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Abstract 

Recent studies suggest a variety of factors characterize substantia nigra neurons vulnerable to 

Parkinson’s disease, including the transcription factors Pitx3 and Otx2 and the trophic factor receptor 

DCC, but there is limited information on their expression and localisation in adult humans. Pitx3, Otx2 

and DCC were immunohistochemically localised in the upper brainstem of adult humans and mice and 

protein expression assessed using relative intensity measures and online microarray data. Pitx3 was 

present and highly expressed in most dopamine neurons. Surprisingly, in our elderly subjects no Otx2 

immunoreactivity was detected in dopamine neurons, although Otx2 gene expression was found in 

younger cases. Enhanced DCC gene expression occurred in the substantia nigra, and higher amounts 

of DCC protein characterised vulnerable ventral nigral dopamine neurons. Our data show that, at the 

age when Parkinson’s disease typically occurs, there are no significant differences in the expression 

of transcription factors in brainstem dopamine neurons, but those most vulnerable to Parkinson’s 

disease rely more on the trophic factor receptor DCC than other brainstem dopamine neurons. 

 

Key words: deleted in colorectal cancer; dopamine neurons; orthodenticle homeobox 2; Pitx3; 

substantia nigra 

 

Abbreviations: DCC= deleted in colorectal cancer; Otx2= orthodenticle homeobox 2; PD= 

Parkinson’s disease; SNC= substantia nigra pars compacta; TH= tyrosine hydroxylase; VTA= ventral 

tegmental area 
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1. Introduction 

By the onset of the motor symptoms of Parkinson’s disease (PD) neuronal degeneration is still 

largely confined to a very restricted region of the substantia nigra, the ventral tier (Dickson, et al., 

2009). This is despite a more widespread deposition of α-synuclein in Lewy bodies and neurites at this 

early disease stage (Dickson, et al., 2009). Identifying the cellular proteins and mechanisms that 

underlie this vulnerability is a priority. A number of studies on laboratory animals have identified 

candidate cellular proteins that appear to be expressed in restricted populations of brainstem 

dopamine neurons (Double, et al., 2010) but confirmation of their expression in adult humans is 

generally lacking. 

Dopamine neurons in the brainstem are not confined to the substantia nigra pars compacta 

(SNC or A9 cell group) but are also located in the ventral tegmental area (VTA or A10 cell 

group)(Figure 1). Approximately two-thirds are found in the SNC and one-third in the VTA (Halliday, et 

al., 2012,Smidt and Burbach, 2007) with these two types of dopamine neurons known to have 

molecular and genetic differences (Chung, et al., 2005,Greene, et al., 2005). Within the SNC only the 

ventral subset of neurons degenerates by the onset of motor symptoms (Fearnley and Lees, 

1991,Gibb and Lees, 1991), the dorsal tier neurons being resistant to PD at this stage (Dickson, et al., 

2009). 

***Figure 1 about here*** 

The two main types of brainstem dopamine neurons (A9 and A10) are regulated by important 

transcription factors that determine their phenotype, with several of these transcription factors 

maintaining their expression into adulthood (Orme, et al., 2009). These include Nurr1 (Backman, et al., 

1999,Saucedo-Cardenas, et al., 1998), Pitx3 (Smidt, et al., 1997), the engrailed genes (Simon, et al., 

2001) and orthodenticle homeobox 2 (Otx2). Nurr1 and the engrailed genes are ubiquitously 

expressed in brainstem dopamine neurons (Simon, et al., 2001), whilst Pitx3 and Otx2 have been 

implicated in establishing the two main dopamine cell phenotypes, the A9 SNC and the A10 VTA 

neurons. Pitx3 expression continues to be expressed in adult mice but only in ventral SNC neurons 

(van den Munckhof, et al., 2003). There have been no descriptions of Pitx3 expression in the adult 

human brainstem. In detailed work in mice with some confirmation in primates, Otx2 expression has 

been found to be restricted to VTA neurons (Simeone, et al., 2011) with animal studies supporting the 

concept that its expression contributes to the differential vulnerability between the SNC and VTA in PD 
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(Di Salvio, et al., 2010a).For cell phenotype maintenance, trophic factors are also vital, with factors like 

GDNF which supports all dopamine neurons (Sullivan and Toulouse, 2011) currently undergoing 

therapeutic trials in PD (Rangasamy, et al., 2010). A trophic factor receptor with restricted expression 

to the ventral part of the SNC has been identified in adult mice (Osborne, et al., 2005) and may be 

important for the maintenance of these most vulnerable neurons. This receptor, known as deleted in 

colorectal cancer (DCC), recognises the guidance and neurite outgrowth factor netrin-1 (Bradford, et 

al., 2009). Confirmation of the restricted adult expression of transcription and trophic factors in human 

dopamine neurons vulnerable to PD may provide better targets for early therapeutic interventions.  

 

2. MATERIALS AND METHODS 

2. 1 Human and mouse brain tissue  

Formalin-fixed human brain tissue was obtained from the Sydney Brain Bank (tissue collection 

approved by the Human Research Ethics Committee of The University of New South Wales, Sydney, 

Australia) following approvals by their Scientific Advisory Committee (study approval number 0118) 

and the Human Research Ethics Advisory Committee of The University of New South Wales, Sydney, 

Australia (ethics approval number 090030). Formalin-fixed blocks of the entire upper part of the 

brainstem from five aged (85±3 years, three males, two females without neuropsychiatric, neurological 

or neurodegenerative disease) and three middle aged (58±16 years, two males, one female without 

brainstem neurodegenerative disease) brain donors were obtained. In addition, the on-line public 

resources of the Allen Institute for Brain Science was used to assess regional gene expression in the 

public datasets for a young (24 years, male) and a middle aged (39 years, male) human. C57BL/6J 

mice at different ages (male at 4 weeks, 3 males at 8-10 weeks, male at 10 months, female at 2 years) 

were obtained from the Animal Resource Centre, Perth, Australia and the study protocols approved by 

the Animal Care and Ethics Committee of The University of New South Wales, Sydney, Australia 

(ACEC 11/75A). Following transcardial perfusion of the mice with 4% paraformaldehyde (4°C, pH7.4), 

the brains were post-fixed in the same fixative for four hours and then cryoprotected in 30% sucrose-

buffer. 
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2. 2 Tissue processing 

Human tissue blocks were cryoprotected in 30% buffered sucrose, frozen in mounting 

medium, and sectioned transversely. The brainstems were sectioned through their entire rostro-caudal 

axis at 50µm on a cryostat and 16 spaced series of sections were obtained (sections sampled every 

800µm). Each mouse brain was cut into 40 µm sections on a freezing microtome in the coronal plane 

and consecutive sections of the SNC were harvested from 2.30-4.60mm posterior to bregma. 

Single immunoperoxidase labeling was performed on human brain sections, with the addition 

of nickel and cobalt to form a dark black reaction that could be easily distinguished from the lighter 

brown neuromelanin pigment present in human SNC dopamine neurons. Antigen retrieval in either 

sodium citrate buffer (pH 8.5) (for Pitx3 and DCC) or citrate buffer (pH 6) (for Otx2), was followed by 

quenching with 3% hydrogen peroxide (H2O2) and 10% methanol in 0.1M phosphate-buffered saline 

(PBS). Sections were washed and then incubated overnight at room temperature in 2% normal serum 

in PBS with 0.3% Triton X-100 and rabbit anti-Pitx3 (1:100; ZYMED laboratories, 38-2850), 0.25% 

casein with 0.2% Triton X-100 and rabbit anti-DCC (1:1000; rabbit polyclonal antiserum, 2744, was 

raised against a purified preparation of the mouse DCC extracellular domain, comprising the four 

immunoglobulin domains and the first two fibronectin type III repeats (Gad, et al., 2000)), or 2% 

normal serum in PBS with 0.3% Triton X-100 and goat anti-Otx2 (1:40; R&D systems, AF1979). 

Sections were washed and then incubated for two hours in 2% normal serum (for Pitx3 and Otx2) or 

0.25% casein (for DCC) containing biotinylated goat anti-rabbit IgG or biotinylated horse anti-goat IgG 

(BA2000 and BA9500, at 1:200). Immunoreactivity was visualized by incubating for two hours in 

avidin-biotin-complex (Vector Labs PK-6100 at 1:100), followed by incubation in 0.5mg/ml 

diaminobenzidine tetrahydrochloride (Sigma D5637 DAB), with 0.02% nickel ammonium sulphate and 

0.025% cobalt chloride in PBS for 3 minutes, followed by the addition of 0.001% H2O2. After rinsing in 

PBS, all sections were mounted and dried overnight, dehydrated, delipidated, and coverslipped. 

Specificity of the Pitx3, Otx2 and DCC antibodies was confirmed by using only buffer instead of the 

primary antibodies, resulting in no positive immunoreactivity in the tissue. Bright field histological 

preparations were photographed using an Aperio Scanscope. 

For double-immunofluorescent labeling, human sections underwent the same antigen retrieval 

as above, while mice sections were processed in citrate buffer (pH 8.0). Sections were washed in 50% 

alcohol washes (human only), then incubated in a block medium (for both species) containing 1% 
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bovine serum (mice only), 10% normal serum, 0.25% casein (human DCC only) and Trition-X-100 

(mice: 0.25% for Pitx3 and Otx2, 0.05% for DCC, human: 0.2% for Pitx3 and Otx2, 0.3% for DCC) for 

one hour, then incubated for two nights in the following primary antibodies; anti-TH (human; Pel-Freez 

P40101-0 and mice; Sigma T2928) /anti-Pitx3 (human; goat/rabbit at 1:500/1:80, mice; mouse/rabbit 

at 1:1000/1:100), anti-TH/anti-DCC (human; goat/rabbit at 1:500 for both; Mice; mouse/rabbit at 

1:2000/1:1000) and anti-TH/anti-Otx2 (human; rabbit/goat at 1:500/1:25, Mice; mouse/goat at 

1:1000/1:50). Immunofluorescent labeling was visible after incubation for three hours in Alexa fluor 

488 anti-mouse, Alexa fluor 594 anti-rabbit, Alexa fluor 594 anti-mouse, Alexa fluor 488 anti-rabbit, 

Alexa fluor 488 anti-goat (Invitrogen A-11001 and A-11012, Invitrogen A-11032, A-11034 and A-

11055; each at 1:250). The mouse tissue sections were washed and counterstained with 4´,6-

diamidino-2-phenylindole, dilactate (Invitrogen D3571). All sections were washed, mounted, and 

coverslipped with fluorescent mounting medium (Dako S3023). To test the specificity for all 

immunohistochemical reactions, and to ensure non cross-reactivity of secondary fluorescent probes, 

sections without primary antibodies were included as negative controls. In addition, a cocktail of the 

secondary antibodies were applied to sections with only one primary antibody incubated on each 

section, confirming antibody specificity. Fluorescent images were captured using a Nikon Microscope 

ECLIPSE 90i confocal microscope with the Nikon D-ECLIPSE C1 high-resolution camera. The images 

were converted from red-green to magenta-green using Adobe Photoshop CS4. 

 

2. 3 Analysis 

2.3.1 Identification of the main dopamine subregions in the upper brainstem 

There are multiple ways of subdividing the brainstem dopamine neurons (McRitchie, et al., 

1996), but for this analysis a simplified scheme based on the following three broad regions was 

applied: SNC ventral tier, SNC dorsal tier, and VTA (see Figure 1). For the human sections, the atlas 

of the human brainstem (Paxinos and Huang, 1995) was used, and for the mice sections, the atlas of 

the mouse brain (Franklin and Paxinos, 2008) was used to determine anatomical landmarks and the 

cytoarchitecture of these three main upper brainstem dopamine cell groups. Three comparable 

transverse levels containing the main dopamine cell groups were chosen in each case for more 

detailed analyses (see below). The dopamine cell groups were similarly identified in the online public 
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resources (magnetic resonance imaging scans, MNI co-ordinates, Nissl stains of coronal brainstem 

sections, gene expression maps) provided by the Allen Institute for Brain Science.  

 

2.3.2 Quantification of the proportion of brainstem dopamine neurons containing the proteins 

of interest 

To determine the proportion of dopamine neurons containing Pitx3, Otx2 and DCC 

immunoreactivity, 40x images of the peroxidase-labelled human brainstem sections were captured 

using an Aperio Scanscope, and neuromelanin pigment was used to identify human dopamine 

neurons, and 40x images of the double-labelled mouse brainstem sections were captured using a 

Nikon ECLIPSE 90i confocal microscope and the proportion of TH-immunoreactive neurons with Pitx3, 

Otx2 or DCC counted. Images were randomly captured from 2-4 areas within each of the ventral SNC, 

dorsal SNC, and VTA in the three transverse brainstem sections for all humans and mice. This 

sampling procedure allowed an average 300 neurons in each human and 90 neurons in each mouse 

to be used to calculate the proportion of double-labelled dopamine neurons. 

 

2.3.3 Analysis of the amount of protein expression in different dopamine neuron types using 

comparative fluorescent intensities 

DCC immunoreactivity was noted to be variable within the cell bodies, so further assessment 

of the neuronal intensity of DCC compared with TH immunoreactivity was performed. 40x images of 

the double-labelled human brainstem sections were captured using a Nikon ECLIPSE 90i confocal 

microscope and the neuronal intensity of proteins assessed as recently published (Reyes, et al., 

2012). Briefly, high-resolution grey-scale images of neurons were dichotomized using ImageJ-

extracted intensities (0-255 scale, threshold of ±50% of cellular TH intensity) as being either of strong 

or weak DCC immunofluorescence using the same sampling procedure described above. 

 

2.3.4 Analysis of the amount of gene expression in A9 versus A10 human dopamine neurons 

using online microarray data  

The Allen Human Brain Atlases are a publicly available online resource of gene expression 

information in human brains provided by the Allen Institute of Brain Science. Quantitative genome-

wide microarray-based gene expression profiles in a young and middle-aged human brain with 
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accompanying anatomic and histology data are provided. The relative levels of expression of the 

Pitx3, Otx2 and DCC genes were available at the same three brainstem levels we assessed 

histologically. For each gene, quantitative data was available from two to three SNP probes within 

each gene. Using the provided navigable magnetic resonance (MR) images to identify the SNC and 

VTA in each brain section, we obtained a readout of the level of gene expression for each probe in the 

SNC and VTA as a z-score of the average expression across all brain pixels for each case. As no 

immunoreactivity was observed for Otx2 in the human SNC and VTA, gene expression levels in the 

superior colliculi in the same sections (an area with obvious Otx2 immuoreactivity) were also obtained 

for comparison. Because quantitative gene expression data is available for every brain pixel, a 0 z 

score may reflect an area of limited or no real gene expression. We identified above average or 

selective gene expression as regions with levels above one standard deviation z score or, for those 

genes that had more variable high and low expression, by creating an average deviation using a ratio 

of the highest over the lowest z scores. IBM SPSS software was used to determine differences 

between regional gene expression levels with age. Univariate analysis of variance (P<0.05) using the 

multiple samples of each region and the multiple probes for each gene of interest was determined 

using Bonferroni corrections in posthoc analyses and cofactoring for age. Data are expressed as the 

mean expression scores ± standard error for all probes for the gene of interest in all samples of the 

SNC and VTA. 

 

3. RESULTS  

3.1 Expression of Pitx3 protein in the adult human and mouse SNC and VTA  

Pitx3 transcription factor Immunoreactivity was found in the majority of dopamine neurons in 

both the ventral and dorsal tiers of the SNC as well as in the VTA in both species (Figure 2 and Table 

1). Compared to middle aged humans and mice at many ages, aged humans had some Pitx3 protein 

in the cytoplasm as well as in the nucleus (Figure 3B). Only rare non-dopamine neurons in these 

regions had Pitx3 immunoreactivity.  

•••Figures 2 and 3 and Table 1 about here*** 

To determine if gene expression for Pitx3 varied between SNC and VTA neurons, analysis of 

online microarray data was undertaken. Assessment of the overall distribution of Pitx3 mRNA in the 

brain (Supplementary Figure) shows only restricted regions of high expression with the highest z-
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score being 2.7 and the lowest z-score -3.6. Using these scores, we interpreted selective expression 

as revealed by z-scores above 0.75 (2.7/3.6). Pitx3 mRNA was selectively expressed in SNC and VTA 

neurons in both human cases (no significant difference between cases)(Figure 3C), however, there 

was more SNC Pitx3 expression compared with the VTA (p=0.049)(Figure 3C, Table 2 and 

Supplementary Figure).   

***Table 2 about here*** 

3.2 Expression of Otx2 protein in the adult human and mouse SNC and VTA  

Surprisingly, no Otx2 immunoreactivity was found in the dopamine neurons in the SNC or VTA 

in the human brains we studied (Figure 4A-C and Table 1), although strong Otx2 immunoreactivity 

was observed in the nearby substantia nigra pars reticulata and interpeduncular nucleus as well as in 

the superior colliculi (Figure 5D,E). In mice, reproducible Otx2 immunoreactivity was observed largely 

in VTA dopamine neurons (Figure 4D-F and Table 1), as previously described for this transcription 

factor (Chung, et al., 2010,Di Salvio, et al., 2010a), as well as in the regions of high expression noted 

in humans.  

***Figures 4 and 5 about here*** 

To investigate if mRNA expression occurred to any extent in either the SNC or VTA of 

humans and whether age was a potential factor in reducing Otx2 gene expression, analysis of 

microarray data on Otx2 mRNA provided by the Allen Institute of Brain Science was undertaken 

(Table 2 and Supplementary Figure). Assessment of the overall distribution of Otx2 mRNA in the 

brain (Supplementary Figure) shows only restricted high expression in certain regions (ie. thalamus 

and cerebellum), with more expression in the younger versus the middle-aged case (Supplementary 

Figure). The highest z-score was 2.5 and the lowest z-score -2.1, and using these z-scores we 

interpreted selective expression as being above 1.2 (2.5/2.1). We also assessed expression in the 

superior colliculi, an area distinct from the SN and VTA in which we could definitely observe Otx2 

protein expression in humans (see above). Univariate analysis for regional differences covarying for 

age revealed both differences between regions and with age for Otx2 mRNA expression (F3=20.8, 

p<0.0001, Figure 5F). For both cases, Otx2 mRNA expression was highest in the superior colliculi, 

followed by the VTA and lowest in the SNC (Fregion=24.8, p<0.0001, Table 2) with post-hoc analysis 

revealing that expression differed between all three regions (p<0.04, Figure 5F). However, only the 

superior colliculi had strong Otx2 mRNA expression, even if the z-score for strong expression was 
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considered above 1 (Figure 5F). There was a significant reduction in expression between the younger 

and middle-aged case (Fage=12.7, p=0.003, adjusted R2=0.78, Figure 5F) with the SNC being well 

below average Otx2 mRNA expression levels. This suggests that with increasing age there is likely to 

be a further reduction in Otx2 mRNA expression in these regions.  

To further assess the change in Otx2 expression in brainstem dopamine neurons with age, 

the proportion of Otx2-immunopositive dopamine neurons was evaluated in brainstem sections from 

mice of different adult ages (4, 8-10 weeks, 10 months and 2 years) and in the brains of three middle-

aged humans 25 years younger than the aged control cohort originally assessed. Consistent with the 

lack of Otx2 mRNA in middle age (Figure 5F), there was no Otx2 immunoreactivity in any the human 

SNC or VTA dopamine neurons in these cases (Figure 5A-C). It should be noted that appropriate 

Otx2 immunoreactivity was observed in other regions (eg. superior colliculi, Figure 5D) known to have 

high expression in humans. In the adult mice assessed, the proportion of Otx2-immunoreactive VTA 

dopamine neurons remained relatively constant over the ages assessed (average=60±7%, 

Supplementary Table), suggesting a potentially important species difference in the adult expression 

of the Otx2 transcription factor in brainstem dopamine neurons. 

 

3.3 Expression of DCC protein in the adult human and mouse SNC and VTA  

DCC is the receptor for the trophic factor netrin and is differentially expressed in brainstem 

dopamine neurons in adult mice (Osborne, et al., 2005). In both human and mouse brainstems, DCC 

immunoreactivity was localised as granular foci on the surface as well as internally in the cytoplasm of 

the dopamine neurons (Figure 6). DCC immunoreactivity was also observed in the non-dopaminergic 

neurons of the substantia nigra pars reticulata in both humans and mice. Over 90% of human 

dopamine neurons in the ventral and dorsal SNC and VTA contained DCC immunoreactivity with little 

variation between regions (Table 1). While the majority of brainstem dopamine neurons in mice 

contained DCC immunoreactivity (Table 1), there was variability between the dopamine regions. All 

ventral SNC dopamine neurons but only 85% of dorsal SNC and 62% of VTA dopamine neurons 

contained DCC immunoreactivity in mice (Table 1). 

***Figure 6 about here*** 

Within the dopamine cell regions, variable intensity of neuronal DCC immunoreactivity was 

observed (Figure 7A). Assessment of the proportion of dopamine neurons in each region containing 
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strong DCC immunoreactivity showed that the human ventral SNC had a 2.0±0.3 fold increase in the 

proportion compared with the dorsal SNC (Fregion=9.3, p=0.004, posthoc p=0.003), with most ventral 

SNC dopamine neurons containing strong DCC immunoreactivity (Figure 7A). The same assessment 

in mice found a 6.7±2.1 fold increase in strong DCC immunoreactivity in ventral SNC neurons 

compared with dorsal SNC and VTA neurons (Fregion=19.8, p<0.0001, posthoc p<0.0001). Again most 

ventral SNC neurons contained strong DCC immunoreactivity in mice. 

***Figure 7 about here*** 

To determine if gene expression for DCC varied between human SNC and VTA neurons, 

analysis of the online microarray data provided by the Allen Institute of Brain Science was performed. 

Assessment of the overall distribution of DCC mRNA in the brain (Supplementary Figure) shows only 

restricted regions of high expression with the highest z-score being 2.6 and the lowest z-score -3.0. 

Using these scores, we interpreted selective expression as revealed by z-scores above 0.87 (2.6/3.0). 

Similar to Pitx3 mRNA, DCC mRNA was selectively expressed in the both SNC and VTA neurons 

independent of age (no significant difference between the cases)(Figure 7B), with more SNC DCC 

expression compared with the VTA (p=0.017) (Figure 7B, Table 2 and Supplementary Figure).   

 

4. Discussion 

In the present human tissue study we assessed two transcription factors (Pitx and Otx2) and a 

trophic factor receptor (DCC) previously suggested as potentially important for the maintenance of 

different dopamine neuronal cell types in non-human species. In particular, we chose factors that were 

thought to concentrate either within dopamine neurons known to be vulnerable to PD or within 

neurons that are spared by PD. Our basic findings are that the transcription factors do not distinguish 

between vulnerable and less vulnerable dopamine neurons in the SNC, but that SNC neurons 

vulnerable to PD usually maintain higher amounts of DCC, suggesting they are more reliant on trophic 

factor maintenance. 

 

4.1 On a cell-by-cell basis, adult human dopamine neurons appear to express the same 

transcription factors 

The majority of human studies on transcription factors important for dopamine neurons deal 

with their role in the development from stem cells into their different phenotypes, due largely to their 
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potential in advancing cell replacement therapies (Andersson, et al., 2006,Kim, 2011,Thomas, 2010). 

In these studies (and in many other animal model studies) two main dopamine cell phenotypes are 

identified in the upper brainstem, SNC and VTA dopamine neurons, and their differentiation rather 

than maintenance has been studied in detail. The focus of the present study is on the long-term 

maintenance of brainstem dopamine neurons into aged adulthood, and from the literature four main 

transcription factors were identified (Nurr1, engrailed genes, Pitx3 and Otx2), with two of these 

suggested to be differentially expressed (Pitx3 and Otx2). There have been no previous human tissue 

studies on these transcription factors in the SNC and VTA. Our study confirms the strong expression 

of Pitx3 in all adult human dopamine neurons. More surprisingly, our study could not identify Otx2 

expression in adult human dopamine neurons. 

A number of recent genetic studies show that polymorphisms in the Pitx3 gene associates 

with early onset and familial forms of PD (Bergman, et al., 2010,Fuchs, et al., 2009,Le, et al., 2011) 

and Pitx3 knock-out mice show specific loss of SNC dopamine neurons (Hwang, et al., 2003,Nunes, et 

al., 2003,Smidt, et al., 2004). In our study Pitx3 immunoreactivity was not restricted to SNC neurons, 

and certainly was not restricted to those in the ventral SNC that are most vulnerable to PD. This is in 

line with other gene and protein expression studies in rodents (Korotkova, et al., 2005,Smidt, et al., 

2004,Zhao, et al., 2004). We next assessed online microarray data to see if mRNA expression differed 

between SNC and VTA dopamine neurons, because the resolution of the data did not differentiate 

ventral and dorsal SNC. This analysis showed unexpectedly that the intensity of staining was 

regionally different, however the density of dopamine neurons in these regions in humans is also 

significantly different. On a cell-by-cell basis, Pitx3 immunoreactivity was found in the vast majority of 

all brainstem dopamine neurons in aged humans, with the intensity of regional mRNA data reflecting 

the dopamine cell density observed in these regions. Because Pitx3 has been shown to be important 

for the regulation of the rate-limiting enzyme for dopamine synthesis (Lebel, et al., 2001) and the 

regulation of neurotrophic factors (including BDNF and GDNF (Yang, et al., 2008) both of which have 

been trialed as PD therapeutics (Nagahara and Tuszynski, 2011,Sullivan and Toulouse, 2011)), and of 

essential microRNAs for neuronal maintenance (Kim, et al., 2007), its continued expression in adult 

human dopamine neurons is not surprising. 
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4.2 Otx2 does not appear critical for the maintenance of human brainstem dopamine neurons 

There have been a number of exciting recent studies suggesting that Otx2 is at least partially 

responsible for the differential vulnerability of the SNC to PD (Chung, et al., 2010,Di Salvio, et al., 

2010a). This concept has not been followed up with significant data from human brain tissue. While 

there is no doubt that Otx2 is important in establishing the VTA dopamine neuron phenotype 

(Simeone, et al., 2011), most tissue based data has been generated in mice with only limited data 

from adult primate tissue on either its expression or localization in the brainstem (Di Salvio, et al., 

2010b). To look at mRNA expression in adult humans, we compared a region of known high 

expression (the superior colliculi) with expression levels in the SNC and VTA of a young and middle-

aged human. There was a significant decline with age in the intensity of Otx2 mRNA expression 

across all regions examined, and in the SNC and VTA expression was reduced to below average by 

early middle age. This was not observed for either Pitx3 or DCC mRNA expression using the same 

analysis techniques, and also differed from the age dependent reduction in NURR1 protein that has 

been identified in the SNC of humans (Chu, et al., 2002). It is the intensity of NURR1 protein that 

declines within the SNC neurons in aged humans, not an absence of the protein, as we observed with 

Otx2 in all types of human brainstem dopamine neurons. As previously identified in a single adult 

human study (Chung, et al., 2010), the expression of Otx2 mRNA was higher in the VTA compared 

with the SNC, but our protein localization study could not identify significant Otx2 protein in aged 

humans compared with clear Otx2 immunoreactivity in aged-mice VTA neurons. Of note, although 

Otx2 expression in human brainstem dopamine neurons appears to decline significantly in early age, 

high levels of Otx2 protein are maintained in the superior colliculi of aged humans. Overall these data 

suggest that Otx2 may be important for maintaining certain dopamine neuronal phenotype in adult 

mice but not in aged humans. 

 

4.3 DCC is found in higher amounts in the ventral SNC neurons vulnerable to PD 

DCC is best known as a receptor for the guidance factor netrin, which enhances the growth 

and stability of dopamine axon terminal arborization (Lai Wing Sun, et al., 2011,Xu, et al., 2010). Adult 

mice with a loss of function mutation in the DCC gene have significant changes in dopamine 

functioning with DCC protein levels influencing the extent of neuronal branching and synaptic 

differentiation (Manitt, et al., 2011). DCC is also important in neurons for remote protein synthesis and 
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membrane plasticity. DCC forms a protein complex with SNARE proteins to regulate membrane 

turnover and exocytosis (Cotrufo, et al., 2011,Prensa and Parent, 2001). In both axons and dendrites, 

DCC also anchors components of the protein synthetic machinery to the plasma membrane and when 

activated by netrin releases this machinery for local protein synthesis (Tcherkezian, et al., 2010). 

These studies suggest that DCC is important for the regulation and maintenance of complex, remote 

axonal and dendritic neural structures, including synaptic machinery. 

There have been no previous human tissue studies on DCC in the SNC or VTA. Our study did 

not find selective expression of DCC on a single cell basis, although in mice we can confirm the 

pattern of differential expression previously observed in rodents (Osborne, et al., 2005). The 

assessment of online human microarray data revealed that the intensity of DCC mRNA expression 

was increased in the SNC compared with the VTA, although this is likely to be attributed to the 

aforementioned neuronal density differences between these dopamine cell groups. Considering the 

function of DCC and the greater size of both neurons and brain structures human dopamine cells 

innervate compared with mice, it may not be surprising that DCC is found in a greater percentage of 

dopamine neurons in humans. To determine if more DCC protein is required by ventral SNC 

dopamine neurons in humans, we assessed the intensity of immunoreactivity of the protein within 

individual cells using a standardized published technique (Reyes, et al., 2012). We observed 

significantly more DCC immunoreactivity in ventral SNC neurons that are more vulnerable to PD 

compared with less vulnerable dopamine neurons. In adult mice there is a gradient of netrin-1 protein 

expression that concentrates in striatal regions thought to be innervated by ventral SNC dopamine 

neurons (Shatzmiller, et al., 2008), consistent with an increased concentration of DCC protein in these 

neurons. Serial section reconstructions of the axonal arborizations of dopamine neurons in rats show 

that they are some of the most highly branching neurons found in the brain, with some covering as 

much as 6% of the entire striatum (Matsuda, et al., 2009). Different patterns of axonal arborization are 

found in the ventral SNC (dopamine neurons located in the pars reticulata in rats) compared to the 

dorsal SNC (known as the ventral tier overlying the pars reticulate in rats) (Prensa and Parent, 2001). 

Ventral SNC dopamine neurons innervate nearby dopamine neurons as well as branching to a 

number of other basal ganglia structures before terminating in the striatum. This contrasts with the 

dorsal SNC neurons, which mainly terminate in the striatum. If such differences exist in humans, then 
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increased DCC in the ventral SNC neurons may facilitate the maintenance and plasticity of these 

exuberant remote axonal arborizations. 

Polymorphisms in the genes encoding netrin-1 and DCC are associated with a loss of function 

and increased susceptibility to develop PD (Lesnick, et al., 2007,Lin, et al., 2009). A loss of DCC 

function is likely to have a more significant impact in neurons requiring high maintenance of axonal 

and dendritic structural integrity, like ventral SNC neurons. In mice expressing mutant human α-

synuclein, there is an age-dependent redistribution of synaptic SNARE proteins and a reduction in 

dopamine release (Garcia-Reitbock, et al., 2010) that may either be linked to or cause a loss of DCC 

function. α-Synuclein has been shown to block the activation of the SNARE complex (Darios, et al., 

2010), potentially also blocking DCC function (Cotrufo, et al., 2011). α-Synuclein has also been shown 

to increase intracellularly in human SNC neurons with age (Chu and Kordower). Such an increase 

would not only affect SNARE function, but also potentially DCC function. Our study showing that 

ventral SNC neurons rely more heavily on DCC would predispose these rather than other brainstem 

dopamine neurons to loss of neurotrophic support in the presence of such molecular changes with 

age, potentially initiating the selective neurodegeneration of these neurons early in the pathogenesis 

of PD. 

 

4.4 Conclusions 

Our study shows that the expression of Pitx3, Otx2 or DCC is not restricted to particular sub-

populations of brainstem dopamine neurons in aged humans. However, more DCC receptor is 

expressed within the ventral SNC neurons in aged humans, neurons that are the most vulnerable to 

PD. This highlights a potential role for DCC in the pattern of susceptibility to degeneration found in PD. 

 

5. Acknowledgements including sources of support 

Human brain tissue was received from the Sydney Brain Bank which is supported by 

Neuroscience Research Australia, the University of New South Wales and the National Health and 

Medical Research Council of Australia. The work was supported by the National Health & Medical 

Research Council of Australia [401101 to KD, 568605 to GP, 508992 to LT, 569638 to HMC, 630434 

to GMH]; the Swedish Research Council [K2009-61P-20945-03-1 to DK]; the Australian Research 

Council [LE100100074 to GP and GMH]; Parkinson’s NSW [scholarship to SR]; Neuroscience 



Reyes et al.  16 

Research Australia [Elizabeth and Michael Gilbert scholarship to SR] and the Queensland State 

Government [Smart Futures Fellowship to HMC]. We wish to thank the staff of the Sydney Brain Bank 

for there assistance, and Heidi Cartwright for the figurework. 

 

6. Disclosure statement 

a) The authors declare the following potential conflicts of interest. 

Stock ownership: Others? GMH owns stock in Chochlear (2004-present) and NIB Holdings (2007-

present).  

Honoraria: Others? GMH has received travel expenses from the National Health & Medical Research 

Council of Australia (2010 & 2011 Research Fellowships Panels, 2011 Academy), International 

Conference on Alzheimer’s Disease (2010 organising committee and meeting), Shanghai Movement 

Disorders Meeting (4/2010), NIH (4/2010 Workshop on Gaucher Disease & Parkinsonism), Elan 

Pharmaceuticals (4/2010 & 6/2011 San Francisco seminars and 9/2011 Tokyo Parkinson's disease 

conference), World Parkinson's Congress (2010), International Frontotemporal Dementia Conference 

(2010), International Society for Neurochamistry (2010 Asia Pacific Conference), International 

Synuclein Meeting (2010), International Movement Disorders Meeting (2011 organising committee and 

meeting), NeuraSyn Summer School (2011), and WFN Congress on Parkinson's disease and related 

disorders (2011).  

Patents: Others? PCT Patent: Huang Y, Rowe D, Halliday G. Biomarkers for Parkinson's disease. 

Pub. No.: WO/2009/039586. International Application No.: PCT/AU2008/001437 Publication 

Date:02.04.2009, International Filing Date:26.09.2008.  

Grants or other funding: Grants and other funding not associated with the project include the following. 

Others? GMH is funded as a Chief Investigator by NHMRC project grants #510148 (2008-2010), 

#570850 (2009-2011), #1008307 (2011-2013), #1022325 (2011-2013), and #1029538 (2012-2014), 

ARC Linkage Infrastructure grant #LE100100074 (2010), NHMRC strategic research funds & ARC 

joint ageing well, ageing productively program grant #401162 (2007-2011), the University of New 

South Wales Infrastructure grants (2010 & 2011) and Goldstar award (2010), Parkinson's NSW 

(2011), and Michael J Fox Foundation and Shake-it-up Australia (2012).  

b) Human brain tissue samples were received from the Sydney Brain Bank which has approval to 

collect and distribute human brain tissue for research studies by the Human Research Ethics 



Reyes et al.  17 

Committee of the University of New South Wales under the Human Tissue Act of New South Wales. 

The research studies on human brain tissue were approved by the Human Research Ethics Advisory 

Biomedicine Panel of the University of New South Wales and the Scientific Advisory Committee of the 

Sydney Brain Bank. 

Mice were obtained from the Animal Resource Centre, Perth, Australia and the study protocols 

approved by the Animal Care and Ethics Committee of The University of New South Wales, Sydney, 

Australia (ACEC 11/75A). 



Reyes et al.  18 

7. References 

Andersson, E., Tryggvason, U., Deng, Q., Friling, S., Alekseenko, Z., Robert, B., Perlmann, T., 

Ericson, J. 2006. Identification of intrinsic determinants of midbrain dopamine neurons. Cell 124, 

393-405. 

Backman, C., Perlmann, T., Wallen, A., Hoffer, B.J., Morales, M. 1999. A selective group of 

dopaminergic neurons express Nurr1 in the adult mouse brain. Brain Res 851, 125-32. 

Bergman, O., Hakansson, A., Westberg, L., Nordenstrom, K., Carmine Belin, A., Sydow, O., Olson, L., 

Holmberg, B., Eriksson, E., Nissbrandt, H. 2010. PITX3 polymorphism is associated with early 

onset Parkinson's disease. Neurobiol Aging 31, 114-7. 

Bradford, D., Cole, S.J., Cooper, H.M. 2009. Netrin-1: diversity in development. Int J Biochem Cell Biol 

41, 487-93. 

Chu, Y., Kompoliti, K., Cochran, E.J., Mufson, E.J., Kordower, J.H. 2002. Age-related decreases in 

Nurr1 immunoreactivity in the human substantia nigra. J Comp Neurol 450, 203-14. 

Chu, Y., Kordower, J.H. 2007. Age-associated increases of alpha-synuclein in monkeys and humans 

are associated with nigrostriatal dopamine depletion: Is this the target for Parkinson's disease? 

Neurobiol Dis 25, 134-49. 

Chung, C.Y., Licznerski, P., Alavian, K.N., Simeone, A., Lin, Z., Martin, E., Vance, J., Isacson, O. 

2010. The transcription factor orthodenticle homeobox 2 influences axonal projections and 

vulnerability of midbrain dopaminergic neurons. Brain 133, 2022-31. 

Chung, C.Y., Seo, H., Sonntag, K.C., Brooks, A., Lin, L., Isacson, O. 2005. Cell type-specific gene 

expression of midbrain dopaminergic neurons reveals molecules involved in their vulnerability and 

protection. Hum Mol Genet 14, 1709-25. 

Cotrufo, T., Perez-Branguli, F., Muhaisen, A., Ros, O., Andres, R., Baeriswyl, T., Fuschini, G., 

Tarrago, T., Pascual, M., Urena, J., Blasi, J., Giralt, E., Stoeckli, E.T., Soriano, E. 2011. A signaling 

mechanism coupling netrin-1/deleted in colorectal cancer chemoattraction to SNARE-mediated 

exocytosis in axonal growth cones. J Neurosci 31, 14463-80. 

Darios, F., Ruiperez, V., Lopez, I., Villanueva, J., Gutierrez, L.M., Davletov, B. 2010. Alpha-synuclein 

sequesters arachidonic acid to modulate SNARE-mediated exocytosis. EMBO Reports 11, 528-33. 



Reyes et al.  19 

Di Salvio, M., Di Giovannantonio, L.G., Acampora, D., Prosperi, R., Omodei, D., Prakash, N., Wurst, 

W., Simeone, A. 2010a. Otx2 controls neuron subtype identity in ventral tegmental area and 

antagonizes vulnerability to MPTP. Nature Neurosci 13, 1481-8.  

Di Salvio, M., Di Giovannantonio, L.G., Omodei, D., Acampora, D., Simeone, A. 2010b. Otx2 

expression is restricted to dopaminergic neurons of the ventral tegmental area in the adult brain. Int 

J Dev Biol 54, 939-45. 

Dickson, D.W., Braak, H., Duda, J.E., Duyckaerts, C., Gasser, T., Halliday, G.M., Hardy, J., Leverenz, 

J.B., Del Tredici, K., Wszolek, Z.K., Litvan, I. 2009. Neuropathological assessment of Parkinson's 

disease: refining the diagnostic criteria. Lancet Neurol 8, 1150-7. 

Double, K.L., Reyes, S., Werry, E.L., Halliday, G.M. 2010. Selective cell death in neurodegeneration: 

why are some neurons spared in vulnerable regions? Prog Neurobiol 92, 316-29. 

Fearnley, J.M., Lees, A.J. 1991. Ageing and Parkinson's disease: substantia nigra regional selectivity. 

Brain 114, 2283-301. 

Franklin, K., Paxinos, G. 2008. The mouse brain in stereotaxic coordinates. 3rd ed. Elsevier Academic 

Press, San Diego. 

Fuchs, J., Mueller, J.C., Lichtner, P., Schulte, C., Munz, M., Berg, D., Wullner, U., Illig, T., Sharma, M., 

Gasser, T. 2009. The transcription factor PITX3 is associated with sporadic Parkinson's disease. 

Neurobiol Aging 30, 731-8. 

Gad, J.M., Keeling, S.L., Shu, T., Richards, L.J., Cooper, H.M. 2000. The spatial and temporal 

expression patterns of netrin receptors, DCC and neogenin, in the developing mouse retina. Exp 

Eye Res 70, 711-22. 

Garcia-Reitbock, P., Anichtchik, O., Bellucci, A., Iovino, M., Ballini, C., Fineberg, E., Ghetti, B., Della 

Corte, L., Spano, P., Tofaris, G.K., Goedert, M., Spillantini, M.G. 2010. SNARE protein 

redistribution and synaptic failure in a transgenic mouse model of Parkinson's disease. Brain 133, 

2032-44. 

Gibb, W.R., Lees, A.J. 1991. Anatomy, pigmentation, ventral and dorsal subpopulations of the 

substantia nigra, and differential cell death in Parkinson's disease. J Neurol Neurosurg Psychiatry 

54, 388-96. 

Greene, J.G., Dingledine, R., Greenamyre, J.T. 2005. Gene expression profiling of rat midbrain 

dopamine neurons: implications for selective vulnerability in parkinsonism. Neurobiol Dis 18, 19-31. 



Reyes et al.  20 

Halliday, G., Reyes, S., Double, K. 2012. Substantia nigra, ventral tegmental area and retrorubral 

fields. in: Mai, J.K., Paxinos, G. (Eds.). The Human Nervous System. Academic Press, London, pp 

441-57. 

Hwang, D.Y., Ardayfio, P., Kang, U.J., Semina, E.V., Kim, K.S. 2003. Selective loss of dopaminergic 

neurons in the substantia nigra of Pitx3-deficient aphakia mice. Mol Brain Res 114, 123-31. 

Kim, H.J. 2011. Stem cell potential in Parkinson's disease and molecular factors for the generation of 

dopamine neurons. Biochim Biophys Acta 1812, 1-11. 

Kim, J., Inoue, K., Ishii, J., Vanti, W.B., Voronov, S.V., Murchison, E., Hannon, G., Abeliovich, A. 2007. 

A MicroRNA feedback circuit in midbrain dopamine neurons. Science 317, 1220-4. 

Korotkova, T.M., Ponomarenko, A.A., Haas, H.L., Sergeeva, O.A. 2005. Differential expression of the 

homeobox gene Pitx3 in midbrain dopaminergic neurons. Europ J Neurosci 22, 1287-93. 

Lai Wing Sun, K., Correia, J.P., Kennedy, T.E. 2011. Netrins: versatile extracellular cues with diverse 

functions. Development 138, 2153-69. 

Le, W., Nguyen, D., Lin, X.W., Rawal, P., Huang, M., Ding, Y., Xie, W., Deng, H., Jankovic, J. 2011. 

Transcription factor PITX3 gene in Parkinson's disease. Neurobiol Aging 32, 750-3. 

Lebel, M., Gauthier, Y., Moreau, A., Drouin, J. 2001. Pitx3 activates mouse tyrosine hydroxylase 

promoter via a high-affinity binding site. Journal of neurochemistry 77(2), 558-67. 

Lesnick, T.G., Papapetropoulos, S., Mash, D.C., Ffrench-Mullen, J., Shehadeh, L., de Andrade, M., 

Henley, J.R., Rocca, W.A., Ahlskog, J.E., Maraganore, D.M. 2007. A genomic pathway approach 

to a complex disease: axon guidance and Parkinson disease. PLoS Genet 3, e98. 

Lin, L., Lesnick, T.G., Maraganore, D.M., Isacson, O. 2009. Axon guidance and synaptic maintenance: 

preclinical markers for neurodegenerative disease and therapeutics. Trend Neurosci 32, 142-9. 

Manitt, C., Mimee, A., Eng, C., Pokinko, M., Stroh, T., Cooper, H.M., Kolb, B., Flores, C. 2011. The 

netrin receptor DCC is required in the pubertal organization of mesocortical dopamine circuitry. J 

Neurosci 31, 8381-94. 

Matsuda, W., Furuta, T., Nakamura, K.C., Hioki, H., Fujiyama, F., Arai, R., Kaneko, T. 2009. Single 

nigrostriatal dopaminergic neurons form widely spread and highly dense axonal arborizations in the 

neostriatum. J Neurosci 29, 444-53. 

McRitchie, D.A., Hardman, C.D., Halliday, G.M. 1996. Cytoarchitectural distribution of calcium binding 

proteins in midbrain dopaminergic regions of rats and humans. J Comp Neurol 364, 121-50. 



Reyes et al.  21 

Nagahara, A.H., Tuszynski, M.H. 2011. Potential therapeutic uses of BDNF in neurological and 

psychiatric disorders. Nature Rev Drug Discov 10, 209-19. 

Nunes, I., Tovmasian, L.T., Silva, R.M., Burke, R.E., Goff, S.P. 2003. Pitx3 is required for 

development of substantia nigra dopaminergic neurons. Proc Nat Acad Sci USA 100, 4245-50. 

Orme, R., Fricker-Gates, R.A., Gates, M.A. 2009. Ontogeny of Substantia Nigra Dopamine Neurons. 

in: Di Giovanni, G., Di Matteo, V., Esposito, E. (Eds.). Birth, Life and Death of Dopaminergic 

Neurons in the Substantia Nigra. Springer Wien New York, Germany, pp 3-21. 

Osborne, P.B., Halliday, G.M., Cooper, H.M., Keast, J.R. 2005. Localization of immunoreactivity for 

deleted in colorectal cancer (DCC), the receptor for the guidance factor netrin-1, in ventral tier 

dopamine projection pathways in adult rodents. Neuroscience 131, 671-81. 

Paxinos, G., Huang, X. 1995. Atlas of the human brainstem. Academic Press, California. 

Prensa, L., Parent, A. 2001. The nigrostriatal pathway in the rat: A single-axon study of the 

relationship between dorsal and ventral tier nigral neurons and the striosome/matrix striatal 

compartments. J Neurosci 21, 7247-60. 

Rangasamy, S.B., Soderstrom, K., Bakay, R.A., Kordower, J.H. 2010. Neurotrophic factor therapy for 

Parkinson's disease. Prog Brain Res 184, 237-64. 

Reyes, S., Fu, Y., Double, K., Thompson, L., Kirik, D., Paxinos, G., Halliday, G.M. 2012. GIRK2 

expression in dopamine neurons of the substantia nigra and ventral tegmental area. J Comp 

Neurol, in press. 

Saucedo-Cardenas, O., Quintana-Hau, J.D., Le, W.D., Smidt, M.P., Cox, J.J., De Mayo, F., Burbach, 

J.P., Conneely, O.M. 1998. Nurr1 is essential for the induction of the dopaminergic phenotype and 

the survival of ventral mesencephalic late dopaminergic precursor neurons. Proc Nat Acad Sci 

USA 95, 4013-8. 

Shatzmiller, R.A., Goldman, J.S., Simard-Emond, L., Rymar, V., Manitt, C., Sadikot, A.F., Kennedy, 

T.E. 2008. Graded expression of netrin-1 by specific neuronal subtypes in the adult mammalian 

striatum. Neuroscience 157, 621-36. 

Simeone, A., Di Salvio, M., Di Giovannantonio, L.G., Acampora, D., Omodei, D., Tomasetti, C. 2011. 

The role of otx2 in adult mesencephalic-diencephalic dopaminergic neurons. Mol Neurobiol 43, 

107-13. 



Reyes et al.  22 

Simon, H.H., Saueressig, H., Wurst, W., Goulding, M.D., O'Leary, D.D. 2001. Fate of midbrain 

dopaminergic neurons controlled by the engrailed genes. J Neurosci 21, 3126-34. 

Smidt, M.P., Burbach, J.P. 2007. How to make a mesodiencephalic dopaminergic neuron. Nature Rev 

Neurosci 8, 21-32. 

Smidt, M.P., Smits, S.M., Bouwmeester, H., Hamers, F.P., van der Linden, A.J., Hellemons, A.J., 

Graw, J., Burbach, J.P. 2004. Early developmental failure of substantia nigra dopamine neurons in 

mice lacking the homeodomain gene Pitx3. Development 131, 1145-55. 

Smidt, M.P., van Schaick, H.S., Lanctot, C., Tremblay, J.J., Cox, J.J., van der Kleij, A.A., Wolterink, 

G., Drouin, J., Burbach, J.P. 1997. A homeodomain gene Ptx3 has highly restricted brain 

expression in mesencephalic dopaminergic neurons. Proc Nat Acad Sci USA 94, 13305-10. 

Sullivan, A.M., Toulouse, A. 2011. Neurotrophic factors for the treatment of Parkinson's disease. 

Cytokine & Growth Factor Rev 22, 157-65. 

Tcherkezian, J., Brittis, P.A., Thomas, F., Roux, P.P., Flanagan, J.G. 2010. Transmembrane receptor 

DCC associates with protein synthesis machinery and regulates translation. Cell 141, 632-44. 

Thomas, M. 2010. Role of transcription factors in cell replacement therapies for neurodegenerative 

conditions. Regen Med 5, 441-50. 

van den Munckhof, P., Luk, K.C., Ste-Marie, L., Montgomery, J., Blanchet, P.J., Sadikot, A.F., Drouin, 

J. 2003. Pitx3 is required for motor activity and for survival of a subset of midbrain dopaminergic 

neurons. Development 130, 2535-42. 

Xu, B., Goldman, J.S., Rymar, V.V., Forget, C., Lo, P.S., Bull, S.J., Vereker, E., Barker, P.A., Trudeau, 

L.E., Sadikot, A.F., Kennedy, T.E. 2010. Critical roles for the netrin receptor deleted in colorectal 

cancer in dopaminergic neuronal precursor migration, axon guidance, and axon arborization. 

Neuroscience 169, 932-49. 

Yang, D., Peng, C., Li, X., Fan, X., Li, L., Ming, M., Chen, S., Le, W. 2008. Pitx3-transfected 

astrocytes secrete brain-derived neurotrophic factor and glial cell line-derived neurotrophic factor 

and protect dopamine neurons in mesencephalon cultures. J Neurosci Res 86, 3393-400. 

Zhao, S., Maxwell, S., Jimenez-Beristain, A., Vives, J., Kuehner, E., Zhao, J., O'Brien, C., de Felipe, 

C., Semina, E., Li, M. 2004. Generation of embryonic stem cells and transgenic mice expressing 

green fluorescence protein in midbrain dopaminergic neurons. Europ J Neurosci 19, 1133-40. 

 



Reyes et al.  23 

 

 

Table 1 – Colocalization of Pitx3, Otx2 or DCC immunoreactivity in dopamine neurons (see methods) 

in the ventral SNC, dorsal SNC and VTA (%±SD). 

 

Region Ventral SNC Dorsal SNC VTA 

 Human Mouse Human Mouse Human Mouse 

% with PITX3 94±8 94±8 96±1 95±15 96±7 80±15 

% with Otx2 0 8±0 0 2±0 0 53±24 

% with DCC 95±2 100±0 96±3 85±17 92±3 62±8 
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Table 2 – Average z-scores (±SD) of Pitx3, Otx2, and DCC gene expression in the SNC and VTA. 

 

 SNC VTA P-value 

Pitx3 1.4±0.1 0.7±0.3 *0.05 

Otx2 -0.4±0.4 0.5±0.3 *0.04 

DCC 1.7±0.1 0.8±0.2 *0.02 

*Indicates statistical significance as P<0.05 
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Supplementary Table – The proportion (±SD) of dopamine neurons with Otx2 immunoreactivity in the 

ventral SNC, dorsal SNC, and VTA of different aged mice.  

 

 Ventral SNC Dorsal SNC VTA 

4 weeks 0±0% 1±2% 57±13% 

10 weeks 0±0% 0±0% 55±13% 

10 months 0±0% 4±5% 71±6% 

2 years 0±0% 3±3% 58±4% 
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Figure legends 

 

Figure 1: Photomicrographs showing the comparative location of dopamine neurons in the ventral and 

dorsal SNC and VTA in the human (A) and mouse (B) brainstem. The representative sections are 

immunohistochemically stained for tyrosine hydroxylase (TH), the rate limiting enzyme for dopamine, 

and the mouse sections were counterstained with cresyl violet. Surrounding landmarks including the 

periaqueductal gray (PAG), red nucleus (R), cerebral peduncle (cp), and the exiting third nerve (3n) 

are shown. 

 

Figure 2: Representative photomicrographs showing Pitx3 immunoreactivity (green) in most 

dopamine neurons (TH; magenta converted from red) located in the ventral (A,D) and dorsal SNC 

(B,E), as well as the VTA (C,F) in humans (A-C) and mice (D-F). Sections are 40-50µm thick and 

there is some overlap of the cytoplasm on the nuclei of some cells. Asterisks mark neuromelanin 

pigment in the human dopaminergic neurons (A,B). Scale in C is equivalent for A-B, and scale in F is 

equivalent for D-E. 

 

Figure 3: Assessment of variability in neuronal Pitx3 immunoreactivity (A,B) and regional gene 

expression (C).  

A,B Photomicrographs comparing Pitx immunoreactivity in sections from middle-aged versus old 

humans. Neurons were labeled with an antibody to Pitx3 (green) and tyrosine hydroxylase (TH; 

magenta converted from red). In middle-age, nuclear Pitx3 expression was found in many dopamine 

neurons (A; nucleus marked by asterisks), while with aging some Pitx3 protein was also located in the 

neuronal cytoplasm of the dopamine neurons (B; as marked by arrow).  

C Assessment of Pitx3 mRNA in the SNC and VTA in a 24 and 39 year old human brain expressed as 

an increase (±SD) above the average z score for the entire brain. The selective expression of Pitx3 

was determined to be at z-scores above 0.75 (as indicated by dashed line in C). Pitx3 mRNA was 

expressed above background in both regions independent of age with a significant increase in SNC 

Pitx3 expression compared with the VTA.  
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Figure 4: Representative photomicrographs showing Otx2 immunoreactivity in the regions containing 

dopamine neurons. Neurons were labeled with an antibody to Otx2 (Green) and tyrosine hydroxylase 

(TH; magenta converted from red). In humans, Otx2 immunoreactivity was not observed in dopamine 

neurons in the ventral SNC (A), dorsal SNC (B) or VTA (C). In mice nuclear expression was restricted 

to the VTA (F) and was not observed in the ventral (D) or dorsal (E) SNC.  Strong Otx2 

immunoreactivity was observed in non-dopaminergic cells in the nearby substantia nigra pars 

reticulata (D). Scale in C is equivalent for A-B, and scale in F is equivalent for D-E. 

 

Figure 5: Assessment of regional variability in neuronal Otx2 immunoreactivity (A-E) and gene 

expression (F).  

A-E High magnification photomicrographs of sections immunohistochemically stained for Otx2. Otx2 

immunorectivity was not obseerved in neuromelanin-pigmented (light brown) dopamine neurons in the 

human ventral SNC (A), dorsal SNC (B) or VTA (C), however surrounding regions including the 

superior colliculi (D) and the interpeduncular nucleus (E) had obvious Otx2 immunopositive nuclei. 

Scale in C is equivalent for A-E.  

F Assessment of Otx2 mRNA in the SNC, VTA and superior colliculi in a 24 and 39 year old human 

brain expressed as an increase (±SD) above the average z score for the entire brain. The selective 

expression of Otx2 was determined to be at z-scores above 1 (as indicated by dashed line in F). Only 

in the superior colliculi was Otx2 mRNA selectively expressed, with neither the SNC or VTA having 

expression levels above background. In the regions with dopamine neurons, Otx2 mRNA expression 

was higher in the VTA. Across all regions there was a significant reduction in Otx2 expression from the 

younger to the older case, with the older case having Otx2 mRNA expression levels in the SNC well 

below average. 
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Figure 6: Representative photomicrographs showing DCC immunoreactivity in the regions containing 

dopamine neurons. Neurons were labeled with an antibody to DCC (black nickel-cobolt-enhanced 

chromagen in A-C or green fluorescence in D-F) and tyrosine hydroxylase (TH; magenta converted 

from red in D-F), with the dopamine neurons in humans containing light brown neuromelanin pigment 

(A-C). In humans, the majority of pigmented dopamine neurons had DCC immunoreactivity (A-C), 

although some VTA pigmented dopamine neurons were DCC immunonegative (asterisk in the inset in 

C). In mice, the majority of SNC dopamine neurons colocalised DCC and TH (shown in white in D-E), 

whereas fewer VTA dopamine neurons colocalised DCC (shown in white in F). Scale in C is 

equivalent for A-B, and scale in F is equivalent for D-E. 

 

Figure 7: Assessment of the variability in DCC immunoreactivity within the SNC (A) and DCC mRNA 

expression in the SNC and VTA (B).  

A Graph showing the proportion of human dopamine neurons in the ventral and dorsal SNC 

containing strong DCC immunoreactivity. The human ventral SNC had a significant 2.0 fold increase in 

the proportion of neurons with strong intensity DCC immunoreactivity compared with the dorsal SNC. 

B Assessment of DCC mRNA in the SNC and VTA in a 24 and 39 year old human brain expressed as 

an increase (±SD) above the average z score for the entire brain. The selective expression of DCC 

was determined to be at z-scores above 0.87 (as indicated by dashed line in F). DCC mRNA was 

selectively expressed in both the SNC and VTA independent of age, with significantly higher DCC 

expression in the SNC compared with the VTA.  

 

Supplementary figure: Genome-wide microarray based gene expression profiles obtained from the 

Allen Human Brain Atlases online resource provided by the Allen Institute for Brain Science. For each 

gene (Pitx3, Otx2 and DCC) the expression profiles of the entire brain in a young (24 year old) and 

middle-aged (39 year old) human case are provided. Data from only the midbrain region are magnified 

for each gene and case, with the SNC, VTA and SC labeled. The information from two gene probes 

was available for Pitx3 and DCC, whilst three probes were available for Otx2. In the profiles green 

indicates a low expression and red a strong expression, as shown on the provided scale. 


