
VU Research Portal

Identification of new molecular mechanisms potentially involved in the development of
Parkinson's disease
Korecka, J.A.

2013

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Korecka, J. A. (2013). Identification of new molecular mechanisms potentially involved in the development of
Parkinson's disease. [PhD-Thesis – Research external, graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 23. May. 2023

https://research.vu.nl/en/publications/e9e98ed5-ab4a-476c-9802-7a17008c1ace


CHAPTER 8

General discussion

J.A. Korecka1, K. Bossers1, R.E. van Kesteren2, 
D.F. Swaab3, J. Verhaagen1,2

1 Department of Neuroregeneration, Netherlands Institute for Neuroscience, 
An Institute of the Royal Netherlands Academy of Arts and Sciences, Meibergdreef 47, 1105BA, 

Amsterdam, The Netherlands
2 Center for Neurogenomics and Cognitive Research, Neuroscience Campus Amsterdam, 

VU University, Boelelaan 1085, 1081HV, Amsterdam, The Netherlands
3 Neuropsychiatric Disorders, Netherlands Institute for Neuroscience, 

An Institute of the Royal Netherlands Academy of Arts and Sciences, Meibergdreef 47, 1105BA,
 Amsterdam, The Netherlands



244



GENER A L DISCUSSION

245

Summary

Parkinson’s disease (PD) is a progressive neurodegenerative movement 
disorder. Neuropathological changes in sporadic PD involve multiple neuronal 
systems (Braak et al., 2003). Neurodegeneration of dopaminergic (DAergic) neu-
rons in the substantia nigra (SN) is one of the most widely studied neuropatho-
logical hallmarks of the disease, as it leads to the development of the clinical mo-
tor symptoms. Only 5% of the PD cases are familial, while the rest of the patients 
suffer from a sporadic form of the disease for which the causes are largely un-
known (Dauer and Przedborski, 2003). The current treatments, both pharmaco-
logical and surgical, diminish the symptoms of both familial and sporadic forms 
of the disease, but merely temporarily improve the quality of life of the patients 
(reviewed in Olanow et al., 2009). As of yet, no genuine treatments ceasing the 
progression or curing the disease are available, although currently cell replace-
ment and gene therapy approaches are being investigated. These approaches aim 
to either replace the damaged cells or prevent neuronal degeneration by stimu-
lating regenerative and neuro-protective mechanisms in the affected tissue (re-
viewed in Chapter 1).

Mitochondrial activity, protein aggregation and the oxidative stress re-
sponse have been linked to the development of PD based on mutations found 
in familial forms of the disease (reviewed in Hardy et al., 2006; Bonifati, 2007; 
Maguire-Zeiss et al., 2008; Hardy, 2010). However, for sporadic PD the specific 
molecular alterations leading to the typical neuropathological changes in the 
SN still need to be elucidated. The etiology of the disease appears to be multi-
factorial, involving both biological and environmental components (Dauer and 
Przedborski, 2003; Olanow et al., 2009). More research is required into the basic 
cellular and molecular changes that occur in the brains of sporadic PD patients.

The work presented in this thesis is based upon a gene expression study in-
dentifying 287 genes differentially expressed in the SN of PD patients compared 
to matched controls (Bossers et al., 2009). Since the tissue used for this study 
was from end stage PD patients these gene expression changes may be either 
causal to the development and/or progression of sporadic PD, or may be the con-
sequence of the disease process. The main challenge of the research described in 
this present thesis was therefore to translate the alternations in gene expression 
into concrete biological mechanisms that may underlie the degeneration of DAe-
rgic neurons in the SN of PD patients, with a potential for development of novel 
therapeutic targets.

The first step to identify the key players in the neurodegenerative process 
of PD was the selection of target genes (from the total set of 287 genes) that are 
potentially involved in this process based on Ingenuity pathway analysis, gene 
ontology analysis, and literature search (Figure 1, Chapter 2). We based our 
gene selection on the potential roles that these genes play in cell death, axon 
guidance, neurotrophic support, synaptic transmission, mitochondrial function 
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and cellular metabolism. This approach resulted in the identification of 79 genes 
that are linked to one or more of these processes and may therefore be specifi-
cally involved in the development of PD neuropathology.

The second stage was to 1) identify the cell type in which these dysregu-
lated genes are expressed in the human brain, and determine whether their 
cellular localization changes during the disease process (Chapter 2), and 2) es-
tablish a suitable cell model to study target gene function (Chapter 3). Cellular 
localization studies of 34 target genes, using in situ hybridization and immuno-
histochemistry, revealed that these genes are almost exclusively expressed in 
neurons in the SN, and not in reactive astrocytes or activated microglia (Figure 
1, Chapter 2). The neuronal localization of the majority of the target genes moti-
vated us to use retinoic acid (RA) differentiated SH-SY5Y neuroblastoma cells as 
a cellular platform for functional high content screens (HCS). Genome-wide tran-
scriptional profiling combined with gene ontology and pathway analysis dem-
onstrated that these cells 1) contain the main cellular and molecular properties 
that are characteristic of DAergic cells, 2) are sensitive to environmental factors 
that are known to contribute to PD, and 3) are readily available and can be easily 
expanded in culture (Chapter 3). 

The SH-SY5Y cellular model was used to functionally validate the role of 
62 target genes in cell viability, neurite outgrowth and mitochondrial activity 
in HCS (Figure 1, Chapter 4). This integrative approach, using siRNA mediated 
knockdown and LV-mediated overexpression, identified 12 genes significantly 
affecting one or more of these parameters. The most dramatic effects on both 
cellular viability and neurite outgrowth were observed after overexpression of 4 
genes that are also highly upregulated in PD SN neurons: CTDSP1, RGMA, PTMA 
and WWC1. 

As a first step to study the role of one of these target genes in vivo, we over-
expressed RGMA in the mouse SN (Figure 1, Chapter 7). In order to do this, we 
first performed a comparative study of four adeno-associated viral (AAV) vec-
tor serotypes and found that AAV7 is the best tool to use for targeted gene de-
livery to the mouse SN (Chapter 6). Overexpression of RGMA in the SN of mice 
appeared to induce degeneration of DAergic neurons, behavioral abnormalities 
that are typical for the loss of striatal DA input, and microglia and astroglial acti-
vation in the SN. Below we will discuss how this result may enhance our under-
standing of development of PD pathology. 

In the future, we would also like to examine the other three candidate gene 
targets (CTDSP1, PTMA and WWC1) in vivo and additionally test their function 
in a mouse model that mimics the early stages of PD based on a chronic low dose 
MPTP treatment (Chapter 5).
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Figure 1. The experimental approach: PD genes were selected that may play a key role in the 
neurodegenerative process of PD. The subsequent steps that were undertaken to select the most 
promising target genes to be tested in vivo are indicated. 
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Discussion

The multi step experimental approach: from gene expression chang-
es in the human brain to studies of individual genes in the mouse SN 
- have we been successful?

To answer the key question whether enhanced expression of CTDSP1, 
PTMA, RGMA and WWC1 in the PD SN contributes to the degeneration of DAe-
rgic neurons in PD patients follow-up research will have to be performed in hu-
man brain tissue, animals and tissue culture. Central questions are: How early in 
the disease process is the gene expression enhanced? Is the enhanced expression 
of CTDSP1, PTMA, RGMA and WWC1 selective for the neurons of the SN? Do PD 
patients have single nucleotide polymorphisms in these genes that cause dys-
regulation of their function? We will briefly discuss these questions below and 
answers to these questions will determine whether CTDSP1, PTMA, RGMA and 
WWC1 will indeed be good target molecules for the development of a regenera-
tive therapy for PD.

1. Selection of a suitable in vitro model and appropriate biological read-
outs enables successful identification of PD target genes 

To identify specific genes which may play a key role in the neurodegenera-
tive process of PD we used a multi step experimental approach. As illustrated 
in Figure 1, we started our study with 287 differentially regulated genes in PD 
SN. The primary selection of genes for functional validation was based on their 
involvement in key processes implicated in PD. Moreover, it was also partially 
based on personal interest in specific molecular pathways, e.g. axon mainte-
nance and guidance. The further ‘filtration process’ of PD gene target selection 
was based on experimental data and objective inclusion/exclusion parameters 
leading to a final selection of 4 target genes with a potential role in PD develop-
ment: CTDSP1, PTMA, RGMA and WWC1. The prioritization of candidate genes 
based on our multi step approach depended on a number of essential parame-
ters: 1) selection of an in vitro cell system that is relevant to the gene expression 
changes in PD, 2) selection of appropriate biological readouts, and 3) the ability 
to successfully manipulate gene expression for many genes. These specific re-
quirements for our experimental approach are discussed below. 

As almost all of the 34 genes investigated in Chapter 2 are expressed in SN 
neurons (Chapter 2, Figure 1), we hypothesized that a similar proportion of the 
79 selected target genes would predominantly be expressed by the SN neurons 
as well. In order to functionally validate the role of these genes in a manner that 
is relevant to PD, we chose to use the neuronal-like RA differentiated DAergic SH-
SY5Y cells (Chapter 3). 
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To detect target gene functions relevant to PD neuropathology, the cellular 
readouts in the HCS have to directly reflect the PD affected biological functions. 
The selection of 79 genes was based, therefore, on their potential involvement 
in cell death, axon guidance, neurotrophic support, synaptic transmission, mi-
tochondrial function and cellular metabolism. We opted for the Cell Titer Blue 
cell viability assay to reflect the role of genes in cell death or cellular viability. 
The MitoTracker staining was used to measure effects of genes on mitochondri-
al function and cellular metabolism. The β-tubulin staining was used to detect 
genes with functions in axon guidance and neurotrophic support. The only pa-
rameter that we were unable to study was synaptic transmission. This was not 
possible due to the cellular model we used, as SH-SY5Y cells do not develop syn-
apses and do not make synaptic contacts. 

Finally, we had to be able to successfully manipulate gene expression of a 
large number of genes. We have used a commercially available siRNA library to 
achieve gene knockdown. Even though siRNAs may only partially knock down 
target genes (see Chapter 4 and below), it is the only viable option for medium-
throughput gene knockdown. It is not realistic to create knockout cell lines for 
all target genes. To achieve stable gene overexpression, we have used LV medi-
ated transduction. To be able to generate a relatively large number of viral con-
structs, we have used the Gateway cloning system by Invitrogen. This optimized 
and time-efficient approach allowed us to generate viral vectors for 14 target 
genes. Because of the amount of work involved in creating viral vectors, the num-
ber of genes in the knockdown screen is much higher than in the overexpression 
screen. In view of this, it is noteworthy that the most potent effects on the inves-
tigated cellular readouts occurred after gene overexpression. The hit rate of the 
knockdown studies was 6% (4 out of 62), whereas 86% (12 out of 14) of the over-
expressed genes significantly affected one or more readouts (Figure 1). As dis-
cussed in Chapter 4, this effect may in part be attributed to false negative results 
due to incomplete and transient effects of knock down, slow protein turnover, 
and redundancy of protein function. Overexpression studies on the other hand 
lead to high protein levels and stable protein expression within the time frame of 
culture. However, one should keep in mind that persistent high level overexpres-
sion outside of the physiological range may also induce false positive effects. 

2. Upregulation of gene expression displays the highest impact on neuro-
nal integrity

Out of 287 disregulated genes in the PD SN, only 40 were upregulated in 
their expression (Bossers et al., 2009). Since more genes were downregulated in 
PD SN, one would expect that the downregulation of specific transcripts (‘loss 
of function’) would have a large potential impact on the survival of DAergic neu-
rons. Yet, from our in vitro study, the only 4 genes that showed an effect after 
knockdown were all upregulated in the PD SN (FOXO4, KLK6, PTMA, and RGMA). 
This was a rather unexpected observation. None of the genes which were down-
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regulated in PD, showed any effect on mitochondrial activity or neurite out-
growth in vitro after ‘loss of function’. It may be possible that partial downregu-
lation of a single gene in the SN DAergic neuron may not have a great impact on 
its function, e.g. because its function can be compensated for by another gene 
with a similar role. However, downregulated gene expression in the PD SN also 
never resulted in a complete loss of mRNA molecules for a particular gene: many 
genes were downregulated to about 50% of normal levels. It may therefore be 
necessary, both in vitro and in the human brain, for multiple genes to be down-
regulated simultaneously to affect a cellular function relevant for PD neuropa-
thology. On the other hand, a ‘gain of function’ effect achieved by overexpression 
may be more potent in altering cellular processes, especially if a gene is involved 
in a molecular pathway involved in the induction of cell death, as was observed 
for 4 of the genes overexpressed in vitro (ALDH1A1, FOXO4, PTMA and WWC1, 
Chapter 4).

The HCS analysis of the knockdown of 62 PD target genes, and overexpres-
sion of 14 PD genes, led to the identification of 12 genes playing a role in the vi-
ability and neurite outgrowth of differentiated SH-SY5Y cells. The final phase of 
the multi step approach consisted of the selection of candidate genes for in vivo 
validation, and was based on 3 criteria: 1) the gene should be upregulated in the 
PD SN, 2) their overexpression should affect both cellular viability and neurite 
outgrowth in vitro, and 3) genes should not have been implicated in PD before 
(Figure 1). This selection resulted in identification of the final 4 target genes: 
CTDSP1, RGMA, PTMA and WWC1. Indeed, when we overexpressed RGMA in the 
adult mouse SN, we observed severe degeneration of the nigrostriatal system. 
Thus, to answer the question posed above, “have we been successful in our multi 
step experimental approach identifying novel target genes for sporadic PD?” I 
am inclined to state “yes, we have” (see also below: ‘Unraveling the role of RGMA 
in axonal degeneration in PD). In the near future, we will investigate if the over-
expression of the other 3 target genes (CTDSP1, PTMA and WWC1) in the mouse 
SN would also negatively affect the integrity of the adult mouse nigrostriatal sys-
tem.

Future studies to elucidate the roles of CTDSP1, PTMA, RGMA and 
WWC1 in PD-associated neurodegeneration

1. The sequence of neuropathological changes in PD: nigrostriatal axon 
retraction precedes massive neuronal loss in PD

At the moment of the onset of clinical symptoms in PD patients, about 30% 
of SN DAergic neurons are lost whereas already 50-60% of striatal DA terminals 
are degenerated. Only at the terminal end of the disease there is about 70% loss 
of DAergic neurons in the SN and almost complete loss of striatal DAergic pro-
jections (Figure 2). Based on human brain studies, the α-synuclein and LRRK2 
transgenic animal models, and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyrine 



GENER A L DISCUSSION

251

Figure 2. Development and progression of PD: the two most likely sites where the disease could 
start: in the SN (containing cell bodies) or in the caudate-putamen (containing DAergic projec-
tions). DAergic neurons in the SN pars compacta (SNpc) project their axons to caudate and 
putamen (A). In PD at the onset of 1st clinical symptoms 50-60% axon terminal loss occurs, ac-
companied by 30% of the DAergic SNpc cell loss (B & C). At the end stage of PD, 80-90% of axon 
terminals are lost and 70% of cell bodies in the SNpc (D). Molecular changes take place before the 
onset of 1st clinical symptoms in PD and last until the end of the disease process. Axon terminal 
loss seems to be a primary neuropathology of PD as stated by the dying-back hypothesis. There 
may be two mechanisms by which this even is induced: B. Local changes in the SN negatively af-
fect the viability of DAergic neurons (1) leading to the degeneration of axonal projections (2), or 
C. Molecular changes in the striatum compromise synaptic terminals of the SN DAergic neurons 
leading to the loss of axonal connectivity (1), and ultimately degeneration of SN DAergic neurons 
(2). Figure 2 is adapted frDauer & Przedborski (2003), whereas the statistical data on axonal and 
neuronal degeneration is based on Burke and O’Malley and Cheng et al., reviews (2010; 2012). 
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(MPTP) toxicity models axon degeneration in the striatum seams to take place 
first, before the loss of neuronal soma in the SN (reviewed in Cheng et al., 2010; 
and Burke and O’Malley, 2012). These observations support the ‘dying back’ hy-
pothesis which states that the striatal DA nerve terminals are the primary tar-
gets of the degeneration process in PD, and that the loss of nerve terminals trig-
gers neuronal death in the SN of PD patients (Dauer and Przedborski, 2003). 

Interestingly, gene expression data and genome wide association studies 
identified genes involved in axon guidance to be associated with PD (Lesnick et 
al., 2007; Bossers et al., 2009; Edwards et al., 2010). Out of the list of 79 primary 
target genes, 8 genes had a direct connection with axon guidance, whereas of the 
12 genes that showed an effect on DAergic cell function and survival in vitro, 6 
of them (50%) also affected neurite outgrowth (chapter 4). These numbers sup-
port the idea that the dying-back of DAergic axons may be a primary event in PD 
pathology (Figure 2). Yet it is still unclear which mechanisms cause this early 
retraction of axons and initiate damage to the nigrostriatal system. Two possible 
sequences of events may lead to DAergic terminal loss in the striatum: 1) local 
changes in the SN negatively affect the viability of DAergic neurons leading to the 
degeneration of axonal projections and ultimately degeneration of SN DAergic 
neurons (Figure 2B), or 2) changes in the striatum compromise synaptic termi-
nals of the SN DAergic neurons, leading to the loss of connectivity and ultimately, 
degeneration of SN DAergic neurons (Figure 2C). Below we will propose experi-
ments that aim to elucidate the role of CTDSP1, PTMA, RGMA and WWC1 in PD 
associated axon retraction and neuronal degeneration.

2. Are CTDSP1, PTMA, RGMA and WWC1 altered early or late during the 
course of PD development?

The in vitro and, in the case of RGMA, in vivo data suggest that CTDSP1, 
PTMA, RGMA and WWC1 alter both cell viability and neurite outgrowth. There-
fore these genes have a potential to induce axon retraction in early PD. To gain 
more insight into functional consequences of their altered expression in and 
importance for the disease process that occurs in PD, it is essential to establish 
when and where the expression of CTDSP1, PTMA, RGMA and WWC1 is altered 
during the progression of PD. It is therefore our primary aim to establish the 
temporal expression profile of these genes in the human PD brain. We will study 
mRNA and protein expression of these 4 genes in the SN, putamen and caudate 
of control and PD brains in the course of early to late disease stages based on 
the Braak staging (Braak et al., 2003). We will also study the localization of the 
protein to determine whether the transport of the increased levels of protein to 
the striatum may affect the nigrostriatal projections. The data on temporal and 
localization expression patterns for these 4 genes may help us to better under-
stand the pathological sequences of events leading to the degeneration of the SN 
DAergic neurons in PD. For example, if CTDSP1, PTMA and WWC1 protein levels 
are locally increased in the cell bodies of SN DAergic neurons in the early stages 
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of the disease, it is likely that they contribute to a reduced cellular viability, which 
may in turn negatively affect synaptic contacts in the striatum and lead to axonal 
retraction as first pathological correlate (hypothesis 1, Figure 2B). Conversely, 
increased protein levels of RGMA in the extracellular matrix of the striatum may 
induce repulsive signaling in the striatal axonal terminals and lead to the loss of 
connectivity, followed by the degeneration of the SN DAergic cell bodies (hypoth-
esis 2, Figure 2C).

3. Are CTDSP1, PTMA, RGMA and WWC1 players in a common signaling 
pathway?

CTDSP1, PTMA, RGMA and WWC1 alter both cell viability and neurite out-
growth in vitro. We were interested to see if their molecular signaling pathways 
included any common players. We therefore conducted an IPA analysis to identify 
interaction partners. In general there was no interesting common link between 
these 4 genes. This could be due to the fact that CTDSP1, PTMA and WWC1 have 
not been directly linked to neurite outgrowth before, and therefore the molecu-
lar players associated with this function are still unknown. On the other hand, 
PD is a heterogeneous disease with the involvement of multiple cellular mecha-
nisms, and it may be that the downstream signaling pathways of these genes are 
indeed not connected. It is therefore important, as a first step, to overexpress 
CTDSP1, PTMA and WWC1 in the adult mouse SN and assess whether and how 
these genes affect the integrity of the adult mouse nigrostriatal system. If these 
genes affect the viability of DAergic neurons, we will have to answer the question 
whether the axonal loss precedes the cellular loss, or whether these processes 
take place simultaneously. Such primary in vivo experiments have the potential 
to help us form a hypothesis whether the dysregulation of these genes in PD po-
tentially plays an important role in the disease development and/or progression. 

As a second step, promoter region studies should be performed to search 
for a possible common regulator of these 4 genes. Promoter sequences should 
be compared between these genes to determine if they are regulated by com-
mon transcription factor(s). It would be extremely interesting if a single tran-
scription factor, or a defined set of transcription factors, would regulate the 
expression of these 4 genes. Apart from linking these genes to each other, most 
importantly, this analysis would further identify an early potential mechanism 
that is involved in the early stages of PD. Moreover, it would be extremely inter-
esting to conduct transcription factor binding site overrepresentation analysis 
on the whole set of disregulated PD genes (287). Recent bioinformatics analysis 
approaches have shown this is feasible for other large gene expression data sets 
(Geeven et al., 2011). 
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4. Genetic studies

It would be very interesting to study large PD patient cohorts to confirm 
CTDSP1, PTMA, RGMA and WWC1 dysregulation and additionally search for the 
specific underlying SNP’s. RGMA mRNA was found to be upregulated in PD SN 
in two independent gene transcription profiling studies (in one 7 PD and 8 con-
trol samples were used (Bossers et al., 2009) and in the other 3 PD and 5 control 
samples were used (Neurocrine Biosciences, 2012)). So far, none of these four 
genes has been identified as a PD susceptibility gene in genome wide association 
studies (GWAS). Use of larger cohorts may further identify more genetic risk fac-
tors. Additionally, GWAS was argued to be inefficient in identifying rare variants 
associated with disease susceptibility. Instead, whole genome resequencing us-
ing next generation sequencing techniques should be employed, which recently 
identified GBA as a PD susceptibility gene previously not found by GWAS (Mitsui 
et al., 2009). Another possibility is to specifically sequence the promoter region 
of CTDSP1, PTMA, RGMA and WWC1 in a large PD cohort to assess whether dif-
ferential expression is due to alternations in the regulation of mRNA synthesis. 

Unraveling the role of RGMA in axonal degeneration in PD

RGMA overexpression induced dramatic changes in the adult mouse nigros-
triatal DAergic system (Chapter 7). Upregulation of RGMA in DAergic neurons 
of the SN may lead to axonal transport and secretion of increased amounts of 
RGMA in the striatum. Based on its Neogenin-dependent axon-repulsive charac-
teristics, high RGMA levels in the striatum may induce loss of nigrostriatal syn-
aptic contacts and axonal retraction inducing ‘pathological pruning’ and finally 
neuronal death in the SN (Figure 2C). Below we propose experimental strate-
gies to test this hypothesis and unravel the mechanism of RGMA induced DAergic 
neuron death. 

1. RGMA mechanism of action

Firstly, as our in vitro assays were based on neuroblastoma cells, it is im-
portant to confirm the function of RGMA as a cell viability and neurite outgrowth 
modulator in primary DAergic neurons. Moreover, RGMA knockdown in SH-SY5Y 
cells showed an interaction effect with MPP(+) treatment, whereas RGMA over-
expression did not rescue these cells from MPP(+) toxicity. We hypothesize that 
this is a consequence of Neogenin being already occupied by endogenous RGMA 
protein. These observations should also be confirmed in primary DAergic cell 
cultures.

Secondly, it is important to determine the exact mechanisms that are in-
volved in DAergic neuronal death after RGMA overexpression in mouse SN. By 
using Neogenin knockout mice, we can determine if this process is Neogenin de-
pendent. These mice have recently become available through collaboration with 
Jean-Francois Cloutier (McGill University, Canada, and Jeroen Pasterkamp, Utre-
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cht University). Further, to validate our proposed hypothesis, it should be deter-
mined whether the primary effect of RGMA is indeed to induce axonal retraction 
from the striatum. This can be investigated by increasing RGMA protein levels 
specifically in the mouse striatum through either RGMA protein infusion direct-
ly into the ventricle system, or by astrocyte specific RGMA AAV-mediated over-
expression in the striatum. The astrocytic expression prevents the confounding 
effect of neuron-mediated RGMA transport to other brain areas. Alternatively, 
we can track the DAergic axons and follow their retraction after RGMA overex-
pression in the SN at specific time points during the development of the neuro-
pathology. If axons retract from the striatum before the DAergic neuronal loss 
in the SN this may be evidence that the protein is required in the projection area 
and thus is causally involved in the axonal degeneration process. Finally, we can 
determine if RGMA signaling in the midbrain DAergic neurons has any effect on 
mitochondrial activity, as suggested by our in vitro studies, by investigating im-
munohistochemically the expression of mitochondrial activity and other stress 
markers. 

2. Intervention studies modulating RGMA signaling

Our data suggests that inhibition of RGMA signaling in the striatum may 
reduce pathological pruning induced by RGMA overexpression. As discussed in 
Chapter 7, RGMA binds to its dependence receptor Neogenin, activating the axon 
repulsion signaling pathway via RhoA/Rho-kinase and PKC (Braak et al., 2003; 
reviewed in Yamashita et al., 2007; Wilson and Key, 2007). To reverse the axon 
repulsion activity of RGMA it is possible to block the RGMA-Neogenin binding us-
ing either RGMA functional blocking antibodies, previously used in mouse EAE 
model (Muramatsu et al., 2011) and in a rat spinal cord injury model (Hata et al., 
2006), or peptides that act as antagonists of RGMA, which have so far only been 
tested in vitro (Suda et al., 2008). There is one potential pitfall to this approach. 
Neogenin is a dependence receptor and it has to be occupied by its ligand or oth-
erwise it will induce apoptosis (Mehlen and Bredesen, 2011). Therefore block-
ing RGMA-Neogenin binding with an antagonist has to be carefully controlled so 
that some RGMA can still bind to its receptor on neuronal cell bodies (at levels 
that presumably bind in a control SN (see Chapter 2 for RGMA expression in con-
trol SN)). 

Repulsive RGMA signaling can be also blocked directly at the level of the 
RhoA/Rho-kinase. This approach has been previously considered and extensive-
ly discussed as a clinical application after spinal cord injury (Kubo and Yamashi-
ta, 2007). Although this approach may influence other repulsive signaling path-
ways in neurons, since it would block the general activity of Rho kinase and its 
downstream signaling, this may be an advantage for the degenerating axons of 
DAergic neurons, as possible other repulsive guidance signaling is blocked. One 
of the Rho-kinase inhibitors, fasudil, has been on the market for over 10 years in 
Japan for the treatment of cerebral vasospasm and was clinically tested in the 
US for cardiovascular disorders (reviewed in Olson, 2008). It crosses the blood 
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brain barrier and is therefore an attractive approach to be tested in adult mice 
overexpressing RGMA in DAergic neurons. 

Apart from blocking RGMA signaling, stimulating the regeneration of lost 
axons and reestablishment of their connectivity to striatal targets is a promising 
therapeutic approach. Interestingly, a recent study showed successful regrowth 
of axons within the adult nigrostriatal projections after a 6-OHDA leasion by ac-
tivation of Akt/mTor signaling in the surviving SN DAergic neurons (Kim et al., 
2011). Activation of this intrinsic signaling pathway may stimulate the surviving 
70% of DAergic cells in the early PD SN to sprout and extend their axons towards 
their projection areas. Interestingly, Kim et al., showed that there was no need 
for additional steering of the axons to reach their correct targets, as they fol-
lowed their original projection trajectories very accurately (2011). It is therefore 
very well possible that the adult nervous system, if not mechanically disrupted, 
as in axotomy or stroke, contains in its parenchyma molecular signals that guide 
axons to the correct localization and stabilize the new axonal tracts that are 
formed. This in turn allows new neurites to follow these tracts and functionally 
integrate with their original targets. Therefore a combination of the inhibition 
of RGMa signaling and Akt/mTOR induced axon regrowth can be an interesting 
approach to rescue and stimulate DAergic neurons to regain their function and 
successfully once again deliver DA into the striatum.
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