reduction in exploratory activity in the transparent cylinder and 

significantly slower movements and smaller steps on the challenging beam test.
162,317

 

These results indicate that ak mice mimic the akinesia, slower movements and shorter 

steps observed in PD patients. In addition, the locomotor deficits can be significantly 

restored by treatment with L-DOPA.
162,350

 Nowadays, rescue of parkinsonian symptoms by 

L-DOPA is considered an important criterium for the diagnosis of PD,
201

 and validation of 

animal models of PD critically revolves around the observation that L-DOPA treatment 

leads to behavioural reversal of symptoms.
80

 Chronic L-DOPA treatment in ak mice 

induced dyskinetic behaviors,
88

 again highly similar to PD.
72

     

 

Pitx3 and Parkinson’s disease 

In recent years, several studies have investigated whether genetic variations in the human 

PITX3 gene influence the risk of acquiring PD or the age of onset of this disorder. 

Interestingly, polymorphisms in the PITX3 promoter were shown to be associated with 

sporadic Parkinson’s disease.
115,155,377

 Similar associations were also shown for PITX3 

polymorphisms in intron 1 and exon 3,
218

 with even more robust associations with early 

onset PD (onset age ≤50 years),
34,218

 and familial PD.
218

 These findings stress the relevance 

of further studies in ak mice, to better understand the neurodegenerative 

pathophysiology observed in human PD. 
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Striatal pathology in Parkinson’s 

disease (PD) and aphakia (ak) mice
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Figure 2. Similar distribution of striatal pathology in individuals with Parkinson’s disease (PD) and in aphakia (ak) 

mice. (A) Schematic outline of the rostral right striatum of a normal human showing DA terminals throughout the 

caudate/putamen (Cd/Put) and nucleus accumbens (Acc). (B) Individuals with PD typically have the most severe 

DA loss in the dorsal and intermediate subterritories of the Cd/Put, with relative sparing of the ventral 

subterritory and Acc. Their Cd/Put is 26-38% smaller. (C) The right rostral striatum of a normal mouse showing 

DA terminals throughout the Cd/Put and Acc. (D) In ak mice, DA terminals are largely absent in the dorsal Cd/Put 

and relatively preserved in the ventral Cd/Put and Acc. 
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Toxin and genetic models of dopamine deficiency 

 

Toxin mouse models of dopamine deficiency 

Neurotoxins that target MesDA neurons were the primary approach to study PD in 

animals models until the 1990s. The most common toxin models in rodent include the 

unilateral 6-hydroxydopamine (6-OHDA) lesioned rat and mouse
337,344

 and the 1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse.
156

 Recently, the mitochondrial complex 

I inhibitor rotenone was also shown to cause selective degeneration of the MesDA system 

and other key pathological features of human PD.
59,166

 The characteristics of the different 

toxin models are summarized in the Table.  

 

Genetic mouse models of dopamine deficiency 

The discovery of genes involved in familial forms of parkinsonism has caused major 

breakthroughs in the study of PD. α-Synuclein (=PARK1/PARK4) was the first gene to be 

linked to familial PD,
279

 and led to the identification of α-synuclein being one of the major 

components of Lewy bodies and glial cytoplasmic inclusions in PD.
326

 This discovery put 

protein misfolding and abnormal protein aggregation (also called proteinopathy) at the 

center of the research on the ‘synucleinopathy’ PD.
50

 Several transgenic mouse lines 

including α-synuclein knockout mice or overexpressors of mutated human α-synuclein 

have been generated since.
238

 In the recent years, other familial forms of abnormal 

protein aggregation causing parkinsonism have been linked to mutations of genes like 

Parkin (=PARK2),
198

 UCHL1 (=PARK5),
368

 PINK1 (=PARK6),
347

 DJ-1 (=PARK7),
45

 and LRRK2 

(=PARK8).
267

 The characteristics of the transgenic mouse models of these proteinopathy 

genes are summarized in the Table.  

 

DA function can be affected by altering DA synthesis, its release/clearance and DA 

receptor signalling. Transgenic mouse models of important genes involved in all these 

steps like TH,
385

 vesicular monoamine transporter 2 (VMAT2, that sequesters DA in 

secretory vesicles),
62,71

 DA transporter (DAT),
135

 and DA-receptors,
20,89

 have now been 

generated. The characteristics of the hypodopaminergic TH and VMAT2 knockout models 

are summarized in the Table.  

 

Finally, several transgenic mouse models of genes involved in the development, 

differentiation and maintenance of MesDA neurons, like the phosphatidylinositol-3 (PI-3) 

kinase-related protein kinase ataxia telangiectasia (ATM),
95

 homeobox-containing 

transcription factors Engrailed1/2 (En1/2),
311

 G-protein regulated inward-rectifier 

potassium channel Girk2/weaver,
304

 and nuclear receptor Nurr1,
178

 or so called tissue-



Mouse models of DA deficiency 

93  

specific knockout mouse models with disrupted gene expression under the control of the 

DAT promoter are available. Their characteristics are also summarized in the Table. 

 

Discussion 

 

The ideal mouse model of parkinsonian dopamine deficiency 

For direct relevance to sporadic PD, the ideal mouse model of DA deficiency should have 

the following characteristics: first, a “clinically” normal complement of MesDA neurons at 

birth with selective and gradual loss commencing in adulthood. The SNc DA loss should 

consistently exceed 50% and preferentially affect vSNc DA neurons with relative sparing of 

dSNc DA neurons. Second, the model should have easily detectable motor deficits, 

including the cardinal features of PD, that can be reversed by L-DOPA. Third, the model 

should show development of α-synuclein-positive inclusion body pathology throughout 

the central, peripheral and enteric nervous systems. Fourth, if the model is genetic, it 

should be based on a single mutation to allow robust propagation of the mutation, as well 

as crossing with enhancer or suppressor strains. Fifth, it should have a relatively short 

disease course of a few months, allowing rapid and less costly screening of therapeutic 

agents. Thus far, this ideal mouse model does not exist; its development most probably 

awaits elucidation of the cause of sporadic PD. However, several of the currently available 

mouse models of DA deficiency recapitulate characteristics of PD.    

 

Toxin mouse models of dopamine deficiency 

The scientific interest in toxin models of PD is justified given the broad spectrum of natural 

and synthetic compounds in our environment that affect mitochondrial complex I. The 

degree of MesDA neuron loss in 6-OHDA- and rotenone-treated mice, however, is highly 

variable and unpredictable, and approximately 10% of the animals do not survive toxin 

treatment. For both models, it is therefore difficult to generate sufficient numbers of 

animals with comparable MesDA neuron losses in order to perform reproducible 

experiments with therapeutic agents. In rotenone-treated mice, it is unlikely that the 

reported locomotor deficit only results from DA depletion since reduced motor 

coordination and balance were observed in animals with normal levels of striatal DA.
268

 If 

one decides to use a toxin mouse model of PD, the MPTP-treated mouse might be a better 

choice. Several intraperitoneal, subcutaneous and even oral dosage regimens have been 

developed that consistently result in ≥50% loss of MesDA neurons,
42,244,282

 with SNc more 

affected than VTA.
77

 Whether vSNc is more affected than dSNc has not been analysed yet. 

Furthermore, this model exhibits dramatic DA loss in the striatum,
14,153,244,282

 and reduced 

locomotor activity.
14,42,153,244,282

 Interestingly, this model is one of the few in which (dose-

related) tremor has been reported.
153

 Literature on the presence of α-synuclein/ubiquitin 



 Midbrain pathology Striatal pathology Locomotor deficit and 

pharmacological treatment 

 

Link with Parkinson’s disease 

     

Parkinson’s disease Progressive >60-70% loss of vSNc 

DA neurons with relative sparing of 

dSNc CB+ DA neurons
76,175

  

 

Widespread presence of α-

synuclein/ ubiquitin-positive Lewy 

bodies
38,49

 

Progressive >80-98% loss of 

neostriatal DA,
35

 most prominently 

in rostral and dorsal Cd/Put
197

  

 

26-38% striatal  atrophy
123,227

  

 

D1: ↑
285 

or =
276

  

D2: ↑
149,276,294

  

D3: ↓
276,294

 or =
160 

DYN: =
319,334

   

ENK: ↓
106,335

  

MOR ↓
105

   

SP ↓ (Put)
106,286

  

Progressive rigidity, bradykinesia, 

postural instability, tremor +/-
270

  

 

L-DOPA reverses symptoms,
39

 but 

longterm treatment causes 

response fluctuations including 

dyskinesias
72

  

NA 

     

Toxin models     

     

6-OHDA 

Unilateral stereotactic injection of  3 

µg
231

 or 3.9-5.4 µg
165

 into median 

forebrain bundle (MFB), or 4 µg
11

 or 

6 µg
231

 into striatum 

Note: ±10% mortality (bilateral 

injections: ±35% mortality)
11

  

4-100%
165

 or >80%
11

  loss of SNc DA 

neurons  

65-85% (striatal versus MFB 

injection respectively)
231

 or >90%
11

 

loss of DA  

Correlation between SNc DA neuron 

loss and amphetamine-induced 

rotation, forelimb asymmetry 

(cylinder test
165

) and reduced motor 

coordination and balance (rotarod 

test
165

),
 

or temporary reduced 

motor coordination up to 28 ds 

after injection
11

  

L-DOPA reverses symptoms and 

longterm treatment causes 

dyskinesias
231

 

Pesticides and environmental toxins 

might inhibit mitochondrial complex 

I in a similar fashion
176

 

     

MPTP 

Two intraperitoneal doses of 10-30 

mg/kg at 16 h interval
153

,
 
8 sub-

47%
282

,  65%
42 

or 70%
244

 loss of SNc 

DA neurons 

Absence
312

 or presence
244

 of   α-

49% loss of DA after 4 mos
282

, MPTP 

dose-related 11, 17 and 67% loss of 

DA at 4 ds after injection
153

, 70% 

Reduced spontaneous locomotor 

activity (open-field monitor
14,282

), 

motor coordination (grid test
244

; 

Abuse of the synthetic pethidine 

derivate 1-methyl-4-phenyl-4-

propionoxypiperidine (MPPP) by 



cutaneous doses of 15 mg/kg over 

10 ds
42

, 10 subcutaneous doses of 

25 mg/kg over 5 wks at 3.5-day 

intervals
244

, 10 intraperitoneal 

doses of 30 mg/kg over 5 ds
14

, or 

daily oral dose of 20mg/kg for 4 

mos
282

 

synuclein/ubiquitin-positive 

inclusions in SN  

loss of DA at 10 ds after injections  

recovering to 55% loss after 40 ds
14

,  

90-93% loss of DA at 1 wk after 

injections recovering to 70-80% loss 

after 3-24 wks
244

 

stepping test
42

) and movement 

initiation
153

. MPTP dose-related 

tremor
153

 

L-DOPA reverses symptoms
42

 

young drug addicts caused an 

outbreak of persistent 

parkinsonism.
79

 Pesticides and 

environmental toxins might inhibit 

mitochondrial complex I in a similar 

fashion
176

 

     

Rotenone 

30 mg/kg orally for 28 ds
166

, or 5 

mg/kg intragastrically for 3 mos
268

 

Note: ±7% mortality
166

 

16%
268

 or 25-75%
166

 loss of SNc DA 

neurons 

Presence of α-synuclein/ubiquitin-

positive inclusions in SN
166,268

  

No
268

 or 25%
166

 loss loss of DA Reduced motor coordination and 

balance (rotarod test
166,268

) 

L-DOPA reverses symptoms (in rat)
5
 

Pesticides and environmental toxins 

might inhibit mitochondrial complex 

I in a similar fashion
176

 

     

Genetic models     

Familial PD genes     

     

Human α-Synuclein (=PARK1/4) 

overexpression: wildtype human α-

synuclein
238,257

, mutated human 

hm
2
 α-SYN

283
 or truncated mutated 

human α-synuclein Syn130m
360

    

Tendency toward
257

 or 25-45% loss 

of SNc DA neurons at 8 and 52 

wks
360

  

Presence of α-synuclein/ ubiquitin-

positive inclusions in SN
238,257,283

 

Tendency toward reduced DA 

levels
257

, age-related loss of DA: 

normal at 7-9 mos, 40% loss at 16-

18 mos
283

, 35-55% loss at 8 and 52 

wks
360

 , or 50-60% loss of TH 

innervation at 12 mos
238

  

Reduced spontaneous locomotor 

activity (open-field monitor
283,360

) 

and motor coordination and 

balance (rotarod test
238,257

; inverted 

wire screen hanging test
283

)  

L-DOPA reverses symptoms
360

 

Linked to familial autosomal 

dominant parkinsonism
205,279,380

 

     

Parkin  (=PARK2) overexpression: 

truncated mutated human Parkin-

Q311X
229

 

Age-related loss of SNc neurons: 

normal at 3 mos, 45% loss at 16 

mos 

Presence of α-synuclein/ubiquitin-

positive inclusions in SN  

Age-related 18% loss of DA at 19-21 

mos  

Reduced spontaneous locomotor 

activity (open field monitor), 

exploratory behaviour (transparent 

cylinder), motor coordination and 

balance (challenging beam), and 

somatosensory abilities (adhesive 

removal test) at 16-19 mos 

Linked to familial autosomal 

recessive juvenile parkinsonism
198

 

     

PINK1 (=PARK6) knockout 

 

No loss of SNc DA neurons
136,199

 

No α-synuclein/ ubiquitin-positive 

inclusions in SN
136

 

No
199

 or 25-30%
136

 loss of DA Age-related reduced  spontaneous 

locomotor activity: normal at 10 

mos, reduced at 16 mos (open-field 

monitor
136

) 

Linked to familial autosomal 

recessive early-onset par-

kinsonism
347,348

 and early-onset 

PD
46,346,349

 



Familial PD genes continued Midbrain pathology Striatal pathology Locomotor deficit and 

pharmacological treatment 

Link with Parkinson’s disease 

     

DJ-1 (=PARK7) knockout
140

 

 

No loss of SNc DA neurons 

No α-synuclein/ ubiquitin-positive 

inclusions in SN  

Normal DA innervation Reduced spontaneous locomotor 

activity (open-field monitor) 

Linked to familial autosomal 

recessive early-onset par-

kinsonism
45

 

     

LRRK2 (=PARK8) overexpression: 

human mutant LRRK2
R1441G

 BAC
223

 

No loss of SNc DA neurons  

Presence of phosphorylated tau-

positive neurites in dorsal striatum 

and piriform cortex 

33% reduced striatal DA release in 

freely moving mice 

Progressive age-related reduced 

spontaneous locomotor activity 

with visually apparent immobility at 

10-12 mos  (open-field monitor) 

L-DOPA reverses symptoms 

Linked to familial autosomal 

dominant  late-onset par-

kinsonism
267,387

 and PD
378

 

     

DA function genes     

     

TH knockout
385

 

Note: 100% mortality by 4 wks of 

age due to adipsia and aphagia 

No SNc DA neurons at birth  No DA innervation 

Striatal atrophy (% not mentioned) 

D2: = 

DYN: ↓ 

ENK: = 

SP: ↓ 

Reduced spontaneous locomotor 

activity (open-field monitor), 

reduced motor coordination and 

balance (rotarod test) 

L-DOPA reverses symptoms (and 

prolongs survival) 

Linked to L-DOPA responsive 

dystonia
259

 

     

VMAT2 low expressor 

 

No
71

 or progressive age-related loss 

of SNc DA neurons: 12% at 18 mos, 

26% at 24 mos
62

  

Presence of α-synuclein/ubiquitin-

positive inclusions in SN
62

 

>90% loss of DA
71

 or progressive 

age-related  loss of DA throughout 

striatum: 85% at 2 mos, 95% at 6 

mos, 98% at 12 mos
62

  

D1: = 

D2: = 

DYN: ↓ 

ENK: ↑ 

SP: ↓
70

  

Progressive age-related reduced 

spontaneous locomotor activity  

(open-field monitor
62

), reduced 

exploratory behaviour (open-field 

monitor
71

) and motor coordination 

and balance (rotarod test
71

) 

L-DOPA reverses symptoms
62,71

  

Lack of association between 

polymorphic microsatellites of 

VMAT2 gene and PD
185

, but VMAT2 

levels are  reduced in presynaptic 

dopaminergic nerve terminals in PD 

patients beyond what could be 

explained by MesDA neuron loss
221

, 

gain-of-function in VMAT2 gene 

promotor is protective for PD in 

women
137

 and VMAT2 levels are 

reduced in platelets from PD 

patients
299

   

     



Developmental genes     

     

ATM knockout Progressive age-related loss of SNc 

DA neurons: 25% at 2 mos, 75% at 4 

mos
95,96

  

Presence of α-synuclein-positive 

inclusions in SN
96

 

49% loss of DA throughout striatum 

at 4 mos
95

 

20% striatal  atrophy
95

 

D2: ↑
95 

ENK: ↓
96

 

SP: ↓
96

 

Normal spontaneous locomotor 

activity (open-field monitor
95

), 

asymmetric stride length
24,95

 

L-DOPA reverses stride length 

asymmetry
95

 

Linked to ataxia-telangiectasia
302

 

     

En1 heterozygote/ En2 double 

knockout
311

 

 

Progressive age-related loss of SNc 

DA neurons: 16% at 2 wks, 69% 

at >3 mos  

39% loss of DA throughout striatum.  

D2: ↓ 

DYN: ↓ 

SP: ↓  

Reduced spontaneous locomotor 

activity at 18 mos (open-field 

monitor), reduced motor 

coordination at 8 mos (grid/hang 

test)  

EN1 polymorphism is associated 

with increased susceptibility to 

PD
155

 

     

Girk2 knockout/weaver Progressieve age-related loss of SNc 

DA neurons: normal at 1 wk
289

, 42% 

at 3 wks, 69% at 3 mos
341

 and 85% 

at 2 yrs
134

, most prominently in 

vSNc
142

 with relative sparing of CB+ 

dSNc DA neurons
119

  

Progressieve age-related loss of DA: 

0% at 1 wk, 18% at 2 wks, 50% at 3 

wks, 75% at 6 mos
290,304

, most 

prominently in dorsal striatum
288

. 

D2: ↑
188

 

Increased (circular activity cage
304

) 

or decreased (open-field monitor
342

) 

spontaneous lcomotor activity, 

reduced exploratory behaviour 

(hole-poking test
206

), reduced motor 

coordination and balance (wooden 

beam and grid test
206

; balance rod 

test
342

). Fine rapid tremor
313

 and 

swaying movements/toppling
206,342

  

Not linked to familial or sporadic 

PD
21

 

   Intrastriatal grafting of fetal DA cells 

ameliorates symptoms
342

 

 

     

Nurr1 heterozygote knockout
178

 Progressive age-related loss of SNc 

DA neurons: 28% at 15-19 mos, 37% 

at 20-24 mos  

Progressive age-related loss of DA: 

32% at 15-19 mos, 42% at 20-24 

mos  

Increased spontaneous locomotor 

activity at 2-10 mos, progressive 

age-related reduced spontaneous 

locomotor activity at >15 mos 

(open-field monitor) and motor 

coordination and balance (rotarod 

test) 

NURR1 polymorphisms are 

associated with increased 

susceptibility to PD
174,219

 

     



Developmental genes continued Midbrain pathology Striatal pathology Locomotor deficit and 

pharmacological treatment 

Link with Parkinson’s disease 

     

Pitx3-deficiency/aphakia 

 

65-70% developmental loss of SNc 

DA neurons
161,258,321,351

, most 

prominently in vSNc with relative 

sparing of CB+ dSNc DA 

neurons
296,351

 

80% - >90%
161,258,351

 loss of DA, most 

prominently in dorsal 

striatum
30,351,352

  

20% striatal  atrophy
352

  

D1: ↓
317,323 

or =
350 

D2: =
317,323 

or ↑
350 

D3: ↓
317,350 

DYN: =
88,350 

or ↓
323

  

ENK: =
88,323

 or ↑
317.350 

MOR: ↓
352 

SP: ↓
323 

or =
317

  

Reduced spontaneous locomotor 

activity (open-field monitor
321,350,351

; 

challenging beam and pole test
162

), 

reduced exploratory behaviour 

(transparent cylinder test
162

), 

reduced motor coordination and 

balance (rotarod test
317

).  

L-DOPA reverses symptoms
162,350

 

and longterm treatment causes 

dyskinesias and increased DYN and 

ENK levels
88

 

PITX3 polymorphisms are 

associated with increased 

susceptibility to PD
34,115,155,218,377

 

Conditional knock-out     

     

MitoPark (DAT-promoter directed 

knockout of TFAM) 

Note: mice are to be sacrified at 40-

45 wks of age because of poor 

general condition
97,117 

 

Progressive age-related loss of SN 

TH-expressing neurons: 40% at 3 

mos, 60% at 5 mos, 90% at 11 mos
97

  

Presence of α-synuclein negative 

inclusions in SN
97

 

Progressive age-related loss of DA: 

15% at 6 wks, 60% at 3 mos, 85% at 

6 mos, >90% at 8 mos,
117

 most 

prominently in dorsal striatum
97

  

 

Progressive age-related reduced 

spontaneous locomotor activity and 

exploratory behaviour (open-field 

monitor
97,117

), progressive tremor, 

twitching and limb rigidity
97

  

L-DOPA reverses symptoms
97.117

 

TFAM polymorphisms seem not to 

be associated with increased 

susceptibility to PD
10,121

 

     

 

ATM: ataxia telangiectasia mutated, BAC: bacterial artificial chromosome,  CB: calbindin D28K, d: day, ds: days, DA: dopamine, DAT: dopamine transporter, D1/2/3: dopamine receptor 1/2/3, DYN: 

dynorphin, dSNc: dorsal tier of substantia nigra pars compacta, En1/2: engrailed 1/2, ENK: enkephalin, Girk2: G-protein regulated inward-rectifier potassium channel, h: hours, L-DOPA: 3,4-

dihydroxyphenylalanine, LRRK2: leucine-rich repeat kinase 2, MFB: medial forebrain bundle, mos: months, MOR: µ-opioid receptor, MPTP: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, NA: not 

applicable, Nurr1: nuclear receptor related 1,  6-OHDA: 6-hydroxydopamine, PD: Parkinson’s disease, PINK1: PTEN-induced putative kinase 1, Pitx3: pituitary homeobox 3, SP: substance P, TFAM: 

mitochondrial transcription factor A , TH: tyrosine hydroxylase, SN: substantia nigra, SNc: substantia nigra pars compacta, VMAT2: vesicular monoamine transporter 2, vSNc: ventral tier of substantia 

nigra pars compacta, wk: week, wks: weeks, yrs: years. 
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inclusions in the SN is ambiguous.
244,312

 A disadvantage of the MPTP model for 

experimental design is the partial recovery of striatal DA loss in the weeks following 

treatment.
14,244

 

 

Genetic mouse models of dopamine deficiency 

Familial PD genes 

None of the ‘first generation’ genetic mouse models based on knockouts of the mouse  

homologue or overexpression of the human homologues of familial PD-linked genes 

recapitulated the key symptoms of PD, such as loss of SNc neurons. Only subtle effects 

were noted, like a small decrease in DAT binding, slightly reduced DA levels in the striatum, 

abnormal response to DA agonists and small decreases in spontaneous locomotor 

activity.
111

 However, the recently generated mouse models that overexpress truncated 

mutated variants of human α-synuclein Syn130m and human Parkin-Q311X exhibit up to 

45% loss of SNc DA neurons.
229,360

 Whether vSNc is more affected than dSNc remains to be 

determined, and VTA DA neuron numbers were reported to be normal.
360

 Parkin-Q311X 

mice have a normal complement of SNc neurons up to the age of 3 months with 45% loss 

at 16 months,
229

 whereas Syn130m mice already exhibit a 25-45% loss at the age of 8 

weeks that remains unchanged up to 52 weeks.
360

 Thus, Parkin-Q311X mice better model 

the progressive age-related SNc neuron loss as observed in PD, albeit milder than in PD 

patients. Parkin-Q311X mice also have α-synuclein/ubiquitin-positive inclusions in the 

SNc.
229

 A disadvantage, however,  is their long disease course that does not allow rapid 

analysis. Both models exhibit significantly reduced striatal DA levels and reduced 

locomotor activity,
229,360

 although the 50-60% reduction of striatal DA in Syn130m mice
360

 

better models the 80-98% parkinsonian reduction
35

 than the 18% reduction in Parkin-

Q311X mice.
229

  

 

Dopamine function genes 

MesDA precursor cells in TH knockout mice never become dopaminergic and the animals 

do not survive beyond four weeks of age.
385

 DAT knockout mice have several 

characteristics of parkinsonian DA deficiency: one year old animals have 20% less DA 

neurons in SNc and VTA
169

 (with normal SNc DA neuron numbers in 18-24 week old 

animals
103

), and 2-4 month old animals have a >95% decrease in intracellular striatal DA.
180

 

However, extracellular striatal DA levels are five times higher,
180

 DA synthesis is 

doubled,
180

 and the animals show spontaneous hyperactivity.
135

 DAT knockout mice thus 

exhibit a hyperdopaminergic phenotype. DA receptor knockout mice do not model 

parkinsonian DA deficiency either: D1 knockout mice are hyperactive,
186,373

 whereas D2 

knockout mice have normal striatal DA content,
192

 normal extracellular striatal DA levels,
86

 

and no significant locomotor deficit except for decreased initiation of movement.
192
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VMAT2 knockout mice only survive for one to three days after birth,
363

 but VMAT2 low 

expressor mice survive into adulthood and exhibit characteristic parkinsonian-like features: 

striatal DA levels are reduced by ≥85% and the animals have reduced locomotor activity 

that can be reversed by L-DOPA.
62,71

 The 22% loss of SNc DA neurons at 24 months of age 

as reported by Colebrooke et al. did not reach statistical significance,
71

 but Caudle et al. 

reported a progressive age-related significant loss of 12% at 18 months and 24% at 24 

months of age.
62

 The latter authors also reported α-synuclein/ubiquitin-positive inclusions 

in the SN. VMAT2 low expressor mice thus model parkinsonian DA deficiency quite 

faithfully, although MesDA neuron losses are discrete and develop after a long disease 

course. Whether dSNc DA neurons are relatively spared has not been analysed yet. PD 

patients have reduced VMAT2 levels in presynaptic dopaminergic nerve terminals and 

platelets,
221,299

 and gain-of-function of the VMAT2 gene is protective for PD in women.
137

 It 

is tempting to hypothesize that reduced VMAT2 activity, causing less sequestration of DA 

and other monoamines into synaptic vesicles and thereby more DA-induced oxidative 

stress, might be a pathogenic feature of PD.     

   

Developmental genes 

Several mouse knockouts of genes involved in the development, differentiation and 

maintenance of MesDA neurons recapitulate important features of PD. Progressive age-

related SNc DA neuron loss and reduced striatal DA levels were reported for ATM 

knockout,
95,96

 En1 heterozygote/En2 double knockout,
311

 Girk2 knockout/weaver,
290,304,341

 

and Nurr1 heterozygote knockout mice.
178

 Except for the Nurr1 model, MesDA neuron 

loss in these mice exceeds 50% and occurs after a relatively short disease course of 3-4 

months. In ak mice, the 71% SNc DA neuron loss occurs during embryonic/fetal 

development.
161,258321,351

 Preferential DA neuron loss of vSNc with relative sparing of dSNc 

DA neurons was reported for both Girk2 knockout/weaver
119

 and ak mice.
296,351

 The 

relevance of these five models for human PD varies. Although ATM knockout mice 

recapitulate amost all PD features including α-synuclein-positive inclusions,
96

 the human 

gene is linked to ataxia telangiectasia (AT),
302

 a disease that mainly affects the cerebellum 

and immune system.
43

 Neuropathologic changes in the SN (including cell loss and the 

presence of Lewy bodies) have been reported in two AT patient,
2,81

 but otherwise no link 

to PD has been reported. Beside their parkinsonian features, Girk2 knockout/weaver mice 

have an important cerebellar phenotype, with loss of external granular layer neurons and 

Purkinje cells.
313

 No GIRK2 mutations were found in 50 patients with familial and sporadic 

PD.
21

 En1, En2, Nurr1 and Pitx3 are expressed in MesDA neurons from early 

embryogenesis until adulthood,
78,322,382

 and targeted deletion causes severe early 

developmental MesDA neuron loss.
161,258,315,321,351,381

 Polymorphisms in EN1,
155

 

NURR1,
174,219

 and PITX3
34,115,155,218

 are all associated with an increased susceptibility to PD. 
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One could thus hypothesize that individuals with mutations in these early developmental 

genes start their lives with less, or more vulnerable MesDA neurons and therefore carry a 

higher risk to develop PD later in life.         

  

Conditional knock-out 

Disrupting genes under the control of tissue-specific gene promotors using the Cre-loxP 

site recombination system is an excellent, although expensive tool to study the function of 

a gene of interest during development, differentiation and maintenance of tissues.
254

 Cre 

recombinase binds to loxP target sequences on a chromosome and either deletes or 

inverts the intervening DNA depending on the individual orientation of the loxP sites.
254

 

DAT-Cre knockin mice have successfully been shown to direct Cre expression to MesDA 

neurons.
386

 The generation of DAT-Cre mitochondrial transcription factor A (TFAM) mice 

(also called MitoPark mice) illustrated the essential role of TFAM in MesDA neuron 

maintenance: MitoPark mice develop cardinal PD features like progressive age-related SNc 

DA neuron loss, reduced striatal DA levels and reduced locomotor activity.
97,117

 However, 

SN inclusions did not contain α-synuclein,
97

 and TFAM polymorphisms have thus far not 

been associated with increased susceptibility to PD.
10,121

    

 

What is currently the best mouse model of parkinsonian dopamine deficiency?  

Since the cause of sporadic PD remains to be elucidated, all currently available DA 

deficient mice have weaknesses in modelling the different aspects of this complex human 

disease. In fact, the currently available best model to study parkinsonian midbrain 

pathology is different from the best model to study parkinsonian striatal pathology, or to 

study parkinsonian locomotor deficits. 

 

Parkinsonian midbrain pathology 

To study the cellular mechanisms that occur during MesDA neuron loss, one needs a 

mouse model with a normal complement of MesDA neurons at birth and subsequent 

progressive age-related cell death. The time-window in which cell death can be studied 

ranges from weeks in MPTP/rotenone-treated
166,244

 and En1 heterozygote/En2 double 

knockout
311

, months in ATM knockout
95,96

 and MitoPark
97

 mice, to a year or more in 

Parkin-Q311X
229

, VMAT2 low expressor
62

, Girk2 knockout/weaver
134,341

 and Nurr1 

heterozygote knockout
178

 mice. To characterize gene- and protein-expression profiles of 

MesDA neurons that are least affected by the parkinsonian cell loss, i.e. the dSNc 

subpopulation, Girk2 knockout/weaver
119

 and ak
296,351

 mice are valuable models.  

 

Parkinsonian striatal pathology 
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Since SNc DA neurons project to the dorsal striatum,
41

 PD patients typically have the most 

severe DA loss in the dorsal and intermediate subterritories of the Cd/Put, with relative 

sparing of the ventral subterritories.
35,69,197

 Thus far, such pattern of striatal DA loss has 

only been reported in Girk2 knockout/weaver
288

 and ak
30,352 

 mice, i.e. mice that also 

model the selective pattern of parkinsonian vSNc DA neuron loss most akin. Parkinsonian-

like striatal atrophy
123,227

 was reported in ATM knockout
95

 and ak
351

 mice. Literature on 

expression levels of striatal DA receptors and neuropeptides in PD patients reported 

increased D2 receptor
149,276,294

, normal DYN
334

 and reduced ENK
106,335

, MOR
105

 and SP
106,286

 

levels, but disagrees on expression levels of D1
276,285

 and D3
160,276,294

 receptors. Reports on 

expression levels of striatal DA receptors and neuropeptides in mouse models of DA 

deficiency are limited, and those available do only mention few DA 

receptors/neuropeptides (ATM knockout
95,96

, En1 heterozygote/En2 double knockout
311

, 

Girk2 knockout/weaver
188

), disagree on expression levels (ak
88,317,323,350,351

), or mention 

expression levels that do not model the levels as observed in PD patients (TH knockout
385

, 

VMAT2 low expressor
70

). 

 

Parkinsonian locomotor deficits 

The open-field monitor and rotarod test have been used in almost all mouse models of DA 

deficiency to measure reduced locomotor activity and reversal of symptoms following L-

DOPA administration. However, tasks with specific sensitivity to nigrostriatal dysfunction 

might be better to measure parkinsonian-like bradykinesia and postural instability. Several 

nigrostriatal pathway-sensitive tests, such as analysis of spontaneous exploratory activity 

in a transparent cylinder and analysis of sensorimotor coordination on the challenging 

beam and pole have been shown to provide sensitive measurements of altered function of 

the nigrostriatal DA system in mice.
110,112,139,260

 Among the mouse models discussed here, 

locomotor deficits on nigrostriatal pathway-sensitive tests have only been studied in 

MPTP-treated
260

 and ak
162

 mice. 

 

Conclusion 

 

The ideal mouse model of sporadic PD remains to be developed, but many of the currently 

available mouse models of DA deficiency recapitulate cardinal PD characteristics. Which 

model is the best depends on the specific focus of research one performs. ATM 

knockout
95,96

, En1 heterozygote/En2 double knockout
311

, Girk2 knockout/weaver
134,341

, 

MitoPark
97

, MPTP/rotenone-treated
166,244

, Nurr1 heterozygote knockout
178

, Parkin-

Q311X
229

 and VMAT2 low expressor
62

 mice all exhibit progressive age-related 26-85% SNc 

DA neurons loss during adult life and are therefore good models to study the underlying 

cellular mechanisms. The parkinsonian pattern of SNc DA neuron loss and striatal DA loss 



Mouse models of DA deficiency 

103  

are best modelled in Girk2 knockout/weaver
119,288

 and ak
30,296,351,352

 mice. The locomotor 

deficits of ak mice have also been characterized best, with the nigrostriatal pathway-

sensitive transparent cylinder test for spontaneous exploratory activity and the 

challenging beam and pole test for sensorimotor coordination.
162
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Chapter 7 

 

General discussion 
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The Pitx3-deficient aphakia mouse 

 

In the previous chapters, we described our research findings regarding the midbrain and 

striatal phenotype in the aphakia (ak) mouse. The ak midbrain does not express Pitx3 and 

is developmentally depleted of ventral tier substantia nigra pars compacta (vSNc) 

dopamine (DA) neurons, with relative sparing of calbindin D28K (CB) positive dorsal tier SNc 

(dSNc) and ventral tegmental area (VTA) DA neurons (Chapters 2 and 3). In this context, 

we re-evaluated the expression of Pitx3 in the mesencephalic dopaminergic (MesDA) 

system of wild-type (wt) mice and found Pitx3 expression predominantly restricted to 

vSNc and about half of the VTA DA neurons (Chapters 2 and 3), i.e. the same MesDA 

neuronal subpopulations that are lost in ak mice. The ak MesDA neuronal depletion 

causes a dramatic reduction of DA levels in the neostriatum (Chapter 2), with DA terminals 

largely absent in the dorsolateral and medial neostriatum, and relatively preserved in the 

ventral neostriatum (Chapter 5). The reduced neostriatal DA levels are associated with 

20% striatal atrophy (Chapter 5), increased expression levels of DA D2 receptors and 

enkephalin (ENK), reduced expression levels of DA D3 receptors and µ-opioid receptors 

(MOR) (Chapters 4 and 5), together with a marked reduction in spontaneous locomotor 

activity which can be reversed by the DA-precursor 3.4-dihydroxyphenylalanine (L-DOPA) 

(Chapters 2 and 4). The Pitx3-deficient ak mouse thus recapitulates cardinal characteristics 

of Parkinson’s disease (PD). It might provide further insight in its pathogenesis and serve 

as a valuable tool for testing new treatment strategies (Chapter 6). 

 

Pitx3-expression in wild-type MesDA neurons 

 

Our finding that the wt MesDA system is composed of two previously unrecognized DA 

neuronal subpopulations that are differentiated by expression of Pitx3 (Chapter 2-Fig. 1, 

Chapter 3-Fig. 4) is at variance with reports from other groups. Smidt et al. reported 

complete overlap of both Pitx3 message and Pitx3 protein with tyrosine hydroxylase (TH) 

protein and TH message in mouse MesDA neurons, using a self-generated anti-Pitx3 cRNA 

probe and polyclonal rabbit anti-Pitx3 antibody.
321

 Korotkova et al. reported 98% overlap 

of Pitx3 and TH protein in rat SN and VTA, using a commercial polyclonal rabbit anti-Pitx3 

antibody.
203

 Zhao et al. generated a transgenic mouse with green fluorescence protein 

(GFP) targeted into the Pitx3-locus and reported Pitx3-GFP/TH co-expression in 98% of SN 

DA neurons and 95% of VTA DA neurons.
383

 How to reconcile these seemingly discrepant 

findings? The presence of transcripts of the Pitx3-locus in all MesDA neurons, as reported 

by Smidt et al. and Zhao et al.,
321,383

 does not necessarily implicate Pitx3 protein 

production in all these neurons; mechanisms beyond transcriptional regulation, like 

phosphorylation of translation-initiation factors or ribosomal proteins, micro-RNA (miRNA) 
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and small-interfering RNA (siRNA) could prevent translation of Pitx3 messenger into 

protein in dSNc and half of VTA DA neurons.
122

 The immunohistochemical findings by 

Smidt et al. and Korotkova et al.,
203,321

 however, clearly oppose our results. Whether our 

immunohistochemical protocols or the characteristics of our anti-Pitx3 antibodies are too 

stringent, or whether the results of Smidt et al. and Korotkova et al. are too 

unspecific,
203,321

 remains to be verified. Our polyclonal rabbit anti-Pitx3 antibody was 

generated with amino acids 9-45 of rat Pitx3,
220

 the antibody from Smidt et al. with amino 

acids 1-169 of rat Pitx3.
321

 Although both amino acid sequences are perfectly similar to 

mouse Pitx3, they differ considerably in their potential alignment with other 

homeodomain transcription factors that are also expressed in MesDA neurons. According 

to the protein database search program BLAST, amino acid sequence 9-45 of rat Pitx3 is 

11% identical to mouse En1, 14% to mouse En2 and 0% to mouse Lmx1b.
8,9

 For amino 

acids 1-169, these percentages are 18%, 28% and 18%, respectively. Thus, chances of 

cross-reactivity and false-positive immunostaining seem to be higher for the antibody 

used by Smidt et al.
321

 The commercial polyclonal rabbit anti-Pitx3 antibody used by 

Korotkova et al. in rat was generated by Zymed
®
 Laboratories (now part of the Invotrogen 

family),
203

 using the N-terminal region of the mouse Pitx3 protein.
159

 Unfortunately, no 

information on amino acid sequence can be retrieved from the manufacturer’s manual. 

Alternatively, our immunohistochemistry protocol may not have stained all MesDA 

neurons expressing Pitx3. The fact that our protocol used a 1:10 (Chapter 2) and 1:100 

(Chapter 3) dilution of anti-Pitx3 antibody whereas Smidt et al. and Korotkova et al. used a 

1:500 dilution,
203,321

 suggests our antibody is less sensitive than theirs. An additional 

analysis that compares the sensitivity and specificity of all available anti-Pitx3 antibodies 

with respect to Pitx3 immunostaining in wt MesDA neurons of different species might 

clarify the different observations.              

 

Pitx3-deficiency in aphakia MesDA neurons 

 

Our finding of absent Pitx3 immunostaining in the ak MesDA system (Chapter 2-Fig. 1) was 

confirmed by Hwang et al. and Smidt et al., who reported absent Pitx3 in situ hybridization 

and immunostaining in both embryos and adult ak animals.
161,321

 Its absence causes a 

dramatic reduction of SNc DA neurons (Chapter 2-Fig. 1, Chapter 3-Fig. 1 and 

2).
161,258,321,324

 Our observation of relative sparing of a subset of SNc DA neurons in ak mice 

was also confirmed by other groups. Nunes et al. explicitly mentioned relative sparing of 

SN pars lateralis DA neurons. In addition, their figure on the distribution of TH-positive 

neurons in the midbrain of adult ak and wt mice shows a small bend of spared SNc DA 

neurons that corresponds with the area we labelled as dSNc (Chapter 2-Fig. 1).
258

 Similar 

figures by Hwang et al. and Smidt et al. also show sparing of SNc DA neurons.
161,321

 Thus, 
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although it remains unclear whether all SNc DA neurons express Pitx3 or not, its absence 

in ak mice causes a dramatic but not complete loss of these neurons. A subpopulation 

does not require Pitx3 for survival. Interestingly, 92% of this surviving SNc subpopulation 

was CB-positive, whereas in wt mice only 25% of SNc DA neurons showed CB-expression 

(Chapter 3-Fig. 2 and 3). Korotkova et al. showed in rat that these 25% are almost 

exclusively localized in dSNc, with only 2% of vSNc DA neurons expressing CB.
203

 This 

strengthens our delineation of a subpopulation of Pitx3-independent/CB-positive dSNc DA 

neurons that survives in ak mice (Chapter 3-Fig. 2 and 5). 

 

The 33-52% reduction of VTA DA neurons in ak mice is smaller than the 71-81% reduction 

in the SNc (Chapter 2-Fig. 1, Chapter 3-Fig. 2 and 3). The loss of these VTA neurons is 

distributed evenly throughout the area and, most importantly, occurs much later and is 

fundamentally different in nature. The SNc DA neuron loss occurs during development and 

is clearly established in newborn ak mice (Chapter 2-Fig. 2). In fact, Smidt et al. showed in 

E12.5 ak mice that lateral TH-positive cells are never generated.
321

 In contrast, ak VTA DA 

neuron numbers are not different from those in wt animals until P35 (Chapter 3-Fig. 3) 

and then undergo reduction until P100 (Chapter 2-Fig. 1, Chapter 3-Fig. 3). Smits et al. 

reported a similar 45% reduction of VTA DA neurons in 3-4 months old animals.
324

 The 

apparently normal TH-immunostaining in the adult ak VTA as reported by Hwang et al. 

and Nunes et al. can be explained by the young age of their adult animals; P28 and P48-64, 

respectively.
161,258

 Thus, whereas the absence of Pitx3 in the SNc causes early 

developmental failure of DA neurons, VTA DA neurons are properly formed but do not 

survive during adult life without Pitx3. 

 

How does Pitx3 exert its terminal differentiation role during development of vSNc DA 

neurons and its maintenance role during adult life in half of VTA DA neurons? Which genes 

are activated or inhibited by this homeobox-containing transcription factor? And which 

genes regulate Pitx3? Cazorla et al. and Lebel et al. identified a response element for Pitx3 

in the TH gene promotor.
63,220

 However, Nurr1 knockout mice, that fail to generate TH-

positive neurons in the mesencephalon, show normal Pitx3 expression at E11.5,
301,361

 

indicating that Pitx3 expression is insufficient for proper MesDA neuron differentiation. 

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

E12.5 Lmx1b knockout mice,
320

 indicating that Pitx3 is not necessary for TH expression. 

Jabobs et al. reported highly affected expression of aldehyde dehydrogenase family 1, 

subfamily A1 (Aldh1a1), also known as Ahd2, in ak mice.
171

 Ahd2 is involved in the 

production of retinoic acid from retinol, which is crucial for neuronal patterning and 

differentiation.
92,241

 Ak offspring from Pitx3 heterozygote mice that were supplemented 

with retinoic acid from E10.75 to E13.75 showed a drastic reversal of MesDA neuron 
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loss.
171

 Peng et al. demonstrated increased expression of brain-derived neurotrophic 

factor (BDNF) and glial cell line-derived neurotrophic factor (GDNF) following Pitx3 

overexpression in cell lines and primary ventral mesencephalic cultures.
271

 Hwang et al. 

performed RNA microarray analysis on ventral midbrain TH-positive neurons of E12.5 wt 

and ak embryos, isolated by laser capture microdissection.
163

 They identified 243 

independent genes that were downregulated twofold or more in ak DA neurons. Many of 

these genes were known to regulate cell cycle/growth, cell migration and transcriptional 

regulation. Among the highly affected genes were DA transporter (DAT), responsible for 

DA re-uptake into the nerve terminals, and vesicular monoamine transporter 2 (VMAT2), 

responsible for DA storage into synaptic vesicles. Jacobs et al. showed that the regulatory 

effect of Pitx3 on these latter genes is exerted through potentiation of Nurr1-mediated 

transcription: in the absence of Pitx3, Nurr1 is kept in a repressed state through 

interaction with the co-repressor SMRT (silencing mediator of retinoic acid and thyroid 

hormone receptor).
172

 BDNF, GDNF and, most strikingly, Ahd2 were not among the 

downregulated reported by Hwang et al..
163

 The biological relevance of their microarray 

results awaits therefore verification in knockout mouse models. The differences between 

SNc and VTA phenotype in ak mice have thus far not been extensively studied, probably 

because the VTA phenotype was not found in the young adult ak animals used by several 

groups.
161,258

 Korotkova et al. analyzed total cellular mRNA from 3-4 week old wt rat SN 

and VTA neurons and found ±6x higher Pitx3 expression levels in VTA versus SN 

neurons.
203

 Together with the higher ratio of CB-expressing DA neurons in the wt VTA 

compared to SNc (Chapter 3-Fig. 2 and 3), this might explain why VTA DA neurons are less 

susceptible to neurotoxins than SNc DA neurons (Chapter 3-Fig. 6). Reports on the 

regulation of Pitx3 are scarce. Smidt et al. identified Lmx1b, which’ expression in the 

midbrain starts at E7.5 and is maintained in MesDA neurons throughout life, as a potential 

regulator of Pitx3 by showing absent Pitx3 expression in TH-positive ventral midbrain 

neurons of E12.5 Lmx1b knockout mice.
320

 However, they also showed a small group of 

Pitx3-positive (but TH-negative) cells just dorsal and posterior to these DA neurons, 

suggesting that Lmx1b is not the only regulator. Konstantoulas et al. showed that FoxP1, 

member of the hepatic nuclear factor-3/forkhead domain family of winged-helix 

transcription factors, initiates Pitx3 expression in embryonic stem cells and identified two 

high affinity binding sites for FoxP1 in the Pitx3 promoter.
202

 Previously, FoxP1 has been 

shown to control LIM-homeodomain transcription factor expression profiles during spinal 

motor neuron development.
291

 The regulation of Pitx3 might thus be sequentially 

orchestrated by the transcription factors FoxP1 and Lmx1B.      
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Striatal pathology in the aphakia mouse 

 

The preferential loss of vSNc DA neurons in ak mice causes a dramatic reduction of DA 

levels in the neostriatum (Chapter 2-Fig. 3, Chapter 3-Fig. 1, Chapter 5-Fig. 1). This finding 

was confirmed by all other groups reporting on the ak mouse.
30,88,161,187,258,321,324

 In rat, 

vSNc and dSNc DA neurons have been shown to project to, respectively, neostriatal 

patches and matrix,
132

 whereas medial parts of the SNc were shown to project to medial, 

and lateral parts to lateral regions of the neostriatum.
28,33

 With preferential loss of vSNc 

DA neurons and relative sparing of dSNc, DA inputs to the neostriatum were expected to 

be absent in the patches and relatively spared in the matrix. However, DA inputs to the ak 

neostriatum followed a gradual decreasing gradient in both the ventral to dorsal and 

lateral to medial axes (Chapter 5-Fig. 1).
30

 They were absent throughout the dorsal and 

medial neostriatum, without any residual input to the matrix, and relatively spared in the 

ventrolateral neostriatum and nucleus accumbens. Light patches of DA fibers with 

associated MOR-immunostaining were preserved within the relatively spared 

ventrolateral neostriatum, including the ventral part of the subcallosal region (Chapter 5-

Fig. 1 and 2). In rat, this latter region, also known as the subcallosal streak, receives inputs 

from islands of DA neurons within the SNr.
132

 How to explain the differences between the 

expected and observed pattern of DA denervation in the ak neostriatum? Do the strictly 

separated reciprocal connections between vSNc/SNr DA neurons and patches, and 

dSNc/VTA DA neurons and matrix in rat also apply to the ak mouse? The preservation of 

ventrolateral DA patches, including the ventral part of the subcallosal streak, would then 

imply sparing of subsets of vSNc/SNr DA neurons. And the observed absence of DA inputs 

to the dorsal and medial neostriatal matrix would then be caused by loss of dSNc DA 

neurons at the more rostral midbrain levels.
132

 The relative sparing of SN pars lateralis DA 

neurons, reported by Nunes et al.,
258

 could explain why lateral parts of the neostriatum 

are less affected than medial parts. These authors also showed absent labelling in the ak 

SNc and unexpected labelling in the ak SNr following injections of the retrograde tracer 

Fluorogold in the striatum, and concluded that ak mice therefore have irregular circuitry 

between SN and neostriatum.
258

 They did not, however, mention the exact site of the 

Fluorogold injection within the ak neostriatum. Besides, their Fluorogold labelled SNr cells 

might have been preserved islands of DA neurons within the SNr,
132

 or alternatively non-

dopaminergic nigrostriatal neurons.
150

 Future experiments combining 

anterograde/retrograde axonal tracing and TH-immunostaining in the ak neostriatum and 

midbrain are needed to fully explain the observed pattern of DA denervation.  

 

According to Graybiel and Gerfen et al., MesDA inputs to the neostriatum stimulate direct 

pathway neurons expressing γ-aminobutyric acid (GABA)/D1/substance P (SP)/dynorphin 
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(DYN), and inhibit indirect pathway neurons expressing GABA/D2/ENK.
131,141

 The dramatic 

reduction of DA levels in the ak neostriatum would therefore be expected to cause 

downregulation of D1 receptors, SP and DYN, and upregulation of D2 receptors and ENK. 

However, because of the gradual decreasing gradient of neostriatal DA inputs along both 

ventral to dorsal and lateral to medial axes, expression levels of D1/D2 receptors and 

neuropeptides will vary greatly depending on the exact neostriatal location choosen for 

analysis. This might explain why we found normal levels of D1 receptors (Chapter 4, data 

not shown) whereas Smits et al. and Singh et al. reported reduced levels.
317,323

 In contrast, 

we showed increased levels of D2 receptors (Chapter 4-Fig. 5) whereas Smidt et al. and 

Singh et al. reported normal levels.
317,323

 The reported expression levels for DYN, ENK and 

SP similarly varied between research groups (Chapter 4-Fig. 7).
317,323

 Thus, our analysis of 

the medial versus lateral neostriatum, Smits’ analysis of the dorsal neostriatal area and 

Singh’s analysis of the neostriatum from dorsal border to anterior commissure might not 

be representative enough to account for the gradual decreasing gradient of DA inputs in 

the ak neostriatum.
317,323

 Future analysis of expression levels of D1/D2 receptors and 

neuropeptides in the most denervated dorsomedial versus the relatively spared 

ventrolateral ak neostriatum are needed to fully understand the consequences of DA 

reduction on direct and indirect pathway neurons.    

 

The adult ak neostriatum contains approximately 1.35 million neurons and wt controls 

have similar neostriatal neuron numbers (Chapter 5-Fig. 3).
102

 Thus, the ak developmental 

loss of SNc DA neurons, which starts before E14.5 and is therefore thought to influence 

the DA content of the forebrain throughout the period of neostriatal neurogenesis,
258,321

 

leaves neostriatal neuron numbers unaffected. No other group reporting on the ak mouse 

investigated neostriatal neuron numbers thus far. Our finding seems to oppose the results 

from Ohtani et al. and Ma and Zhou.
232,261

 Ohtani et al. reported DA-induced increased 

cellular output in E13 explanted cultures of the lateral ganglionic eminence (LGE),
261

 the 

transient embryonic neuroepithelial structure bordering the lateral ventricle in the basal 

telencephalon where neostriatal neurons are born.
104

 They showed that D1 receptor 

activation caused fewer cells to enter the S phase of the cell cycle and, consequently, a 

greater proportion of daughter cells to exit the cell cycle. D2 receptor activation caused 

opposite effects.
261

 Popolo et al. reported similar in vivo results in E15 embryos, although 

they did not perform stereological quantification of embryonic neostriatal neurons.
280

 Ma 

and Zhou reported DA-induced increased survival of neural precursor cells and 

differentiated cells in E14 striatal cell cultures, and showed that DA antagonized the 

generation of radical oxygen species by nicotinamide adenine dinucleotide phosphate 

(NADPH) oxidase.
232

 Our finding of normal ak neostriatal neuron numbers suggests that 

there is not an important role to DA in neostriatal neurogenesis in this mouse mutant. Is 
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this result applicable to neostriatal neurogenesis in general? Reports on the in vivo role of 

dopamine on neostriatal neurogenesis are very scarce. Only Van der Kooy showed massive 

neostriatal shrinkage and more than 40% loss of neostriatal neurons in rat following 

mechanical lesions of the SN in the first postnatal week, but suggested that concomittant 

lesioning of striatonigral projections and retrograde neuronal death in the striatum might 

explain this observation.
354

 Since Ohtani et al. and Popolo et al. showed that the influence 

of DA is mediated via the opposing effects of D1-like and D2-like receptor activation,
261,280

 

detailed expression-level analysis of D1/D2 receptors in the different subdivisions of the 

developing ak neostriatum is needed to better understand the observed normal 

neostriatal neuron numbers. In addition, quantification of ak neostriatal neurons during 

embryonic and postnatal development could determine whether compensatory plasticity 

from other afferent systems, like corticostriatal inputs, may allow for survival of the 

appropriate number of neostriatal neurons. Stereological quantification of neostriatal 

neurons in other genetic mouse models of developmental DA deficiency, like TH- and 

Nurr1-knockout mice, might therefore be instrumental to study whether the supposed 

DA-independency of neostriatal neurogenesis in ak mice is generally true. 

 

Despite normal neostriatal neuron numbers, we did find a 18% smaller neostriatal volume 

and 29% smaller neostriatal neuronal soma size in adult ak animals (Chapter 5-Fig. 3). No 

other studies reporting on the ak mouse investigated neostriatal volumes thus far. 

However, similar reductions in neostriatal volume were reported in TH-deficient mice and 

D1 receptor knockout mice.
90,385

 Thus, DA signaling seems to exert a trophic effect on 

neostriatal neurons. Alternatively, the observed volume reduction could also solely be 

caused by the physical absence of large parts of the nigrostriatal and striatonigral 

pathways. Synaptic inputs to the neostriatum are located at spines on the dendritic trees 

of neostriatal neurons.
193

 Ingham et al. showed in rat that removal of nigrostriatal DA 

inputs by chemical lesioning caused a decreased density of these neostriatal spines.
167

 

One could hypothesize that neostriatal neurons with less spines on their dendrites are 

smaller. Vice versa, ak neostriatal patch neurons lack most of their SNc projection neurons 

and might thus develop less axons. Detailed morphological analysis of dendrites and axons 

of ak neostriatal neurons is needed to unravel the cause of the observed smaller neuronal 

soma size. Because of the gradual decreasing gradient of DA inputs along both the ventral 

to dorsal and lateral to medial axes, future studies of neuron numbers, volumes and 

morphology in different neostriatal subterritories of the ak neostriatum might provide 

valuable data on the quantitative role of DA in neostriatal neuron development.   
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Locomotor deficits in the aphakia mouse 

 

Several research groups have compared locomotor behaviour between ak and C57Bl/6 

control mice, but the results and their interpretation differed. We reported reduced 

ambulatory activity during the night hours of 23/24-hour registrations of spontaneous 

open-field activity in both P40 and >P100 ak mice (Chapter 2-Fig. 4 and Chapter 4-Fig. 1), 

and concluded that these animals display marked akinesia. In addition, we showed that 

administration of L-DOPA resulted in dose-dependent stimulation of spontaneous 

ambulatory activity (Chapter 4-Fig. 2). Hwang et al. mentioned normal spontaneous 

behaviours, neurological reflexes and sensorimotor responses, including righting, postural 

reflex, ear twitch reflex startle, grip strength and whisker orientation reflex in four week 

old ak animals.
161

 Nunes et al. mentioned higher levels of general motor activity in 6-8 

week old ak mice.
258

 Smidt et al. reported increased activity on climbing tests and reduced 

ambulatory activity during daytime 15-minute registrations of spontaneous open-field 

activity in 3 month old animals, and concluded ak mice exhibit hyperactivation of the 

nucleus accumbens and hypoactivition of the caudate putamen.
321

 Hwang et al. reported 

increased ambulatory activity during day hours and reduced activity during night hours of 

22 hour registrations of spontaneous open-field activity in 8-9 week old animals, with total 

ambulatory activity over 22 hours being increased in ak mice.
162

 However, the same 

animals displayed L-DOPA-responsive motor deficits on nigrostriatal pathway-sensitive 

tests like the transparent cylinder test that measures spontaneous exploratory activity, 

and the challenging beam and pole test that measures sensorimotor coordination.
162

 Kas 

et al. reported reduced ambulatory activity during the night phase and increased activity 

during the light phase of 49-hour registrations of spontaneous home cage behaviour in 3-4 

month old ak mice.
187

 When studied during a 15-minute trial in a small novel arena, ak 

mice showed reduced ambulatory activity together with reduced frequencies, but 

increased durations of locomotor behaviours like rearing, vertical sitting, horizontal 

walking and grooming.
 187

 However, when they subsequently repeated experiments with 

Pitx3 -/- mice and their +/+ littermate controls, generated from heterozygous breeding 

pairs instead of homozygous bred ak and C57Bl/6 animals, certain results were different: 

Pitx3 -/- mice did not show statistically significant reduced ambulatory activity during the 

dark phase of 49 hour home cage registration and the 15-minute novel arena trial, nor did 

they show less grooming. Kas et al. concluded therefore that Pitx3-deficiency is associated 

with increased spontaneous home cage activity during light-phase hours and increased 

consolidation of movement components such as rearing and horizontal walking, whereas 

the reduced activity of ak mice during night-phase hours should be not be attributed to 

Pitx3-deficiency but to breeding strategy.
187

 Similarly, Smits et al. reported increased 

ambulatory activity during day hours and normal activtity during night hours of 25-hour 
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registrations of spontaneous home-cage activity in 3-4 month old Pitx3-/- animals.
324

 

Finally, Beeler et al. compared locomotor behaviour between 50-160 day old Pitx3 -/- and 

phenotypically normal littermate Pitx3 +/- mice during 1-hour registrations of 

spontaneous open-field activity.
30

 They reported increased activity in Pitx3 -/- mice during 

the intial 5 minutes of registration, with no differences in the remaining 55 minutes. In 

addition, Pitx3 -/- mice showed increased exploratory activity with age, whereas control 

mice showed the reverse.
30

 

 

It seems difficult to draw unequivocal conclusions from all these behavioural results and, 

for proper comparison, one should take into account several potential methodological 

confounding factors. First, ak mice are blind and might rely more on nonvisual senses to 

survey an environment, especially in a novel environment. Smidt et al. and Hwang et al. 

therefore also used blind control mice beside the regular C57Bl/6 control mice.
162,321

 Smidt 

et al. reported increased activity on climbing tests for blind C57Bl/6 animals, but no 

reduced ambulatory activity during daytime 15-minute open-field registrations.
321

 The 

blind retinal degeneration 1 (rd1) mice used by Hwang et al. performed numerically worse 

than C57Bl/6 controls on the nigrostriatal pathway-sensitive tests, but the differences did 

not reach statistical significance.
162

 The blindness of ak mice might thus partially explain 

some of the observed behavioural disturbances. Future experiments with conditional Pitx3 

knock-out mice are needed to elucidate the locomotor deficits that are specifically caused 

by the midbrain phenotype. Second, several of the above mentioned studies were done 

with relatively young ak animals, in whom the VTA DA neuron loss had not yet fully 

developed. VTA DA neurons are involved in emotional, motivational and reward-related 

behaviours.
305

 Younger ak animals with a relatively intact VTA might therefore behave 

differently than older ak animals with 33-52% less VTA DA neurons. Only in the 

experiments from our group and those from Beeler et al., both young and older ak 

animals were used.
30,350,351

 Indeed, Beeler et al. reported increased exploratory activity 

with age in Pitx3 -/- mice during 1-hour open-field activity registrations.
30

 Similarly, we 

showed relative hyperactivity in the first two hours of 23-24 hour open-field activity 

registrations in older but not in younger ak mice (compare Chapter 2-Fig. 4 with Chapter 

4-Fig. 1). This initial hyperactive reaction to a novel environment in older ak animals might 

be attributable to compensatory activity in the nucleus accumbens in response to 

decreased DA inputs from the VTA.
83,323,350

 Third, as mentioned earlier, Kas et al. showed 

that the reduced activity of ak mice during night hours, as reported by our group and 

Hwang et al.,
162,350,351

 should be attributed to homozygous breeding instead of Pitx3-

deficiency.
187

 However, careful examination of the figures displaying multi-hour 

registrations of spontaneous home cage behaviour from Kas et al. and Smits et al., learns 

that also Pitx3 -/- mice tend to exhibit reduced ambulatory activity during night 
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hours,
187,324

 albeit less obvious than in ak mice and without statistical significance. Fourth, 

Hwang et al. hypothesized, based on the seemingly conflicting behavioural results, that 

nigrostriatal pathway-dependent motor deficits of ak mice may not be accurately revealed 

by measuring spontaneous motor activity but should instead be evaluated with special 

tasks that have specific sensitivity to detect defects of the nigrostriatal DA system.
162

 

However, all groups reporting multi-hour registrations of spontaneous motor activity in ak 

mice showed reduced ambulatory activity during night hours.
162,187,350,351

 

 

Taken together, it seems fair to conclude that adult ak mice show initial hyperactivity in a 

novel environment and hypoactivity during night hours of multi-hour spontaneous open-

field activity registrations and nigrostriatal DA system specific tasks, with L-DOPA reversing 

the hypoactive phenotype.             

 

Pitx3-deficiency and Parkinson’s disease 

 

The loss of MesDA neurons in Pitx3-deficient ak mice suggests that these mice could serve 

as a model for PD. However, the neuropathological findings in PD are more extensive. 

Based on the distribution of α-synuclein-positive pathology in a patient cohort comprising 

both sporadic PD and incidental Lewy body disease, Braak et al. proposed a model for 

progression of Lewy-type α-synucleinopathy pathology, with a predictable caudo-rostral 

spread, beginning in the vagal dorsal motor nucleus (Stages 1 and 2), progressing to the 

MesDA system (Stages 3 and 4) and finally, to the basal forebrain and neocortex (Stages 5 

and 6).
50

 Besides MesDA neuron loss, lower brain stem levels are also involved in PD. 

Indeed, Zarow et al. reported significant neuronal loss in the pontine locus coeruleus (LC) 

of PD patients.
379

 In ak mice, no α-synuclein/ubiquitin-positive Lewy bodies have thus far 

been reported, and LC neurons are unaffected.
161,258

 In addition, parkinsonian SNc DA 

neuron loss is a progressive neurodegenerative phenomenon throughout (late) 

adulthood,
154

 whereas in ak mice it occurs during early development without further 

progression (Chapter 2-Fig. 2 and Chapter 3-Fig. 3). Thus, at first sight, the value of Pitx3-

deficient ak mice for better understanding the pathogenesis of PD seems limited. 

However, the pattern of MesDA neuron loss in PD patients and ak mice is provocatively 

similar. Fearnley and Lees quantitatively studied subregional melanin-pigmented neuron 

losses in the parkinsonian SNc, and compared them to normal age-matched individuals.
101

 

Overall, PD patients exhibited 75% SNc cell loss, with vSNc (71-91%) affected to a much 

higher extent than dSNc (47-57%). SNc pars lateralis showed 61% cell loss. Damier et al. 

reported similar results in their analysis of subregional DA neuron losses in the 

parkinsonian SNc, except for the SNc pars lateralis that only showed 30% loss.
76

 In ak mice, 

MesDA neurons are affected in a comparable way; 71-81% overall DA neurons loss, with 
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vSNc affected much more than dSNc and SNc pars lateralis (Chapter 2-Fig. 1, Chapter 3-Fig. 

1).
161,258,321

 Also for VTA, the 30-43% DA neuron loss in PD patients resembles the 33-52% 

loss in ak mice (Chapter 2-Fig. 1, Chapter 3-Fig. 2 and 3).
175

 In PD patients, CB-positive SNc 

DA neurons are relative spared from neurodegenerative cell death.
133,375

 In ak mice, the 

same neuron population also remains relatively intact (Chapter 3-Fig. 2).
296

 Moreover, our 

immunohistochemical analysis revealed that the SNc DA neuron subpopulations 

expressing Pitx3 and CB are largely exclusive (Chapter 3-Fig. 5). Thus, whereas CB confers 

protection to SNc DA neurons against pathology, Pitx3 seems necessary for survival of the 

MesDA neuronal subpopulation most susceptible to degeneration in PD. 

 

Up to recently, information on the rol of Pitx3 in the human central nervous system was 

very scarce. Nelander et al. showed PITX3-expression in postmitotic DA neurons of the 

human embryonic ventral mesencephalon.
255

 Smidt et al. reported reduced density of 

PITX3-expressing neurons in the SNc of PD patients.
322

 In the last two years, however, 

several groups have identified PITX3 polymorphisms in individuals with PD. In Germany, 

Fuchs et al. performed a genetic association study in more than a thousand sporadic PD 

patients and healthy controls, and reported a strong association of the single-nucleotide 

polymorphism (SNP) rs3758549 C/T substitution in the PITX3 promotor with PD.
115

 The C 

allele of this polymorphism appeared to be a recessive risk allele with an estimated 

population frequency of 83%. In Austria, Haubenberger et al. confirmed this strong 

association of the PITX3 promoter SNP rs3758549 C/T substitution with PD in their analysis 

of 365 familial and sporadic PD patients and 418 controls.
155

 The association was strongest 

for the sporadic patients, and subanalysis did not show influence of onset age of PD. 

However, in their cohort the recessive T allele appeared to act as the risk factor. In China, 

Yu et al. analyzed 316 sporadic PD patients and 305 controls, and also found a significant 

association between the PITX3 promoter SNP rs3758549 C/T substitution with PD.
377

 Again, 

the T allele appeared to be the risk modifier for PD; its frequency was significantly higher 

among early-onset (onset age ≤50 years) but not late-onset patients. In the United States 

of America (USA), Le et al. analyzed DNA samples from 265 familial and sporadic PD 

patients and 210 age-matched controls, and reported significantly more SNP rs2281983 

C/T substitution in exon 3 of the PITX3 coding sequence in PD patients.
218

 The C allele was 

associated with early-onset but not late-onset PD, and showed significantly higher 

frequency among familial PD. The frequency among sporadic PD patients was moderately 

higher, albeit not statistically significant. They also tested for SNP rs4919621 A/T 

substitution in intron 1 of the PITX3 noncoding sequence, and found a significantly higher 

occurrence of the A allele among early-onset, late-onset and familial but not sporadic PD. 

In their analysis of 361 sporadic PD patients and 333 controls in Sweden, Bergman et al. 

confirmed the significant higher frequency of this intron 1 SNP rs4919621 A allele among 
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early-onset, but not among late-onset PD patients.
34

 They did, however, not replicate the 

association of the PITX3 promoter SNP rs3758549 C/T substitution with PD. Taken 

together, PITX3 SNPs carry a significant and reproducible association with PD throughout 

the world. These are the first preliminary results that show the potential value of our 

knowledge on Pitx3-deficient ak mice for better understanding PD. Especially the PITX3 

promoter SNP rs3758549 C/T substitution is of interest, since ak mouse also carry two 

deletions in the 5’ flanking region of the Pitx3 gene, eliminating putative promoter 

sequences.  

 

Do identical genetic mechanisms apply to PITX3-related PD patients and Pitx3-deficient ak 

mice? And does the higher frequency of risk alleles in early-onset versus late-onset PD 

share similarities with the developmental ak phenotype in mice? The clinical signs of PD 

arise when 60-70% of SNc neurons are estimated to be lost.
154

 The variability of the age of 

onset and severity of parkinsonian symptoms could of course be solely determined by the 

speed and progression of the Lewy-type α-synucleinopathy pathology. An alternative 

hypothesis, however, would be that genetic factors within MesDA neurons determine how 

vulnerable, or how resistant, these cells are to α-synucleinopathy-induced 

neurodegeneration. A perhaps even more unconventional thought would be to suggests 

that genetic factors during early MesDA neuron development determine the number of 

SNc and VTA DA neurons people are born with, and people with low MesDA neuron 

numbers from the start might then be more at risk for PD later in life, when Lewy bodies 

gradually accumulate. Indeed, it is generally accepted that between 16 and 30% of 

neurologically-normal elderly people have incidental Lewy body disease.
26

 Perhaps it is not 

the accumulation of Lewy bodies in the lower brain stem and midbrain as such which 

causes pathology, but the genetically determined vulnerability of MesDA neurons which 

defines whether, at what age and how severe an individual human being develops PD. 

Based on the neuropathological observations in ak mice and the above mentioned genetic 

association with PD throughout the world population, Pitx3 might very well be an 

important factor in human MesDA neuron resistance against pathology.            

 

Conclusion 

 

Pitx3-deficiency in the ak MesDA system causes 71-81% loss of mainly vSNc DA neurons 

during early development and 33-52% loss of VTA DA neurons during adult life. Although 

the underlying molecular mechanisms are still far from being elucidated, a sequentially 

orchestrated genetic cascade involving FoxP1, Lmx1b, Pitx3 and Ahd2, necessary for 

adequate production of the neuronal patterning and differentiation factor retinoic acid 

from retinol, seems crucial. Preliminary data suggests that the regulatory effect of Pitx3 
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might occur through potentiation of Nurr1-mediated transcription. The pattern of MesDA 

neuron loss and concommittant DA reduction in the neostriatum in ak mice are strikingly 

similar to those observed in PD patients. Notwithstanding the neuropathological 

differences between the highly selective midbrain phenotype in ak mice and the extensive 

Lewy-type α-synucleinopathy pathology in PD, Pitx3 seems necessary for survival of the 

MesDA neuronal subpopulation most susceptible to degeneration in PD. Indeed, 

polymorphisms of the PITX3 gene put human beings throughout the world at risk for 

developing PD. Future research is needed to further elucidate how this important MesDA 

neuron transcription factor regulates vulnerability to neurodegeneration. In addition, it 

might proof to be a valuable target for new treatment strategies against PD. Finally, more 

detailed analysis of the remaining nigrostriatal en striatonigral projections in ak mice will 

clarify the fundamental role of DA in neostriatal development. 
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Introduction 

 

The neurotransmitter dopamine (DA) is an important modulator of many central nervous 

system (CNS) functions including motor control, neuroendocrine hormone release, 

cognition, emotional behaviour and reward-related behaviour. In mammals, DA neurons 

are mainly located in the ventral midbrain/mesencephalon to form the substantia nigra 

pars compacta (SNc) and ventral tegmental area (VTA). DA neurons from the SNc project 

to the neostriatum (caudate-putamen), the main structure of the basal ganglia which 

receives inputs from virtually all cortical areas and in turn affects the frontal cortex. 

Degeneration of SNc DA neurons in humans causes Parkinson’s disease (PD), whereas 

disturbances of VTA DA neuronal projections to the nucleus accumbens and prefrontal 

cortex are associated with schizophrenia, addictive behavioural disorders, obsessive-

compulsive disorder, Gilles de la Tourette’s syndrome and attention-deficit hyperactivity 

disorder. Since the physiological role and clinical relevance of DA neurons are well 

recognized, mechanisms underlying their embryonic development have been the subject 

of intense investigation.  

 

Thesis 

 

Chapter 1 provides an introduction about the early developmental genetic events that 

precede the appearance of the first mesencephalic DA (MesDA) neurons at embryonic day 

(E) 11.5 of the 21 days of mouse development. Anterior-posterior patterning genes like 

the homeobox transcription factors Otx2, Gbx2, En1, En2, Pax2, Pax5 and Lmx1b, and 

signalling molecules Wnt1 and FGF8 determine proper formation of the future midbrain 

and hindbrain. The signalling molecule Shh induces dorsal-ventral patterning of cell types 

in the future midbrain. The first specific signs of MesDA neurons shortly follow induction 

of the orphan nuclear hormone receptor Nurr1 (E10.5) and homeobox transcription factor 

Pitx3 (E11), when expression of tyrosine hydroxylase (TH), the key enzyme in DA synthesis, 

is initiated. The Pitx3 gene maps to the region of the aphakia (ak) mutation, a 

spontaneously occurred recessive mutation that causes microphthalmia with an absence 

of lens, iris and pupil. The aim of this thesis is to test the hypothesis that the ak mouse is a 

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.  

 

In Chapter 2 we show that in wild-type (wt) mice only a subset of MesDA neurons, those 

in the ventral tier of the SNc (vSNc) and half of the VTA, express Pitx3. Ak mice have no 

detectable midbrain Pitx3 expression and markedly reduced MesDA neurons, with 71% 
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loss of SNc DA neurons during early development and 52% loss of VTA DA neurons during 

postnatal day (P) 21 and 100. Within the ak SNc, vSNc is almost depleted of DA neurons, 

whereas the dorsal tier of the SNc (dSNC) is relatively spared. The ak MesDA neuronal 

depletion causes a dramatic reduction of DA innervation in the striatum, with 93% 

reduced DA levels in the neostriatum and 69% reduced levels in the nucleus accumbens, 

associated with marked hypokinesia. The preferential loss of vSNc DA neurons in ak mice 

together with the severe reduction of neostriatal DA levels and associated movement 

disorder are very similar to PD. 

 

Chapter 3 examines in more detail the expression pattern of Pitx3 in the wt MesDA 

system and selective loss of MesDA neurons in ak mice. We show that the expression of 

Pitx3 in vSNc and half of VTA DA neurons is largely complementary with the expression of 

the calcium-binding protein calbindin D28K (CB), a marker of resistant MesDA neurons in 

PD and neurotoxin-induced animal models of PD, in dSNc and the other half of VTA DA 

neurons. In ak mice, nearly all surviving MesDA neurons express CB. In wt mice, exposure 

to the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) causes 

preferential loss of Pitx3-expressing neurons. The strong resemblance between the 

pattern of MesDA neuron loss in ak mice, in neurotoxin-induced MesDA 

neurodegeneration, and in PD suggests that the Pitx3 pathway underlies a common 

vulnerability of this MesDA neuronal subpopulation. 

 

In Chapter 4 we examine the effects of the loss of MesDA neurons in ak mice on the 

neostriatum and nucleus accumbens. We report that the onset of the ak locomotor deficit 

is established by P40, when only the SNc but not the VTA is affected by neuronal loss. The 

ak hypokinesia can be rescued by injection of the DA precursor 3,4-

dihydroxyphenylalanine (L-DOPA), the most effective drug for symptomatic treatment of 

PD. We further show that downstream striatal correlates of MesDA neuronal loss in ak 

mice, as assessed by expression levels of DA receptors, dynorphin, enkephalin and 

neurotensin, are highly similar to the neuroadaptive phenomena as observed with 

neurotoxin-induced rapid neurodegeneration in animals models of PD, or following slowly 

progressive neurodegenerative processes as seen in PD patients.  

 

Neurons of the neostriatum are organized in anatomically and chemically distinct patch 

and matrix compartments. Chapter 5 explores the effects of early developmental DA 

depletion in the ak mouse on the development of the neostriatum. We show scant or 

absent DA fibers in the ak dorsolateral and medial neostriatum, altering the chemical 

anatomy of µ-opioid receptor stained patches. Furthermore, neostriatal neuron numbers 

are comparable in ak and wt animals, but the volume of the ak neostriatum and its 
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neurons is significantly reduced. We propose that early nigrostriatal DA loss in ak mice 

results in loss of trophic support to the developing neostriatum. 

 

Animal models have provided tremendous insight in the pathogenesis of various diseases, 

and are a valuable tool for testing new treatment strategies. In the last four decades, 

several toxin and genetic animals models of DA deficiency have been generated to study 

disease pathways of PD. Chapter 6 presents the Pitx3-deficient ak mouse as a naturally 

occurring mouse model of DA deficiency, and compares it with other available mouse 

models of DA deficiency. Ak mice faithfully model the selective parkinsonian pattern of 

vSNc DA neuron loss, associated striatal pathology, and hypokinetic locomotor deficits 

which can be reversed by L-DOPA. However, their SNc DA neuron loss is complete at birth. 

ATM knockout, En1 heterozygote/En2 double knockout, Girk2 knockout/weaver, MitoPark, 

MPTP/rotenone-treated, Nurr1 heterozygote knockout, Parkin-Q311X overexpressing, and 

VMAT2 low expressor mice exhibit SNc DA neuron loss during adult life, and are therefore 

better models to study the cellular mechanisms that occur during SNc DA neuron loss.  

 

Chapter 7 discusses the results of our studies against the recent developments. Our 

finding that the wt MesDA system is composed of two previously unrecognized DA 

neuronal subpopulations, that are differentiated by the expression of Pitx3, is at variance 

with reports from other research groups. Whether our immunohistochemical protocols or 

the characteristics of our anti-Pitx3 antibodies are too stringent, or whether the results 

from the other groups are too unspecific, remains to be verified. Our findings of absent 

Pitx3 immunostaining and dramatic reduction of MesDA neurons in ak mice, together with 

reduced DA levels in the neostriatum and associated locomotor deficits,  were confirmed 

by several groups. A sequentially orchestrated genetic cascade involving FoxP1, Lmx1b, 

Pitx3 and Ahd2 is crucial for survival of Pitx3-expressing MesDA neurons. Although the 

neuropathological findings in PD are more extensive than in ak mice, Pitx3 seems essential 

for the MesDA neuronal subpopulation most susceptible to degeneration in PD. 

Interestingly, polymorphisms of the human PITX3 gene put people throughout the world 

at risk for developing PD. 

       

Conclusion 

 

Pitx3-deficiency in the ak MesDA system causes >70% loss of mainly vSNc DA neurons 

during early development and loss of half of VTA DA neurons during adult life. This loss 

causes >90% reduction of DA levels in the neostriatum, neostriatal DA-

receptors/neuropeptides adaptations, 20% neostriatal atrophy, and hypokinetic 

locomotor deficits which can be reversed by L-DOPA. Ak mice faithfully model the pattern 
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of vSNc DA neuron loss and associated neostriatal pathology as observed in PD patients. 

Notwithstanding the neuropathological differences between the highly selective midbrain 

phenotype in ak mice and the extensive pathology in PD patients, Pitx3 seems necessary 

for survival of the MesDA neuronal subpopulation most susceptible to degeneration in PD. 

Future research is needed to further elucidate how this homeobox transcription factor 

regulates vulnerability to neurodegeneration. 



 

 124 

  



 

125  

Chapter 9 

 

Nederlandse samenvatting 



Chapter 9 

 126 

Introductie 

 

De neurotransmitter dopamine (DA) is een belangrijke modulator van vele functies van de 

hersenen, zoals motoriek, neuro-endocriene hormoonsecretie, cognitie, emotioneel 

gedrag en beloningsgerelateerd gedrag. Bij zoogdieren zijn DA neuronen voornamelijk 

gelokaliseerd in het ventrale gedeelte van de middenhersenen (mesencephalon), alwaar 

ze de substantie nigra pars compacta (SNc) en het ventrale tegmentum (VTA) vormen. DA 

neuronen van de SNc projecteren hun axonen naar het neostriatum (bestaande uit de 

nucleus caudatus en het putamen), de belangrijkste structuur van de basale ganglia die in 

contact staan met nagenoeg alle corticale hersengebieden. Het afsterven van SNc DA 

neuronen veroorzaakt bij mensen de ziekte van Parkinson, terwijl stoornissen in de 

projecties vanuit de VTA naar de nucleus accumbens en prefrontale cortex geassocieerd 

zijn met schizofrenie, verslaving, obsessief-compulsieve stoornissen, het syndroom van 

Gilles de la Tourette en ADHD. Omdat DA neuronen betrokken zijn bij essentiële 

fysiologische functies en bij frequent voorkomende ziektebeelden, wordt er veel 

onderzoek gedaan naar de embryologische ontwikkeling van deze neuronen. 

 

Proefschrift 

 

Hoofdstuk 1 vormt de introductie van dit proefschrift. Het beschrijft de vroeg-embryonale 

genetische mechanismen die vooraf gaan aan het ontstaan van de eerste mesencephale 

DA (MesDA) neuronen op embryonale dag (E) 11.5 van de in totaal 21 dagen durende 

ontwikkeling/zwangerschap van de muis. Het lichaamsschema van de muizenembryo 

wordt bepaald door zogenaamde patroon-genen, zoals homeobox transcriptiefactoren en 

signaalmoleculen. De correcte cranio-caudale positie van het toekomstige mesencephalon 

en rhombencephalon (achterhersenen) wordt bepaald door de homeobox transcriptie-

factoren Otx2, Gbx2, En1, En2, Pax2, Pax5 and Lmx1b, en de signaalmoleculen Wnt1 en 

FGF8. Binnen het mesencephalon controleert het signaalmolecuul Shh het ventro-dorsale 

patroon van de verschillende typen toekomstige neuronen. Het eerste specifieke kenmerk 

van MesDA neuronen ontstaat met de expressie van tyrosine hydroxylase (TH) (E11.5), dat 

essentieel is voor de productie van DA. Dit gebeurt kort na het tot expressie komen van de 

nucleaire hormoonreceptor Nurr1 (E10.5) en de homeobox transcriptiefactor Pitx3 (E11). 

Het Pitx3 gen zit in dezelfde chromosomale regio als de aphakia (ak) mutatie. Deze 

spontaan voorkomende autosomaal recessieve mutatie veroorzaakt bij de muis 

microphthalmie, met afwezigheid van de ooglens, iris en pupil. De hypothesen van dit 

proefschrift zijn dat de ak muis het Pitx3 gen in de hersenen mist en dat de afwezigheid 

van Pitx3 de embryonale ontwikkeling van de MesDA neuronen verstoort, met minder 

SNc/VTA DA neuronen en DA-verlies in het neostriatum als gevolg. 
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In Hoofdstuk 2 wordt getoond dat in normale, wild-type (wt) muizen slechts een deel van 

de MesDA neuronen het Pitx3 gen tot expressie brengt, namelijk de neuronen in het 

ventrale gedeelte van de SNc (vSNc) en de helft van de VTA. Ak muizen hebben geen Pitx3- 

expressie in het mesencephalon, en aanzienlijk minder MesDA neuronen: 71% van de SNc 

DA neuronen verdwijnt vóór de geboorte, terwijl 52% van de VTA DA neuronen tussen 

postnatale dag (P) 21 en 100 verdwijnt. Binnen de ak SNc zijn de DA neuronen van de vSNc 

nagenoeg volledig verdwenen, terwijl de DA neuronen van het dorsale gedeelte van de 

SNc (dSNc) relatief gespaard blijven. Het verdwijnen van de MesDA neuronen in de ak 

muis veroorzaakt 93% DA-verlies in het neostriatum en 69% DA-verlies in de nucleus 

accumbens. Dit gaat gepaard met aanzienlijke bewegingsarmoede (hypokinesie). De 

specifieke aantasting van vSNc DA neuronen in de ak muis vertoont, samen met het grote 

DA-verlies in het neostriatum en de geassocieerde hypokinesie, sterke overeenkomsten 

met de humane ziekte van Parkinson. 

 

Hoofdstuk 3 behelst een gedetailleerde analyse van het expressiepatroon van Pitx3 in het 

wt MesDA systeem, en van het specifieke verlies van MesDA neuronen in de ak muis. De 

expressie van Pitx3 in vSNc en de helft van de VTA DA neuronen blijkt nagenoeg 

complementair te zijn aan de expressie van het calcium-bindende eiwit calbindin D28K (CB) 

in dSNc en de andere helft van de VTA DA neuronen. CB markeert specifiek de MesDA 

neuronen die overleven bij de ziekte van Parkinson en in neurotoxine-diermodellen van de 

ziekte van Parkinson. Ook in de ak muis brengen bijna alle resterende MesDA neuronen 

CB tot expressie. Als wt muizen worden blootgesteld aan het neurotoxine 1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine (MPTP), sterven voornamelijk de MesDA neuronen af 

die Pitx3 tot expressie brengen. De sterke overeenkomst tussen het patroon van MesDA 

neuronverlies in de ak muis, in met neurotoxine behandelde muizen en in patiënten met 

de ziekte van Parkinson, doet vermoeden dat Pitx3-gemedieerde mechanismen betrokken 

zijn bij de verhoogde kwetsbaarheid van deze MesDA neuronale subpopulatie.   

 

In Hoofdstuk 4 worden de gevolgen van het verlies van MesDA neuronen voor het 

neostriatum en de nucleus accumbens in de ak muis geanalyseerd. De ak 

bewegingsstoornissen blijken reeds vanaf P40 aanwezig te zijn, als de SNc wél maar de 

VTA nog niet aangedaan is door neuronaal verlies. Injecties met 3,4-

dihydroxyphenylalanine (L-DOPA), dat de symptomen bij patiënten met de ziekte van 

Parkinson zeer effectief behandeld, normaliseert ook de hypokinesie van de ak muis. De 

gevolgen van het MesDA neuronverlies in de ak muis op de expressie-niveaus van DA 

receptoren, dynorfine, enkefaline en neurotensine in het neostriatum en de nucleus 

accumbens komen sterk overeen met de striatale neuro-adaptieve fenomenen bij snel-

optredende MesDA neurodegeneratie in neurotoxine-diermodellen van de ziekte van 
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Parkinson, en bij langzaam-progressieve MesDA neurodegeneratie bij de ziekte van 

Parkinson. 

 

Neuronen van het neostriatum zijn georganiseerd in de anatomisch en neurochemisch van 

elkaar te onderscheiden patch en matrix compartimenten. Hoofdstuk 5 beschrijft de 

effecten van het embryonale DA verlies in de ak muis op de ontwikkeling van het 

neostriatum. Het verlies van DA innervatie in de dorsolaterale en mediale regio’s van het 

ak neostriatum verandert de neurochemische anatomie van de patches, die normaliter µ-

opiaat receptoren tot expressie brengen. Ak en wt muizen hebben vergelijkbare aantallen 

neostriatale neuronen, maar het volume van het ak neostriatum en de neostriatale 

neuronen is significant kleiner. Het embryonale DA verlies in de ak muis lijkt derhalve 

verlies van trofische ondersteuning aan het zich ontwikkelende neostriatum te 

veroorzaken. 

 

Onderzoek met diermodellen heeft inzicht verschaft in de pathogenese van vele ziekten, 

en is belangrijk voor het ontwikkelen van nieuwe behandelstrategieën. In de laatste vier 

decennia zijn er verscheidene toxine en genetische diermodellen voor DA deficiëntie 

ontwikkeld om de pathogenese van de ziekte van Parkinson te bestuderen. Hoofdstuk 6 

beschrijft de Pitx3-deficiënte ak muis als een natuurlijk voorkomend diermodel van DA 

deficiëntie, en vergelijkt deze muis met andere muismodellen van DA deficiëntie. De ak 

muis modelleert getrouw het selectieve MesDA neuronverlies, de geassocieerde 

neostriatale pathologie en de L-DOPA responsieve hypokinetische bewegingsstoornis, 

zoals die bij patiënten met de ziekte van Parkinson worden gezien. Een verschil met de 

ziekte van Parkinson is echter dat het neuronale verlies in de SNc reeds bij geboorte 

aanwezig is. In ATM knockout, En1 heterozygoot/En2 homozygoot knockout, Girk2 

knockout/weaver, MitoPark, MPTP/ rotenone-behandelde, Nurr1 heterozygoot knockout, 

Parkin-Q311X over-expressie, en VMAT2 laag-expressie muizen treedt het SNc 

neuronverlies wel op tijdens de volwassen levensfase. Derhalve zijn deze diermodellen 

geschikter om de neuronale mechanismen te bestuderen die tijdens het SNc neuronverlies 

plaatsvinden. 

 

Hoofdstuk 7 bediscussieert bovenstaande resultaten in het licht van de recente 

ontwikkelingen. Onze bevinding dat het wt MesDA systeem is samengesteld uit twee 

subpopulaties die van elkaar te onderscheiden zijn door de expressie van Pitx3, is in 

tegenspraak met de resultaten van andere onderzoeksgroepen. Zij rapporteerden 

namelijk Pitx3-expressie in álle MesDA neuronen. Aanvullend onderzoek dient te 

evalueren of ons immunohistochemisch kleuringsprotocol en/of het door ons gebruikte 

anti-Pitx3 antilichaam te weinig sensitief zijn, of de resultaten van de andere 
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onderzoeksgroepen te aspecifiek. Onze bevindingen van afwezige Pitx3-expressie en 

MesDA neuronverlies in de ak muis,  in combinatie met de verminderde hoeveelheid DA in 

het neostriatum en de hiermee geassocieerde bewegingsstoornis, werden wel bevestigd 

door verscheidene onderzoeksgroepen. Een opeenvolgende genetische cascade van de 

genen FoxP1, Lmx1b, Pitx3 en tenslotte Ahd2 lijkt cruciaal voor de overleving van Pitx3-

tot-expressie-brengende MesDA neuronen. Hoewel de neuropathologische bevindingen 

bij patiënten met de ziekte van Parkinson uitgebreider zijn dan bij ak muizen, lijkt Pitx3 

essentieel te zijn voor de MesDA neuronale subpopulatie die het meest gevoelig is voor 

degeneratieve celdood bij de ziekte van Parkinson. Recent onderzoek toont dat 

polymorfismen in het humane PITX3 gen bij mensen van over de gehele wereld de kans 

verhogen dat zij de ziekte van Parkinson ontwikkelen.            

 

Conclusie 

 

Pitx3-deficiëntie in de ak muis veroorzaakt meer dan 70% verlies van voornamelijk vSNc 

DA neuronen vóór de geboorte, en ongeveer 50% verlies van VTA DA neuronen tijdens het 

volwassen leven. Als gevolg van dit MesDA neuronale verlies daalt de DA-concentratie in 

het ak neostriatum met meer dan 90%, verandert de neostriatale expressie van DA 

receptoren en neuropeptides, is het volume van het ak neostriatum 20% kleiner, en 

hebben ak muizen een hypokinetische bewegingstoornis die met L-DOPA behandeld kan 

worden. De ak muis modelleert getrouw het selectieve MesDA neuronverlies zoals dat bij 

patiënten met de ziekte van Parkinson wordt gezien. Hoewel in patiënten met de ziekte 

van Parkinson veel uitgebreidere neuropathologische veranderingen worden gezien dan in 

ak muizen, lijkt Pitx3 cruciaal voor de overleving van de MesDA neuronale subpopulatie 

die het meest aangedaan wordt door degeneratieve celdood bij de ziekte van Parkinson. 
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Abbreviations 

 

ABC  avidin-biotin-peroxidase complex 

Acc  nucleus accumbens 

AcC  core of the nucleus accumbens 

AcSh  shell of the nucleus accumbens 

ADHD  attention-deficit hyperactivity disorder 

Ahd2  aldehyde dehydrogenase family 1, subfamily A1 

ak  aphakia 

Aldh1a1  aldehyde dehydrogenase family 1, subfamily A1 

ANOVA  analysis of variance 

A-P  anterior-posterior 

ASMD  anterior segment mesenchymal dysgenesis 

ATM  ataxia telangiectasia mutated 

BAC  bacterial artificial chromosome 

BCA  bicinchoninic acid 

BDNF  brain-derived neurotrophic factor 

bp  basepair 

BrdU  bromodeoxyuridine 

CB  calbindin D28K 

CC  cingulate cortex 

Cd/Put  caudate/putamen 

CNS  central nervous system 

d(s)  day(s) 

D1/2/3  dopamine receptor 1/2/3 

DA  dopamine 

DAT  dopamine transporter 

dSNc  dorsal tier of the substantia nigra pars compacta 

D-V  dorsal-ventral 

DYN  dynorphin 

E  embryonic day 

En1/2  engrailed 1/2 

ENK  enkephalin 

Evx1  even-skipped homeobox 1 

FGF8  fibroblast growth factor 8 

Foxa2  forkhead box a2 

FoxP1  forkhead box P1 

FP  floorplate 
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GABA  γ-aminobutyric acid 

Gata-2  GATA binding protein 2 

Gbx2  gastrulation brain homeobox 2 

GDNF  glial cell-derived neurotrophic factor 

Girk2  G-protein regulated inward rectifier potassium channel 

GPe  external part of the globus pallidus 

GPi  internal part of the globus pallidus 

h  hour(s)  

HD  homeodomain 

HPLC  high pressure liquid chromatography 

ip  intraperitoneal 

IsO  isthmic organizer 

kbp  kilobasepair 

LC  locus coeruleus 

L-DOPA  3,4-dihydroxyphenylalanine 

LGE  lateral ganglionic eminence 

LRRK2  leucine-rich repeat kinase 2 

Lmx1b  LIM homeobox transcription factor 1, beta 

MesDA  mesencephalic dopaminergic 

MFB  medial forebrain bundle 

MHB  midbrain-hindbrain boundary 

MOR  µ-opioid receptor 

mos  months 

mPFC  medial prefrontal cortex 

MPTP  1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

N  notochord 

NA  not applicable 

NGFI-B  Nerve-Growth Factor Inducible B (=Nur77)  

NT  neurotensin 

Nurr1  nuclear receptor related 1 

OCD  obsessive-compulsive disorder 

6-OHDA  6-hydroxydopamine 

Otx  orthodenticle homeobox  

P  postnatal day 

Pax2/5/6 paired box 2/5/6 

PBS  phosphate-buffered saline 

PD  Parkinson’s disease 

PFA  paraformaldehyde 
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Phox2A  paired mesoderm homeobox 2A 

PINK1  PTEN (phosphatase and tensin homolog) induced putative kinase 1 

Pitx1/2/3 pituitary homeobox 1/2/3 

RRF  retrorubral field  

Shh  sonic hedgehog 

SMRT  silencing mediator of retinoic acid and thyroid hormone receptor 

SN  substantia nigra 

SNc  substantia nigra pars compacta 

SNP  single-nucleotide polymorphism 

SNr  substantia nigra pars reticulata 

SP  substance P 

StDL  dorsolateral portion of the striatum 

StDM  dorsomedial portion of the striatum 

StL  lateral striatum 

StM  medial striatum 

STN  subthalamic nucleus 

StVL  ventrolateral portion of the striatum 

StVM  ventromedial portion of the striatum 

TFAM  mitochondrial transcription factor A 

TH  tyrosine hydroxylase 

vSNc  ventral tier of the substantia nigra pars compacta 

VMAT2  vesicular monoamine transporter 2 

VTA  ventral tegmental area 

wk(s)  week(s) 

Wnt1  wingless-type MMTV (mouse mammary tumor virus) integration site 

family, member 1 

wt  wild-type 

yrs  years 
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Dankwoord 

 

In 1999 startte ik in Montreal het onderzoek dat nu in de vorm van dit proefschrift voor u 

ligt. Het enthousiasme van vele personen heeft bijgedragen aan het uiteindelijke resultaat. 

En datzelfde enthousiasme heeft deze lange tijdsperiode tot een meer dan bijzondere 

ervaring gemaakt. Graag wilde ik een aantal van deze vele personen in het bijzonder 

bedanken. Vergeeft u me als dit dankwoord wat langer is dan gebruikelijk. Na twaalf jaar 

onderzoek verdienen veel personen een uitgebreide dankzegging! 

 

Mijn promotor, prof. dr. D.A. Bosch. Beste Andries, ik mocht als laatste arts-assistent bij de 

jou de opleiding neurochirurgie starten, en nu als laatste promovendus bij jou 

promoveren. Dat geeft een zeer speciaal gevoel. In 1999 deed ik mijn keuzocoschap op 

jouw afdeling, en ben toen gevallen voor de menselijkheid waarmee je leiding gaf, 

waarmee je het vak neurochirurgie uitoefende, en waarmee je de neurochirurgen om je 

heen inspireerde het vak op de bij hen passende wijze uit te oefenen. Vanaf 2002 begon ik 

het vak van jou, je staf en opleidingsassistenten te leren. Het is een grote eer geweest om 

de stereotactische neurochirurgie te leren van diegene die haar groot heeft gemaakt in 

Nederland, en die er het AMC internationaal mee op de kaart heeft gezet. Naast de kliniek 

bood je me ook de kans door te gaan met het aphakia-onderzoek, in eerste instantie in 

Montreal en vervolgens, via je contacten met Henk Groenewegen, aan de VU. Bedankt 

voor alles wat ik van je geleerd heb, waarbij ik naast de vakinhoudelijke aspecten ook 

graag je kwaliteit roem om voldoende aandacht te hebben voor dat wat een 

neurochirurgische aandoening met de mens in de patiënt doen, en dat wat het vak 

neurochirurgie met de mens in de neurochirurg doet. De periodieke gesprekken die we als 

opleider-opleidingsassistent voerden waren wat dat betreft momenten van beschouwing 

die me goed zijn bijgebleven. Momenten die we na je emeritaat gelukkig hebben 

voortgezet op de Van Eeghenstraat, als opmaat naar deze promotie. En die we ook na 

deze promotie zullen voortzetten! 

 

Mijn co-promotor, prof. dr. A.F. Sadikot. Dear Abbas, thank you for being co-promotor on 

my PhD thesis, and thank you very much for travelling to Amsterdam to celebrate this 

special moment with us. On a rainy day in the spring of 2001, I came to your laboratory for 

the first time. Together with Kelvin and Vladimir, we looked at the preliminary 

immunohistochemical results of the aphakia midbrain that I acquired in Jacques Drouin’s 

lab. You proposed a thourough and stereological analysis of the aphakia dopaminergic 

system. A couple of weeks later, the four of us had a real Eureka moment when the 

immunostained brain sections revealed a dramatic loss of dopaminergic neurons in the 

aphakia mouse. We even saw it without using the microscope! How was it possible that 
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everybody had overlooked this midbrain phenotype since 1968? Since then we have 

performed great studies with this remarkable mouse mutant. It was always a pleasure to 

climb up the steep Rue d’Université, pass the statue of Wilder Penfield at the frontdoor of 

the Montreal Neurological Institute, and walk into your inspiring lab. You taught me all ins 

and outs of the midbrain dopaminergic system, and together with Kelvin and Vladimir you 

learned me to perform stereological brain analyses. I have great respect for the way you 

combine neurosurgery with both fundamental and clinical science. Besides the scientific 

duties, we also spent good times together in the numerous Indian restaurant of Montreal, 

and while searching for just arrived Alphonso mangos in suburbian grocery stores! I was 

very happy that we were able to continue our collaborative research with the aphakia 

mouse after my return to Amsterdam in 2002. And I hope that this PhD thesis ceremony 

will stimulate us to develop new ideas and research projects. The Amsterdam-Montreal 

connection should definitely continue to expand the knowledge of the midbrain 

dopaminergic system and its connections to the striatum!           

 

Mijn promotor, prof. dr. H.J. Groenewegen en co-promotor, Dr. P. Voorn. Beste Henk en 

Pieter, in maart 2004 ontwikkelden we samen met Abbas Sadikot het idee de aphakia 

muis te gebruiken als model om de invloed van embryonale dopamine-deficiëntie op de 

ontwikkeling van het corpus striatum te bestuderen. Hiermee kreeg ik bij jullie de kans 

mijn Montrealse onderzoek een Amsterdamse doorstart te geven, en ontstond er een 

samenwerkingsverband tussen de afdeling Anatomie en Neurowetenschapen van het 

VUMC en Abbas Sadikot’s Cone Laboratory in Montreal. De eerste vruchten van deze 

samenwerking staan in dit proefschrift, en hopelijk volgen er in de nabije toekomst nog 

vele. Tijdens het schrijven van de discussie kwamen er in ieder geval een hoop nieuwe 

ideeën bovendrijven. Veel dank voor de mogelijkheid op jullie afdeling te mogen werken, 

voor de hulp bij het uitwerken van de onderzoeksvragen, voor de begeleiding tijdens de 

immunohistochemische experimenten, en voor jullie input bij en correcties van het 

proefschrift. Door jullie ging voor mij de wereld van de patch/matrix structuur van het 

corpus striatum open, en die is zeer intrigerend. Ook bedankt voor jullie geduld als er door 

de klinische werkzaamheden van mijn neurochirurgische opleiding weer eens een 

behoorlijk lange “pauze” in de reeks experimenten volgde. Inmiddels hebben deze 

klinische werkzaamheden wel geresulteerd in een nieuwe gedeelde interesse, namelijk de 

neuro-anatomie van diepe hersenen stimulatie voor obsessief-compulsieve stoornissen. 

Een mooie uitdaging!      

 

Graag wil ik de commissieleden, bestaande uit prof. dr. F. Baas, prof. dr. H.B.M. Uylings, 

prof. dr. W.P. Vandertop, prof. dr. J. Verhaagen, dr. H.W. Berendse en dr. J.D. Speelman 
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bedanken voor het beoordelen van het manuscript en de bereidheid zitting te nemen in 

de promotie-commissie. 

 

Prof. dr. J. Drouin. Cher Jacques, comme chez mon mémoire de maîtrise j’ai dedié ce thèse 

de doctorat aussi à l’enthousiasme. Pendant mon dîner de départ de Montréal (chez Au 

Pied de Cochon sur Rue Duluth), je t’ai remercié pour ton enthousiasme pour le biologie 

moléculaire, avec lequel tu m’a fait evolué d’un étudiant en médicine au chercheur de 

laboratoire. Ici, j’aimerais faire la même chose. Merci beaucoup pour ton enthousiasme! 

Déjà pendant notre premier rencontre en été 1998, quand tu m’expliquais le monde 

fascinant des facteurs de transcription à boîte homéo Pitx, cet enthousiasme était très 

contagieux. Merci pour le temps formidable dans ton labo. Les manips étaient vachement 

difficile au début, mais grâce à l’atmosphère ouverte, instructive et amicale dans ton labo 

je me débrouillais pas mal après quelques mois. L’origine de ce thèse se trouve à l’Insitut 

de Recherches de Cliniques de Montréal (IRCM). Notre papier en Development a ajouté un 

element fondamental au monde dopaminergique. Merci aussi pour ton avis de m’inscrire 

pour la maîtrise en biologie moléculaire à l’Université de Montréal. Cette maîtrise a créé 

un base des connaissances, de quel je profite jusqu’à aujourd’hui. 

 

Les membres de l’Unité de Recherches en Génétique Moléculaire et l’Unité de Recherches 

en Développement et Différenciation Cardiaques de l’Institut de Recherches Cliniques de 

Montréal (IRCM). Chers Melanie, Alain, Michel, Yves, Julie, Gino, Eric, Alexandre, Lise, 

Mario, Christine, Maria, Anne Marie, Bruno, Nassim, George, Aurélio, Gwendal, Catherine 

et Steve, merci beaucoup pour tous vos aides pendant les manips, et pour tous les beaux 

moments en ville! 

 

The members of the Cone Laboratory, Department of Neurology and Neurosurgery, 

Montreal Neurological Institute (MNI), McGill University. Dear Kelvin, Vladimir and Rina, 

thank you very much for your help during the experiments. Dear Kelvin, it was a great 

pleasure to work together with you on our joint-first-authors-publication in Development, 

which has proven a landmark paper for the role of Pitx3 in the midbrain dopaminergic 

system. Dear Vlad, talking with you about good-old-Europe, neurosurgery in Moldavia, 

and life in the new world, made time in between immunohistochemical experiments fly. 

Thanks for these moments of reflection. 

 

De medewerkers van de afdeling Anatomie en Neurowetenschapen van het VUMC. Beste 

Wilma en Allert, bedankt voor jullie vele waardevolle adviezen tijdens de 

immunohistochemische en stereologische analyses van het neostriatum van de aphakia 

muis.  



Dankwoord 

161  

 

Co-auteurs/co-authors/mede-auteurs. Chers Line, Jane, Pierre, François, Michel, Daniel et 

Jacques, merci pour le collaboration motivant. Dear Kelvin, Vladimir, Claude, Bifsha, Lifeng 

and Abbas, thanks for the motivational collaboration. Beste Nienke en Pieter, bedankt 

voor de motiverende samenwerking. 

 

Prof. dr. L. Verhagen Metman. Beste Leo, hoewel mijn onderzoeksperiode bij jou in 

Bethesda zich enige jaren voor mijn vertrek naar Montreal afspeelde, durf ik te beweren 

dat dit proefschrift er zonder jou niet was geweest. En dan doel ik niet eens op het feit dat 

ik in 1998 via jouw toenmalige kamergenoot in Bethesda, Pierre Blanchet, in contact 

kwam met Jacques Drouin. Het was het plezier dat je tentoonspreidde. Het plezier in 

wetenschappelijk onderzoek doen op het gebied van de ziekte van Parkinson, het plezier 

in het samen met André en mij verrichten van klinische experimenten met inraveneuze 

levodopa, PET-scans en stereotactische pallidotomieën, het plezier om met de 

bevindingen uit deze experimenten het leven van de patiënten die aan deze ellendige 

ziekte lijden een beetje te verlichten. En ook het plezier in het werken in Noord-Amerika, 

het plezier in de American way of life waarin zelfs de sky geen limit is (we kunnen immers 

naar de maan!), hoewel het ook wel weer lekker is daar als Europeaan middenin te staan 

en niet als Amerikaan. En tenslotte het plezier waarmee je samen met Lisette en je drie 

zonen jullie gezinsleven zoveel kleur geeft. Dat plezier heb je aan me overgedragen. En 

daar ben ik je erg dankbaar voor! 

 

Prof. dr. P.J. Blanchet. Cher Pierre, merci pour m’avoir accueilli à Montréal en été 1998, et 

merci pour le “tour de sciences montréalaises” que tu avais organisé pour moi au long des 

chercheurs sur des sujèts si variées. Un des chercheurs que je rencontrais pendant cet été 

était Jacques Drouin. C’était un rencontre inspirant!  

 

Neurochirurgie. Een groot deel van de periode waarin ik mij bezig hield met het huidige 

onderzoek, was ik tevens werkzaam op de afdeling Neurochirurgie van het AMC, 

inmiddels onderdeel van het Neurochirurgisch Centrum Amsterdam (NCA). Eerst twee jaar 

als agnio, daarna zes jaar als aios en inmiddels al weer twee jaar als staflid. Belangrijke en 

intensieve jaren, die richtinggevend zijn geweest voor de dokter èn mens die ik nu ben. 

Wat voor de onderzoeksjaren geldt, namelijk dat het  enthousiasme van vele personen 

heeft bijgedragen aan het uiteindelijke resultaat, geldt zeer zeker ook voor de 

neurochirurgische jaren. En zonder neurochirurgisch enthousaisme was er ook geen 

onderzoeksenthousiasme geweest. Vandaar een woord van dank voor velen die aan de 

afdeling verbonden waren/zijn. 
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Stafleden:  

Prof. dr. D.A. Bosch. Beste Andries, zie begin van dit dankwoord, nogmaals dank voor alles. 

Drs. K.W. Albrecht. Beste Kees, ik weet niet of er leven na de dood is. Als het er is en jij dit 

leest, dan wil ik je bedanken voor de vijf en een half jaar die ik als arts-assistent samen 

met jou heb mogen beleven. Jouw passie voor het vak wordt gelukkig nog door velen 

geroemd. Jouw operatieve kunde maakte vaak het verschil, waardoor een lastige operatie 

“de bocht nam”, ook als je niet-steriel stond mee te kijken en je motiverende commentaar 

diegene in de operatiestoel boven zichzelf deed uitstijgen. Met jouw kennis werden 

discussies over hoe te behandelen afgewogen beslissingen, waarin de kwaliteit van het 

leven voorop stond en waarin ook ruimte was voor inbreng van de jongste aan tafel. Je 

passie voor het vak kwam voort uit je passie voor het leven. Het is eeuwig zonde dat je in 

2007 bent gestorven. Mocht er geen leven na de dood zijn en jij dit niet lezen, dan ben ik 

toch blij dat ik weer een moment aan je heb gedacht, en dat de lezers van dit dankwoord 

dat ook zullen doen. 

Dr. R.W. Koot. Beste Radboud, je geduld bewaren en rustig dooropereren zijn 

eigenschappen waar een neurochirurg veel aan heeft. We hebben samen menig nacht op 

OK12 doorgebracht waarbij jij met bovengenoemde kwaliteiten een lastige tumor met 

succes te lijf ging, en ik je observeerde en druppelde (en af en toe indommelde). Bedankt 

voor deze leermomenten. Ook bedankt voor de maanden die ik, net terug uit Canada en 

nog zonder huis en haard, op jullie Bussumse huis mocht passen toen jullie naar Parijs 

gingen.  

Dr. S. Leenstra. Beste Sieger, bedankt dat je me deelgenoot hebt gemaakt van je strijd 

tegen het glioblastoom, je passie om voor patiënten met deze aandoening “alles uit de 

kast te halen” en het vele onderzoek dat je op dit gebied verricht. Onze samenwerking 

binnen de TP-38 studie voor het recidief glioblastoom was zeer plezierig.     

Dr. G.J. Bouma. Beste Gert Joan, ik denk dat er weinig neurochirurgen zijn die kunnen 

tippen aan jouw neurochirurgische kwaliteiten. Zowel qua intracraniële als spinale 

neurochirurgie ben je een vakman, met een zeer zorgvuldige indicatiestelling, operatieve 

uitvoering en betrokkenheid bij de patiënt. Daar heb ik veel van geleerd en, hoop ik, zo 

veel mogelijk geïntegreerd in mijn eigen uitoefening van het vak. Wat ik ook altijd erg in je 

heb gewaardeerd is je openhartigheid tijdens de kop koffie na een spannende operatie. 

Die openheid richting elkaar is belangrijk in de neurochirurgie. Er zijn regelmatig mensen 

die je “streng” vinden, zeker als logistieke zaken niet lopen zoals ze zouden moeten. Maar 

als je het risicoprofiel van neurochirurgische operaties ten volle beseft, en je realiseert wat 

voor gevolgen onze complicaties voor mensenlevens kunnen hebben, dan zou een ieder 

van ons zich, mocht dat ooit nodig zijn, een neurochirurg als jij wensen.    

Dr. W.R. van Furth. Beste Wouter, toen ik keuzeco op de afdeling was rondde jij je 

opleiding af en ging je met Rixt en de kinderen naar Toronto voor je fellowship 
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schedelbasisneurochirurgie. Enkele maanden later troffen we elkaar in de Montreal, en 

het voorjaar erop kwam ik op de motor bij jullie langs in Toronto. Dat waren gezellige 

momenten. In mijn assistentenjaren heb ik erg veel van je geleerd. Eerst als agnio 

hardlopen, daarna als aios vele operatietechnieken. En ook sinds de afronding van mijn 

opleiding in 2009 leer ik nog steeds van je. Een “van Furth” operatie wordt gekenmerkt 

door een plan, en niet zomaar een plan maar een plan dat van de eerste tot de laatste 

minuut als een huis staat. Een huis waar van te voren drie keer om heen is gelopen, 

waarvan de funderingen zijn onderworpen aan een gedegen analyse en waarvan het dak 

minutieus op lekkages is gecontroleerd. Als alles klopt wordt er van start gegaan, en wordt 

het gedetailleerde plan uitgevoerd. Met zo’n plan lever je kwaliteitswerk, en dat doe je. 

Altijd. En daar waardeer ik je enorm om. En je patiënten ook. Ik kijk uit naar onze 

toekomstige projecten, want het is prettig samenwerken met jou.   

Dr. P.R. Schuurman. Beste Rick, in 1997 zag ik in Baltimore de eerste stereotactische 

operatie, die me enorm intrigeerde. Toen ik mede hierdoor tijdens mijn coschappen 

besloot de weg richting de neurochirurgie in te slaan was er eigenlijk maar één plek waar 

ik voor mijn keuzecoschap heen wilde: naar Andries Bosch in het AMC. Daar kwam ik in 

1999 ook jou tegen: de snelle denker met de mysterieuze tronie. Vanaf 2002 namen 

Andries, Hans Speelman en jij me als agnio mee naar de wondere wereld van de 

stereotaxie en diepe hersenen stimulatie. Ik heb het altijd als een enorm voorrecht 

beschouwd het vak van jullie drie te hebben mogen leren, en zo snel jullie vertrouwen te 

hebben gekregen om mijn eigen stereotactische schreden te zetten. Toen Andries met 

emeritaat ging, en ik inmiddels het nodige geleerd had, zijn we het steeds meer samen 

gaan doen. En die samenwerking is vanaf mei 2009 heel natuurlijk overgegaan in de 

situatie zoals die nu is, met twee stafleden die functionele neurochirurgie als speciaal 

aandachtsgebied hebben. Menig zorgmanager zal zich afvragen of het nou echt 

noodzakelijk is dat twee stafleden op dinsdagochtend samen een bed met patiënt erin 

naar de MRI-scan en holding rijden, en vervolgens samen rekenen achter de 

planningscomputer. Maar ik durf te beweren dat die wekelijkse twee uur samen één van 

de verklaringen is voor het succes van onze samenwerking. Er is in het medisch bedrijf 

eigenlijk altijd haast, met te weinig tijd om echt met elkaar van gedachten te wisselen. En 

wij doen dat iedere week. Dat is een luxe, maar wel één waar goede ideeën uit 

voortkomen. Een andere verklaring is dat we het gewoon heel goed met elkaar kunnen 

vinden. We zijn als personen best verschillend, maar misschien schuilt daarin wel onze 

grote kracht. We gunnen elkaar zaken. En de één weet dat als hij een idee heeft dat dit, 

door erover discussieren met de ander, zal uitkristalliseren tot een strak plan. Het geeft 

een goed gevoel te beseffen dat we, ondanks al die jaren samen, in wezen pas aan het 

begin van onze samenwerking staan.         
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Prof. dr. W.P. Vandertop. Beste Peter, tijdens het tweede gedeelte van mijn 

neurochirurgische opleiding was jij mijn opleider. Ik heb in deze belangrijke opleidingsfase 

veel van je geleerd, want je bent een excellente operateur die een voor mij nieuw palet 

aan complexe operaties naar het AMC bracht. Daarnaast denk je vaak buiten de gebaande 

klinische wegen om, en stimuleer je dit ook bij anderen. Dat kan voor individuele 

patiënten veel winst opleveren. Zo haal ik direct twee ernstig zieke kinderen voor de geest 

die we samen nogal out-of-the-box hebben behandeld, en die het daardoor fantastisch 

hebben overleefd. En als we daar een abstract of artikel over schrijven, zit de door jouw 

verbeterde versie al in m’n inbox als ik nog twijfel of ik ‘m je wel gestuurd heb. Ook de 

onderzoeksgebieden die verder van je eigen aandachtsgebieden af staan, ondersteun je 

als afdelingshoofd actief. Daardoor krijgen veel projecten momentum. Veel dank hiervoor. 

Met jouw komst naar het AMC werd onze afdeling onderdeel van het NCA. Het was een 

grote klus om twee afdelingen op twee academische lokaties één te laten worden, maar 

het resultaat mag er zijn. Jouw doel, dat iedere NCA neurochirurg zich kan toeleggen op 

en excelleren in enkele aandachtsgebieden, heeft de toekomst. Bedankt voor je 

vertrouwen in mij om daaraan mee te werken!      

Beste Hedy, Michiel, Ronald en Bert, het is een groot plezier samen met jullie in onze staf 

van negen te zitten. Hoewel we gedurende de week allemaal erg druk zijn en binnen onze 

aandachtsgebieden uitwaaieren over het AMC en de regio Amsterdam, weten we elkaar 

altijd te vinden als het vak dat nodig heeft, of als er een moment ontspannen koffie kan 

worden gedronken. Ik kijk uit naar de komende stafjaren samen met jullie!  

De NCA stafleden van het VUMC. Beste Saskia, Pim, Hans, David en Ricardo, met de 

oprichting van het NCA zijn de Boelelaan en Meibergdreef in elkaars verlengde komen te 

liggen. Ik heb het half jaar in 2006 bij jullie op de afdeling, toen ik als eerste AMC 

opleidingsassistent naar het VUMC kwam, als bijzonder waardevol ervaren. In Zuid gaat 

het toch net even anders dan in Zuidoost. En daar leer je van. We zien elkaar maandelijks 

bij refeeravonden en NCA-vergaderingen, en ook hierbuiten worden de lijnen tussen beide 

lokaties steeds korter. Tot binnenkort!       

Mijn voormalige collega-arts-assistenten drs. M.J.T. Verstegen, dr. F.A. Pennings en dr. P.C. 

Verselewel de Witt Hamer. Beste Marco, Frits en Philip, mijn opleidingsjaren zullen 

onverbrekelijk met jullie verbonden zijn. Het waren waarschijnlijk de meest intensieve 

arbeidsjaren van ons leven, waarin we “samen de boel draaiden” en lief en leed met 

elkaar deelden. We waren vier verschillende persoonlijkheden. Maar zowel op de 

werkvloer als daarbuiten pakte dat verdraaid goed uit. Carnaval in Maastricht en de 

assistentendiners op de Valeriusstraat waren in het oog springende hoogtepunten. De 

vele contacten met jullie gezinnen waren dat voor mij eveneens. Marco, je was een flink 

aantal jaren mijn “chief”. Dank voor al je wijze lessen. Gelukkig woon je “om de hoek” in 

Den Haag, en hebben Maud en jij als goed katholieken zoveel kinderen dat er ieder jaar 
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meerdere verjaardagsfeestjes zijn waarop we elkaar kunnen treffen. Ik hoop dat we elkaar 

de komende jaren regelmatig blijven zien! Frits, “om de hoek” in Massachusetts is ietsje 

verder, en met de komst van Lena is een tripje naar jullie er nog niet van gekomen. Maar 

afgelopen nieuwjaarsdag zijn we met onze beider gezinnen toch bijeen gekomen in Den 

Haag. Dat was goed. En de komende jaren volgen hopelijk vele gezamenlijke congressen. 

Ik kijk er naar uit je weer te zien. We hebben zoals altijd een hoop politieke zaken te 

bespreken! Philip, als NCA collega’s zien, mailen en bellen we elkaar regelmatig, hoewel 

het door alle drukte ook dan nog best lastig is om even rustig bij te praten. Gelukkig 

hebben Esther en jij van ons nog steeds een etentje te goed ter gelegenheid van jouw 

promotie (!), dus daar gaan we zsm een datum voor prikken!        

Beste huidige arts-assistenten van het NCA, jullie mogen het mooiste vak van de wereld 

leren. Geniet ervan en haal eruit wat erin zit!.   

Beste medewerkers van het secretariaat neurochirurgie, verpleegkundigen en balie-

medewerkers van H6Zuid, Parkinsonverpleegkundigen, medewerkers van de polikliniek 

neurochirurgie en neuro-operatieassistenten, met elkaar zorgen we iedere dag van de 

week voor mensen met ernstige aandoeningen van de hersenen en wervelkolom. Dat is 

geen eenvoudige taak. Veel dank voor jullie inzet, iedere dag weer. En ook bedankt voor 

de gezellige momenten samen en jullie oprechte interesse in mijn wel en wee.   

 

Beste neurologen, verpleegkundigen en balie-medewerkers van H6Noord, 

kinderneurologen, klinisch neurofysiologen en KNF-laboranten, anesthesisten en 

anesthesie-medewerkers, radiologen en radiologie-medewerkers, psychiaters, 

neuropsychologen en psychiatrisch verpleegkundigen, intensivisten en IC-

verpleegkundigen, kinderartsen, kinderchirurgen en kinderverpleegkundigen, 

traumatologen, orthopeden, radiotherapeuten, pathologen, plastisch chirurgen, 

oogartsen, endocrinologen en KNO-artsen, ook jullie leveren iedere dag een essentiële 

bijdrage aan de klinische zorg rondom onze neurochirurgische patiënten en de vele 

wetenschappelijke samenwerkingsprojecten. Veel dank hiervoor. Ik vind het erg leuk dat 

ik met vele van jullie al zoveel jaren samenwerk, soms al sinds mijn agnio jaren. Alles kan 

alleen maar samen!     

 

Dr. J.D. Speelman. Beste Hans, dat wat Andries en jij ooit samen begonnen, is door jullie 

niet aflatende inzet uitgegroeid tot iets groots. Weet dat Marije, Gosia, Marina, Fiorella, 

Lo, Ben, Martijn, Rob, Rick en ik ervoor zullen zorgen dat dit zo blijft. Veel dank voor al je 

kennis over de basale ganglia en je prachtige boeken. Fijn dat je nog zo regelmatig bij ons 

bent.  
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Mijn paranimfen Frank Garssen en Michiel Pegtel. Beste Frank, op mijn ouders en broer na 

ken jij mij het langste van alle personen in dit dankwoord. In 1985, tijdens de brugklas-

introductieweek van het Stedelijk Lyceum in Zutphen, botste ik als kleine gnoom op tegen 

de reus uit Steenderen. Hetgeen het begin vormde van een vriendschap die al meer dan 

25 jaar groeit en bloeit! Vanuit Rotterdam en Groningen vertrokken we gezamenlijk naar 

Tanzania, waar de basis werd gelegd voor jouw tropenarts- en mijn onderzoekscarrière. 

Vaak waren we letterlijk werelddelen en jaren van elkaar verwijderd, maar een avond 

bijbomen, een paar emails of een telefoongesprek voldeden eigenlijk altijd om direct weer 

met elkaar te levelen. Door prachtige ervaringen uit te wisselen maar ook door de sores 

van het leven met elkaar te delen. En dan wonen we allebei zo maar opeens in dezelfde 

stad, op een steenworp van elkaar, zijn we allebei zielsgelukkig met een fantastische 

vrouw en dochter(s), en werken we op dit moment allebei in hetzelfde ziekenhuis. Waarbij 

we overigens door alle drukte behoorlijk ons best moeten doen om vaker contact te 

hebben dan toen jij in Papoea Nieuw Guinea en ik in Canada woonde. Waarbij natuurlijk 

ook niet helpt dat ik al ruim 25 jaar consequent je verjaardag vergeet…wat jij me dan 

alweer ruim 25 keer hebt vergeven! Frank, het is een eer jou mijn vriend en paranimf te 

mogen noemen, en ik weet dat we allebei enorm ons best gaan doen om in 2015 ons 

zesde vriendschapslustrum wél groots te vieren. Of anders ons zevende in 2020, of ons 

achtste in 2025, of…. 

Beste Mike, als Groningers liepen we elkaar in 1996 tegen het lijf in Washington DC. De 

gedeelde kick van samen met André in de Dodge Aspen en Plymouth Grand Fury op de 

“left lane” door de “capital of the planet” te rijden, zorgde direct voor een klik tussen ons 

drieën. Een klik die zich verdiepte toen we ook goed met elkaar bleken te kunnen 

discussiëren over de waarachtigere zaken van het leven. In 1999 belandden we op een 

“steenworp” van elkaar, toen jij je PhD in Boston startte en ik mijn Master’s in Montreal. 

Tijdens de moleculair-biologische colleges voelden we ons weer als kleine, niets-wetende 

schooljongetjes. Gelukkig kwamen we regelmatig bij elkaar over de vloer, om zowel de 

loftrompet op te steken over het Noordamerikaanse onderwijssysteem, als steen en been 

te klagen over de werkelijk absurde hoeveelheid lesstof die we voor de tentamens 

dienden te beheersen. Maar vooral om samen te vieren dat het leven gevierd dient te 

worden, en zeker vriendschap zoals de onze. Mike, na je buitenlandse avonturen ben ook 

jij neergestreken in Amsterdam, samen met Sylvina en de kids. Onze “left lane” etentjes 

samen met André zijn me buitengewoon dierbaar. 

 

Mijn virtuele paranimf Leonard van Boven. Beste Leo, in 2002 ontmoetten we elkaar als 

agnio’s op de afdeling Neurochirurgie. “Even samen een hapje eten” in het 

personeelsrestaurant, als rond een uur of zeven het afdelingswerk klaar was (tja, na een 

uitgebreide ochtendkoffie en lunch op het Voetenplein was er tegen vieren toch nog best 
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wat werk te verzetten…), of omdat het voor diegene die dienst had eigenlijk best aardig 

was om eetgezelschap te hebben, resulteerde al snel in een groot maatjes-gevoel voor 

elkaar. En toen moest jouw sport-billy-mentaliteit nog op me overslaan. Vanaf 2003 sloten 

we twee keer in de week de werkdag af met een “rondje Abcoude”, wat resulteerde in 

vele Van Dam tot Dam lopen, halve-marathons en, als klap op de vuurpijl, de gezamenlijk 

voltooide marathon van Berlijn in 2004. Jouw enthousiasmerende oproepen naar het 

publiek (“Hé Berlin, lass euch hören!”) zorgden voor de extra, en oh zo broodnodige, 

adrenaline. En tijdens de terugreis samen achterwaarts stationtrappen afklauteren, in 

verband met onwaarschijnlijke bovenbeensspierpijn, schept ook een goede band! In 2007 

was je zo gastvrij me je logeerkamer in de Achiillesstraat aan te bieden toen ik in 

Amsterdam woonruimte zocht, hoewel je toen vast niet besefte dat ik daar gedurende 8 

maanden enorm dankbaar gebruik van zou maken (tja, het is nu eenmaal niet eenvoudig 

in Amsterdam iets te vinden!). Inmiddels herbergt 107-3 hoog het gezin Libertje en Leo 

van Boven, en is de logeerkamer omgetoverd in een prachtige kinderkamer voor jullie 

zoon Casper. Een gezin dat volop geniet van jouw levenslust, en met wie je in de eerste 

weken van juli samen jullie beider families een mooie reünie viert in Zuid-Frankrijk. Leo, je 

bent de virtuele paranimf tijdens mijn promotie. En dat is goed, want je weet dat ik vind 

dat je als mens nergens onmisbaar bent behalve thuis. En we zullen jouw 

enthousiasmerende oproep tijdens de plechtigheid (“Hé Promotie-commissie, laat jullie 

horen!”) erbij denken!  

 

Famille Dubé. Chers Louiselle, Sylvie, Daniel et Jean-Pierre, merci pour votre hospitalité 

chaleureux pendant mes séjours à Longueuil. Chère Nadia, merci beaucoup pour nos 

beaux années ensembles à Montréal et Utrecht. 

 

Jorge van Kats. Beste Sjors, na me in de eerste weken IRCM met camping-Frans 

verstaanbaar te hebben gemaakt, vertelde Nassim me op een dag dat er nog een 

Nederlander in het gebouw werkte. Die ook nog van voetbal kijken hield. En ook PSV-fan 

was! En die net als ik behoorlijk onder de indruk was van het wonen en werken in het 

Franstalige gedeelte van Montréal. Het was goed dat we elkaar op dat moment 

tegenkwamen. Naast het gedeelde plezier tijdens voetbalhoogtepunten (en dieptepunten: 

strafschoppenserie NL-It…) in café Champs op Boulevard Saint-Laurent en tijdens het 

rijden in jouw Dodge Ram, was het enorm waardevol in onze eigen taal met elkaar te 

kunnen praten en reflecteren. Bedankt voor alle gezamenlijk momenten. En tof dat je na 

je Braziliaanse jaren weer terug in Nederland bent!  

 

Familie Bouwes. Lieve Nel en Cor, Mirella, Maarten en Tobias, het voelt heel goed deel uit 

te maken van jullie familie. Maarten’s voorspelling in 2009 op Sicilië, “dit zou zo maar de 
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laatste keer met z’n zessen op vakantie kunnen zijn”, is met de komst van Lena en Tobias 

op een prachtige wijze uitgekomen. Afgelopen moederdag, met z’n achten in jullie tuin en 

Lena en Tobias in het zwembadje, voelde als het paradijs op aarde. Bedankt voor alle 

mooie momenten samen, en voor jullie zorg voor en interesse in Aline, Lena en mij.      

 

Familie van den Munckhof-Elbertse. Lieve Caroline en Michel, Govert en Just, nog “even” 

de puntjes op de i, en dan is de proefschriftberg beklommen. Mich, ’t zal jou vast niet 

verbazen dat m’n promotietraject 12 jaar heeft geduurd. Vanuit onze Alpen-expedities 

weet je immers dat ik in mijn eigen tempo omhoog ga! Maar boven komt ie, dat kleine 

broertje van je. Behalve grote broer ben je voor mij ook al vele jaren een zeer dierbare 

vriend en soulmate. Vanaf de middelbare school, en zeker vanaf onze overlappende 

studententijd in Groningen, is ons contact steeds inniger geworden. Waardoor één woord 

of een enkele blik vaak al voldoende is om te weten hoe de ander ergens over denkt. Dat 

is bijzonder. Wat ook bijzonder is, is dat we in vrijwel dezelfde periode vader zijn 

geworden. De twee prachtige mannetjes van Caroline en jou lijken op dit moment dan nog 

reuzen in vergelijking met Lena, maar dat is over één à twee jaar helemaal anders. Als die 

drie net zoveel plezier met elkaar hebben als wij vroeger met onze neven, dan worden dat 

vrolijke partijen! Caroline, wat fijn dat jij de grote liefde van Mich bent. Jullie zijn een goed 

stel, met wie Aline en ik graag samen zijn. We hebben mooie jaren voor de boeg!         

 

Mijn ouders, Maria Mestrom en Herman van den Munckhof. Lieve mam en pap, deze 

promotie vormt de bekroning van een proces dat jullie vanaf mijn vroege jeugd mogelijk 

hebben gemaakt, door mijn nieuwsgierigheid en enthousiasme te stimuleren, 

keuzevrijheid te bieden, me dingen binnen realistische grenzen zelf uit te laten zoeken, en 

me op het hart te drukken de mij gegeven talenten goed te gebruiken. Waarbij het er niet 

om ging om alles op het leren te richten, alles op het tennissen, alles op het pianospelen 

of alles op het toneelspelen, maar juist om een brede ontplooiing van talenten na te 

streven. En waarbij jullie er ook voor hoedden dat ik teveel hooi op mijn vork zou nemen, 

en me te midden van mijn technisch lego of met een boek van Thea Beckman op de bank 

m’n accu lieten opladen. Heel veel dank voor jullie liefdevolle opvoeding. Ik ben blij deze 

speciale dag samen met jullie en jullie beider nieuwe liefdes te mogen vieren. Zoals ik ook 

erg gelukkig ben dat we elkaar door de komst van Govert, Just en Lena zo geregeld in 

Zutphen en Amsterdam zien.  

 

Mijn twee lieverds, Aline en Lena. Lieve Lena, in februari 2010 begon ik in een half 

ingesneeuwd hotel in Hannover te schrijven aan hoofdstuk 6 van dit proefschrift. Jij zat 

toen drie maanden in je moeder’s buik. Je verwachte komst in augustus 2010 was een 

stimulans voor me om het proefschrift voor die tijd goed op de rails te hebben. En dat is 
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gelukt. Er viel de afgelopen periode natuurlijk nog een hoop te doen voor het uiteindelijk 

klaar was, maar dankzij de sprint vóór je geboorte kon ik samen met je moeder de 

afgelopen maanden volop van je genieten, en kon ik de zorgende vader zijn die ik graag 

voor je wil zijn. Je bent een prachtig mens, met een pure vrolijkheid en nieuwsgierige blik 

in je ogen waarvan ik hoop dat je die altijd zult behouden. Lieve Aline, na onze dochter te 

hebben toegesproken mag ik de laatste woorden van dit dankwoord tot jou richten. Ik wil 

je heel graag bedanken voor wie je bent, en dat je er bent. Jij bent mijn basis. Toen wij 

elkaar tegenkwamen ben ik gevallen voor je enthousiasme, levenslust en levenshouding. 

“We gaan ervoor”, zeiden we tegen elkaar. En dat doen we. Iedere dag! 
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Pepijn van den Munckhof was born on April 23
rd

 1973 in Nijmegen. In 1991 he finished 

secondary school with honors at the Stedelijk Lyceum in Zutphen. He then started Medical 

School at the Rijksuniversiteit Groningen (RUG). In 1995 he travelled to Rubya (Muleba 

District, Tanzania) with Frank Garssen, to study the (dys)functioning of referral between 

local dispensaries and the district hospital of Muleba District (supervised by Drs Ineke 

Geertjes and Henk Koelemeijer in Rubya Hospital, and Prof Dr Johan Groothoff at the 

Department of Social Medicine of the RUG). In 1997 he was selected for Victor Buwalda’s 

International Medical Students Exchange Program (IMSEP), and spent a year at Prof Dr 

Tom Chase’s Experimental Therapeutics Branch, National Institutes of Neurological 

Diseases and Stroke, National Institutes of Health, Bethesda (USA). Under the supervision 

of Dr Leonard Verhagen Metman, he performed clinical studies with experimental 

pharmacological and neurosurgical treatments for dyskinesias and motor response 

fluctuations in advanced Parkinson’s disease. During this year he became very interested 

in Parkinson’s disease, and observed for the first time a neurosurgical procedure 

(stereotactic pallidotomy by Prof Dr Frederick Lenz at the Johns Hopkins Hospital in 

Baltimore). He finished his clinical rotations at the RUG with an elective clinical rotation at 

Prof Dr Andries Bosch’s Department of Neurosurgery of the Academisch Medisch Centrum 

(AMC) in Amsterdam, and graduated from Medical School with honors in 1999. He then 

started a Master’s in Molecular Biology at the Université de Montréal (Québec, Canada) 

under the supervision of Prof Dr Jacques Drouin at the Unité de Recherches en Génétique 

Moléculaire of the Institut de Recherches Cliniques de Montréal (IRCM). The subject of his 

Master’s research project at the IRCM was the role of the Pitx3 gene in the development 

and maintenance of midbrain dopaminergic neurons. From 2001, he performed part of 

the research at Prof Dr Abbas Sadikot’s Cone Laboratory, Department of Neurology and 

Neurosurgery, Montreal Neurological Institute (MNI), McGill University. The results of the 

Master’s research project form the basis of this thesis. In 2003 he finished his Master’s 

studies with honors. Meanwhile, from 2002, he worked as a resident not in training at the 

Department of Neurosurgery of the AMC. Under the supervision of Prof Dr Andries Bosch, 

he started his neurosurgery residency program in 2003. During the second part of his 

neurosurgery residency program, he was supervised by Prof Dr Peter Vandertop at the 

Neurochirurgich Centrum Amsterdam (NCA) location AMC. In addition, he worked for one 

year at the Department of Neurology of the AMC under the supervision of Prof Dr Jan 

Stam, for six months at the NCA location Vrije Universiteit Medisch Centrum (VUMC) 

under the supervision of Dr Saskia Peerdeman, and for three months at the Department of 

Neurosurgery of the Sint Lucas Andreas Ziekenhuis (SLAZ) in Amsterdam under the 

supervision of Dr Gert Joan Bouma. During his residency he was secretary and, 



Curriculum vitae 

171  

subsequently, president of the Nederlandse Vereniging voor Neurochirurgische Arts-

assistenten (Dutch association of neurosurgical residents, NVNA). From 2004 he continued 

his PhD research at Prof Dr Henk Groenewegen’s Department of Anatomy and 

Neurosciences of the VUMC under the supervision of Dr Pieter Voorn, and he again 

performed part of the research in Prof Dr Abbas Sadikot’s Cone Laboratory in Montreal. In 

2009 he finished his neurosurgery residency program and became member of the board 

of neurosurgeons of the NCA location AMC. Here he combines his clinical and research 

interests in neurosurgery, which are directed towards functional neurosurgery for 

movement disorders, psychiatric disorders and pain, and meningiomas. He is member of 

the AMC Centrale Incidenten Commissie (CIC), which deals with medical faults and near 

accidents. Together with Aline Bouwes and their daughter Lena, he lives in Amsterdam. 

 

 

 

 




