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Abstract 

Parkinson’s disease is a common neurodegenerative disorder presenting with a variety of motor 

and non-motor symptoms. The motor symptoms manifest as a result of the progressive 

degeneration of midbrain dopaminergic neurons. The axons of these neurons project to the 

striatum as the nigrostriatal pathway, which is a crucial part of the basal ganglia circuitry 

controlling movement. In addition to the neuronal degeneration, abnormal intraneuronal -

synuclein protein inclusions called Lewy bodies and Lewy neurites increase in number and 

spread throughout the nervous system as the disease progresses. While the loss of midbrain 

dopaminergic neurons is well-established as being central to motor symptoms, there is an 

increasing focus on the timing of nigrostriatal degeneration, with preclinical evidence 

suggesting that early axonal degeneration may play a key role in the early stages of Parkinson’s 

disease. Here we review recent evidence for early midbrain dopaminergic axonal degeneration 

in patients with Parkinson’s disease, and explore the potential role of -synuclein accumulation 

in this process, with a focus on studies in human populations at the imaging, post-mortem, 

cellular and molecular levels. Finally, we discuss the implications of this for neurotrophic 

factors as therapies for Parkinson’s disease. 
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1. Introduction 

Parkinson’s disease (PD) is the second most common neurodegenerative disorder that affects 

1-2% of the population over the age of 60 [1-3]. PD is characterized by motor deficits including 

bradykinesia, akinesia and resting tremor, and a range of non-motor symptoms that worsen 

over time [4-6]. One of the key neuropathological hallmarks of the disease is the severe loss of 

midbrain dopaminergic (mDA) neurons in the substantia nigra (SN), whose axons project to 

the striatum as part of the nigrostriatal pathway [7, 8]. The degeneration of the nigrostriatal 

pathway leads to a reduction of striatal dopamine, resulting in the characteristic motor features 

that are the basis of clinical diagnosis [4]. PD is also characterized by the presence of abnormal 

intraneuronal protein inclusions composed of -synuclein within cell soma and neurites, called 

Lewy bodies and Lewy neurites respectively. Lewy bodies and Lewy neurites increase in 

number and spread to multiple locations throughout the nervous system as the PD progresses 

[9-14]. While the loss of mDA neurons is central to the motor symptoms of PD, there is an 

increased focus on when and where this degeneration begins, with much preclinical evidence 

suggesting that early axonal degeneration may play a key role (for an excellent review see 

[15]). Here we review recent the evidence for early mDA axonal degeneration in PD patients, 

and with a focus on studies in human populations at the imaging, post-mortem, cellular and 

molecular levels. We also review the evidence for -synuclein accumulation in this process 

and discuss the implications of this for neurotrophic factor trials in PD. 

 

2. Evidence from imaging studies for early mDA axonal degeneration in PD. 

In the human brain, the majority of dopaminergic neurons are found in the midbrain, with 

approximately 200,000 to 420,000 TH-positive neurons located bilaterally in the adult human 

SNpc [16-19]. Evidence for early axonal degeneration in PD patients comes from imaging 

studies that have used tracers to measure the activity of vesicular monoamine transporter type 



2 (VMAT2), aromatic L-amino-acid decarboxylase (AADC) or the dopamine transporter 

(DAT), all of which are expressed in or on mDA axonal terminals (as well as in mDA neuronal 

soma), and are used as proxy measures of mDA axonal and somal integrity [20, 21]. For a 

comprehensive meta-analysis of imaging studies of striatal dopamine in PD see [22]. In this 

review, we focus predominantly on studies that have directly compared the striatum and the 

SN in the early stages of PD, in order to examine the evidence for nigrostriatal axonal pathology 

in PD patients.  

In a study by Hsiao et al. [23], VMAT2 imaging was carried out by measuring uptake 

of 18F-DTBZ using PET in specific brain regions of patients with mild (n=22), moderate 

(n=20) and advanced PD (n=11), as defined by modified Hoehn-Yahr (mH-Y) staging; these 

were compared to healthy age-matched controls (n=17) [23]. For the purposes of this review 

on early axonal changes, we focus on the mild PD group, since they had a mean disease 

duration of 5 years, compared to durations of 14 and 15.5 years in the moderate and advanced 

PD groups, respectively [23]. In this mild PD group, VMAT2 activity in the posterior putamen 

was most affected, showing a 63-76% reduction compared to controls, whereas in the SN, there 

was a reduction of 13-29% compared to controls. This supports the idea that early loss of mDA 

axonal terminals in the striatum may be central to the initial progression of PD (Fig. 1A, B). 

This conclusion is supported by another PET study, which compared DAT signal loss in the 

putamen and the SN of PD patients. Fazio et al. used 8F-FE-PE2I PET imaging to measure 

DAT activity in 10 early-stage PD patients, with a mean disease duration of three years, 

compared to 10 age-matched controls [24]. It is worth noting that of the 10 PD patients, one 

had a disease duration of 12 years, with the other nine having a mean disease duration of 2.1 

years. The binding of 8F-FE-PE2I was significantly lower in PD patients than in controls, and 

in agreement with the Hsiao et al. study [23], the putamen was most affected. Compared to 

controls, there was a three-fold reduction in 8F-FE-PE2I signal in the putamen, and a 1.5-fold 



reduction in the SN, of PD patients [24]. These two PET imaging studies support the hypothesis 

that loss of striatal axonal terminals of nigrostriatal dopamine neurons precedes the loss of their 

nigral cell bodies in PD. An alternative explanation for the greater loss of dopamine-related 

signals in the putamen than in the SN is that the loss of a low number of nigral dopamine 

neurons correlates with a larger loss of striatal terminals. This is supported by a study by 

Matsuda and colleagues, which showed that individual dopamine neurons of the rat SN 

innervate a large area of the striatum, with each neuron sending very dense and highly spread 

axonal arborsiations to synapse on a large number of striatal neurons [25]. If this is also the 

case in the human brain, then the more extensive loss of DAT-related signals measured by PET 

in the striatum compared to the SN could suggest that the earliest event in PD pathology is a 

loss of a small number of nigral dopamine cell bodies, with an corresponding loss of their 

extensive axonal arborisations in the striatum.  

The two PET studies on PD patients described above support the proposal that nigrostriatal 

damage occurs early in PD pathology and may lead to alterations in nigrostriatal connections 

in vivo. Evidence for this nigrostriatal disconnection comes from a recent integrated in vivo 

imaging study by Caminiti and colleagues, on patients with early-stage idiopathic PD. 

Specifically they used [11C]FeCIT PET imaging to measure presynaptic DAT activity in the 

nigrostriatal and mesolimbic systems of 36 patients (mean age 57.5 ± 12.6 years) with a mean 

disease duration of less than two years, as well as in 14 age-matched controls [26]. They 

reported a substantial reduction of presynaptic DAT availability in the dorsal putamen, less 

reduction in the dorsal caudate, and limited reduction in the SN [26]. The longitudinal nature 

of the progression of pre-synaptic dopaminergic deficiency in the early stages of PD is 

highlighted by recent DAT imaging data from the Parkinson’s Progression Markers Initiative 

(PPMI) study [27]. This study recruited recently-diagnosed PD patients (n=423) and showed 

that the reduction in DAT binding (compared to baseline) progressed from 10 to 16 to 26 



percent in the caudate, and from 14 to 19 to 31 percent in the putamen after 1, 2 and 4 years, 

respectively [27]. Moreover, the annualized changes in DAT binding were greatest in the first 

year than in subsequent years [27]. These data show that there is a rapid progression of a 

presynaptic dopaminergic deficiency in early-stage PD. 

Intriguingly, Caminiti and colleagues also performed a dopamine network analysis, to 

examine resultant changes in patterns of mDA connectivity in vivo [26]. In agreement with the 

DAT measurements, this analysis showed a severe reduction in connectivity between the SN 

and the dorsal putamen. Such functional mDA disconnection in the nigrostriatal pathway is 

also supported by a study by Theisen et al., who used probabilistic tractography to examine 

structural connectivity between the putamen and SN in a cross sectional study of 40 PD patients 

(mean age 65.3 ± 9.6 years, mean disease duration 6 years), and 44 age-matched controls [28]. 

Based on diffusion-weighted dated, they estimated that anatomical striato-nigral connectivity 

was generally lower in PD patients than in controls [28]. Collectively, these data suggest that 

there is a more profound loss of mDA striatal axonal terminals at the early stages of PD. 

 

3. Post-mortem evidence for early mDA axonal degeneration in PD. 

The evidence from the imaging studies described above showing a loss of mDA axonal 

terminal early in PD would suggest that in post-mortem samples, there should be a greater 

reduction of mDA striatal innervation than of nigral mDA neurons. To address this, an 

important study by Kordower et al. analysed the extent of nigrostriatal degeneration in post-

mortem samples from PD patients with various disease durations [29]. Specifically, they 

examined 28 PD brains with disease duration ranging from 1 to 27 years, as well as nine age-

matched control brains. In one case at one-year post-diagnosis, there was a mild reduction in 

the putamen of immunoreactivity for tyrosine hydroxylase (TH) and DAT, two markers of 

mDA neurons. This was more pronounced in cases of three years disease duration. By four 



years post-diagnosis, there was minimal DAT and TH-positive axons remaining in the striatum, 

and these exhibited morphological features consistent with ongoing degeneration. Quantitation 

of the loss of striatal innervation revealed a 35-75% loss of TH and DAT immunoreactivity at 

1 to 3 years post diagnosis [29]. This is similar to the 63-76% reduction in VMAT2 activity in 

the posterior putamen in patients with a mean disease duration of five years reported in Hsiao 

et al. imaging study [23].  

In addition to the axonal loss, Kordower et al. found variable but marked reduction 

(ranging from 50-90%) of the number of TH-stained mDA neurons in the SN, even at the early 

stages of the disease [29]. Other post mortem studies have found a graded loss of nigral DA 

neurons in early-stage PD, and in incidental Lewy body disease (ILBD), which is considered 

to be a presymptomatic stage of PD [30, 31]. For example, Dijkstra et al reported a 20% lower 

nigral neuronal density in patients with ILBD and a 56% lower density in PD patients, 

compared to controls [32]. Another post mortem study found a 40% loss of nigral DA neurons 

in ILBD patients, and a 82% loss in PD patients, compared to controls [33]. Similar results 

were reported by Milber et al (40% loss in ILBD patients and 67% loss in PD), who also found 

that mDA cell number did not decline over the Braak stages of ILBD [34]. Overall these 

findings suggest a premotor period with limited nigral neuronal loss in the SN, followed by a 

steep decline in nigral mDA neurons between Braak stages 3 and 4, coinciding with the onset 

of motor symptoms [35]. 

Kordower et al noted that a residual population of mDA neurons remained in the SN 

even decades after diagnosis, despite the almost complete absence of DAT and TH-positive 

fibers in the putamen that was detectable at four years after diagnosis [29]. This is an important 

finding, as it suggests that axonal regeneration may be possible even from a relatively small 

pool of residual neurons. The potential of this for striatal reinnervation is highlighted by an 

elegant study by Matsuda and colleagues, who labelled the axonal arbors of individual 



nigrostriatal mDA neurons in Wistar rats and showed that a single nigrostriatal mDA axon 

covered on average 2.7% of the striatum volume [25]. These authors estimated that the entire 

striatum is influenced by a relatively small percentage of the total pool of mDA neurons in the 

SN [25]. Given that a residual population of mDA neurons remain in the SN for decades after 

PD diagnosis [29], a focus on identifying strategies for axonal regeneration may offer new 

opportunities for disease-modifying therapies. 

 

4. Evidence from induced pluripotent stem cells for axonal degeneration in PD.  

Since -synuclein was first described by Spillantini and colleagues as the main component of 

Lewy bodies [36], it is well-established that this protein plays a central role in PD [37-40]. 

There is a large body of work on pre-clinical modelling of -synucleinopathy which gives 

important insights into the mechanisms of -synuclein-induced neurodegeneration, leading to 

potential platforms for therapeutic development [41-44]. The first evidence supporting a role 

for -synuclein in PD came with the demonstration that a G209A mutation in the -synuclein 

(SNCA) gene, leading to an A53T substitution in -synuclein protein, led to autosomal-

dominant, early-onset PD [45]. Subsequent studies identified triplications [46] and duplications 

[47] of the SNCA gene, which were also associated with autosomal-dominant PD. Subsequent 

reports established SNCA as a definitive susceptibility gene for sporadic PD [44, 48-50]. These 

studies collectively showed that -synuclein is linked to both familial and sporadic PD, with 

preclinical work suggesting that it may play a central role in mDA axonal degeneration [51]. 

Studying the role of -synuclein in axonal degeneration in humans is considerably more 

difficult, however work using induced pluripotent stem cells (iPSCs) is now shedding new light 

in this regard. iPSCs are pluripotent stem cells that can be generated and reprogrammed from 

adult somatic cells and differentiated into neurons [52-55]. Consequently iPSCs and neurons, 

can be generated from the somatic cells of patients with sporadic or familial PD [56]. This has 



paved the way for studies on -synuclein’s role  in mechanisms of disease pathology including 

axonal degeneration. iPSC-derived neurons generated from patients with SNCA triplication 

have been reported to show lower neuronal connectivity and spine formation than neurons 

derived from controls [57]. These features have been demonstrated in iPSC-derived mDA 

neurons from patients with SNCA triplication and from those carrying the LRRK2 (G2019S) 

mutation [58-60]. Another study showed that iPSC-derived mDA neurons carrying SNCA 

triplication or the LRRK2 (G2019S) mutation exhibited abnormalities in neurite length, along 

with evidence for axonal degeneration that included axonal blebbing and fragmentation [61]. 

An important recent study reported significantly higher -synuclein load in iPSC-

derived mDA neurons from two patients with early-onset PD with the p.A53T SNCA mutation, 

compared to controls [62]. Furthermore, the PD iPSC-derived neurons contained the 

pathological form of -synuclein within Lewy-like neurites, exhibited -synuclein 

aggregation, and developed -synuclein-positive varicosities, neurite swelling and 

fragmentation [62]. These neuropathological changes in the PD iPSC-derived neurons could 

be prevented by treatment with small molecules that reduce -synuclein toxicity by interfering 

with oligomer formation [62]. These findings are supported by the fact that knockdown of -

synuclein can prevent decreases in neurite number and in total neurite length in iPSC-derived 

mDA neurons from patients with SNCA triplication [57]. Moreover, the p.A53T SNCA PD 

iPSC-derived neurons had an impaired ability to form synapses [62], which is fully supported 

by work from the Spillantini group showing that transgenic mice expressing human -

synuclein develop synaptic dysfunction in striatal DA terminals and an age-dependent 

reduction in DA release [63, 64]. These studies are important as they provide a causal link 

between -synuclein pathology and synaptic and axonal degeneration in human mDA neurons 

carrying SCNA genetic alterations which are strongly associated with PD (Fig. 1C).  

 



5. Molecular changes in the PD brain linked to mechanisms of axonal growth. 

The morphological evidence for axonal degeneration in early PD supports the hypothesis that 

changes in gene expression patterns in the human brain can be associated with molecular 

pathways known to be critical for axonal growth. To date, 18 studies have examined the SN 

transcriptome in PD patients (for comprehensive review see [65]). Evidence supporting the 

hypothesis that there are changes in molecular pathways linked to axonal growth in early PD, 

came from a study by Dijkstra et al. [66], who carried out a transcriptome analysis on post 

mortem SN tissue from patients including from those characterised as Braak stage 1 and stage 

2 (n=5), which is early-stage PD [12], compared to age-matched non-demented controls (n=8). 

In patients at Braak stage 1-2, there was a significant down-regulation of molecular pathways 

linked to axonal guidance signalling, and of molecular pathways linked to maintenance of the 

cytoskeleton [66]. This supports the morphological evidence described above, by showing that 

there are dysfunctional molecular pathways linked to axonal maintenance in the early stages of 

PD. Further evidence came from a study carried out at the single-cell level, on patients with 

sporadic PD (n=10) and from controls matched for age and post-mortem interval (n=9) [66]. 

In this study, Simunovic and colleagues performed transcriptome level analysis of single 

human mDA neurons, using laser microdissection to analyse differential gene expression. They 

reported a strong down-regulation compared to controls, of genes known to play key roles in 

axonal growth and guidance, including TUBA1A (6-fold decrease) [67], TUBB2A [68] (12-fold 

decrease) and TUBB2B (4-fold decrease) [69]. At the network level, differential protein 

expression has also been reported in a study that used proteomic analysis on human SN tissue 

and on age-matched neurologically-intact controls [70]. The differentially-expressed proteins 

included those known to be involved in a range of pathogenic processes, including cytoskeletal 

dysfunction [70, 71]. In addition a proteome analysis study on SN from PD patients reported 

reduced expression of two proteins, neurofilament-medium and neurofilament-light [72], 



which are critical for axonal growth and maintenance [71]. While changes in axonal proteins 

is to be expected as a result of ongoing neurodegeneration, the specificity of these changes for 

the early stages of PD is notable, and is highlighted by the study of Dijkstra et al. [66], in which 

transcriptome analysis of the SN from PD patients revealed that the strongest changes in genes 

linked to axonal guidance signalling were seen at Braak stages 1 and 2, compared to Braak 

stages 3, 4, 5 and 6 [66]. These data are consistent with the theory that in the early stages of 

PD there is an initial and progressive loss of mDA striatal axonal terminals. 

 The above-described studies on molecular changes in SN tissue from PD patients are 

supported by transcriptome studies on iPSCs-derived neurons (Fig. 1C). Specifically, Kouroupi 

et al. performed global gene-expression profiling of PD iPSC-derived neurons generated from 

patients carrying the A53T SNCA mutations, and compared them to controls [62]. A 

bioinformatics analysis of differentially-expressed genes revealed significant perturbations in 

gene networks linked to cytoskeletal organization, neuronal differentiation and maturation 

[62]. This is supported by a study examining global gene expression in mDA-derived neurons 

from three control and three cell lines with PD genetic mutations (PARKINc.255delA, 

LRRK2 G2019S, SNCA triplication), which found alterations in certain groups of genes, 

including those associated with synaptic transmission and nervous system development [61]. 

Similar changes in global gene expression have been reported in iPSC-derived mDA neurons 

generated from patients with genetic (LRRK2 G2019S) or sporadic PD, in which differentially-

expressed genes included those involved in axogenesis and axon guidance [73]. Collectively, 

these data suggest dysregulation of gene networks linked processes important for neuronal 

structure is a feature of early-stage PD. 

 

6. Implications of axonal degeneration for neurotrophic factor therapy.  

Disease-modifying therapies for PD are still a major unmet clinical need. Neurotrophic 



factors are proteins that have potential to slow the progression of PD. Despite showing early 

promise in studies on animal models of PD, clinical trials using glial cell line-derived 

neurotrophic factor (GDNF) protein or adeno-associated viral vector (AAV)-neurturin (NRTN) 

have been unsuccessful (for reviews, see [74-76]). There has been much debate on possible 

reasons for the lack of translation of the robust neuroprotective properties of GDNF and NRTN 

from animal models to human PD. The main theories revolve around optimal patient selection, 

limited dosage and/or diffusion, and surgical issues. Even after the application of technical 

advances such as convection-enhanced delivery and gene therapy, the clinical response to 

GDNF and NRTN has not been as robust as was expected from pre-clinical experiments. This 

low response of the nigrostriatal system in patients could be due to the low number of mDA 

neurons or in the diseased brain, or to defects in the capacity of these neurons to respond to 

GDNF and NRTN.  

Many investigators have hypothesised that the main reason for the failure of the clinical 

trials was that the patients enrolled were at advanced disease stages [75-79]. Support for this 

theory comes from scrutiny of the clinical data from individual participants in the recent AAV-

NRTN clinical trials. Segregation of data from the Phase 2b trial showed that participants who 

received AAV-NRTN within five years of diagnosis benefitted most, while those diagnosed 

more than ten years before the trial experienced no clinical improvement [80, 81]. Further post 

hoc analysis of data from an earlier Phase 2a trial of AAV-NRTN [82] showed that the reported 

clinical benefit could be attributable solely to those patients who were within five years of 

diagnosis, whereas none of the treatment effect was contributed by those ten years or more 

post-diagnosis [81]. These data illustrate that the patients enrolled in the GDNF and NRTN 

trials to date have been too far advanced in terms of disease stage, to have been likely to benefit 

from these potential disease-modifying treatments. 

The evidence for axonopathy occurring during early-stage PD may explain at least partly 



explain the lack of efficacy. As well as removing the main source of endogenous trophic 

support and signalling for mDA neurons, early degeneration of nigrostriatal axons affects the 

ability of these cells to respond to exogenous neurotrophic factors. Neurotrophic factor 

signalling relies on communication between neuronal cell bodies and their axonal terminals in 

distal target structures and depends on efficient axonal transport (for review see [83]). In each 

of the clinical trials, apart from the most recent NRTN one, which administered to both 

putamen and SN [80], neurotrophic factors were delivered solely to the putamen. At advanced 

disease stages, there may be insufficient axons remaining to allow adequate levels of 

neurotrophic factor to be retrogradely transported to the nigral cell bodies. Although only 

conducted on a few subjects, post mortem studies have clearly demonstrated that participants 

in the GDNF [84] and AAV-NRTN [81] clinical trials had substantial loss of dopaminergic 

axonal terminals in the putamen.  

In addition to the dying-back of a large proportion of the nigrostriatal pathway that occurs 

in PD, it is possible that the remaining axons, which are themselves undergoing the 

degenerative process, may not be fully functional in terms of their ability to transport proteins 

such as neurotrophic factors. Indeed, there is substantial evidence for defects in axonal 

transport occurring prior to physical degeneration of axons [85-87]. Any defect or inefficiency 

in axonal transport could impact on the efficacy of neurotrophic factors administered to the 

putamen, by severely reducing the amount that can reach the nigral cell bodies (Fig. 1D). This 

idea, which may account, at least partially, for the low therapeutic response seen in the clinical 

trials, is supported by data from post mortem studies on patients from the GDNF and AAV-

NRTN trials. In contrast to animal studies, which reported robust expression of GDNF/NRTN 

in SN neurons following intrastriatal injection of recombinant GDNF/AAV-NRTN, very little 

GDNF/NRTN expression was detected in the SN of patients [77, 81]. This suggests that the 

remaining axons in the PD brain may be unable to effectively transport proteins such as GDNF 



and NRTN to their cell bodies, where they can mediate their survival-promoting actions. The 

mechanisms involved in impaired axonal transport in the PD brain are not fully understood, 

but may involve intraneuronal -synuclein accumulation. Studies on the -synuclein rat model 

of PD, which recapitulates human disease neuropathology more closely than the neurotoxin-

based preclinical models used in the early studies on GDNF and NRTN, suggest that -

synuclein accumulation can affect axonal transport, by disrupting the levels of proteins that are 

necessary for this process [87]. Specifically, -synuclein overexpression in the adult rat SN 

resulted in accumulation of proteins associated with retrograde transport and concomitant 

decreases in proteins required for anterograde transport, reflecting a shift in the balance of 

axonal transport towards the retrograde direction [87]. Another study found downregulation of 

the Ret receptor (a critical component of the signalling pathways of both GDNF and NRTN) 

in AAV--synuclein-injected rats and hypothesised that reduced availability of Ret at axonal 

terminals accounted for the deficit in axonal transport and consequent failure of GDNF to 

induce neuroprotective effects [88]. It is important to note that, in addition to accumulation of 

-synuclein, dramatic and persistent axonal pathology has been reported in the AAV--

synuclein rat model [89], rendering this an appropriate model for future studies on disease-

modifying therapies for PD, in particular those exploring the potential for axonal regeneration. 

In addition to limiting the transport of neurotrophic factors from striatal terminals to cell 

bodies, axonal degeneration may lead to alterations in the responsiveness of the brain to these 

factors. For example, lack of endogenous target-derived trophic support may result in changes 

in the expression of neurotrophic factor receptors, which could limit the ability of these neurons 

to respond to exogenously-administered factors. There is evidence for downregulation of Ret 

in the human PD brain [88]. The combination of a lower number of nigrostriatal axons, defects 

in the ability of these remaining axons to transport trophic factors from putamen to SN, as well 

as limited expression of receptors, may explain the low efficacy of GDNF and NRTN after 



administration to patients with extensive nigrostriatal axonopathy. There will be significant 

challenges in achieving success with neuroprotective therapy on patients with moderate to 

advanced PD. In future trials, the recruitment of patients at an earlier disease stage, when the 

integrity of the nigrostriatal system is not so severely compromised, will be important. 

However, while many ongoing trials continue to specifically exclude subjects diagnosed less 

than five years previously, while including those at longer and advanced disease stages, there 

is a critical need to consider adjunct therapies that can enhance the efficacy of neurotrophic 

factors. Strategies aimed at promoting axonal regeneration may provide an environment in the 

PD brain that is more responsive to exogenously-administered neurotrophic factors, allowing 

them to act with increased efficacy.  

One strategy aimed directly at axonal regeneration has been described by Burke and 

colleagues, who reported restoration of striatal dopaminergic innervation in an adult rat model 

of PD following AAV-mediated upregulation of the activity of Akt kinase, a critical regulator 

of axonal growth during development [90]. In further elegant experiments using tract tracing, 

they showed that this striatal reinnervation was due to growth of new nigrostriatal axons within 

the medial forebrain bundle, rather than to local sprouting in the striatum, or to upregulation of 

TH expression [91]. Strategies such as this, aimed at stimulating the re-growth of damaged 

axons, which occurs early in the disease process, may have a large positive impact on the 

advancement of neurotrophic factor therapy for PD.  Since the early loss of axons and their 

integrity is likely to be a limiting factor for neurotrophic factor therapy, combining axon growth 

stimulants with neurotrophic factors has potential to achieve a higher degree of efficacy than 

either approach alone. 

 

7. Future Perspectives 

Despite the limited benefits achieved to date in clinical trials, there remains reason for optimism 



that the early promise of neurotrophic factors for PD therapy may yet result in clinical success. 

Many researchers believe that the primary end-points of these trials were set at too early a 

stage, and that the longer-term follow-up of the patients will provide significant clinical 

improvements. Signs of a delayed neurotrophic effect were already seen in the Phase 2a AAV-

NRTN trial [82]. The eagerly-awaited data from the latest Bristol GDNF trial, expected to be 

published this year, may provide further enlightenment. Patient selection, in terms of both age 

and disease stage, will be critical. This highlights the importance of early diagnosis of PD, 

probably based on biomarkers which have not yet been identified or validated, to enable 

treatment while the nigrostriatal pathway remains relatively intact. Testing of Ret-independent 

neurotrophic factors such as GDF5 and CDNF will also be important [75]. Strategies aimed at 

inducing the growth of new axons from mDA neurons may be used in combination with 

neurotrophic factors [91] to optimise the efficacy of this approach.  Based on the data presented 

here, also critical will be studies aimed at elucidating the mechanisms involved in axonal 

degeneration during early-stage PD, and the development of strategies to intervene in this 

process, to enable regeneration of mDA axons. 

If such strategies are successful in achieving axonal regeneration, it will be necessary for these 

new axons to grow in an appropriate manner to their striatal targets, in order to achieve 

functional restoration of the circuitry. The growth of the nigrostriatal pathway is guided by 

multiple spatially and temporally distributed chemoattractive and chemorepulsive cues [92]. 

There is evidence from studies on animal models of PD that axons of mDA neurons 

transplanted into the adult rat SN are capable of growing to and integrating into the host 

striatum in an anatomically and functionally correct manner [93, 94]. This suggests that the 

appropriate guidance cues remain in the denervated rat brain. However, it is not known whether 

such guidance cues remain in the human PD brain. There is some evidence for polymorphisms 

in genes coding for guidance cues being linked to PD susceptibility [for review see ref [95]], 



but there is no clear data regarding the levels of permissive or repulsive guidance cues for mDA 

neurons in the human parkinsonian brain. Strategies involving exogenous application of GDNF 

as a chemoattractant [94], or the degradation of endogenous inhibitory molecules such as 

chondroitin sulfate proteoglycan [96], have been used to enhance and direct axonal outgrowth 

to the striatum from fetal dopaminergic neurons transplanted into the adult rat SN. Similar 

approaches could be used to optimise the success of future attempts to achieve regrowth of 

degenerating mDA neurons. 

 

Acknowledgements  

The authors declare no conflict of interest. Work in the authors’ laboratory is carried out with 

the financial support of Science Foundation Ireland (SFI) under Grant Number 15/CDA/3498. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



References 

[1] L.M. de Lau, M.M. Breteler, Epidemiology of Parkinson's disease, Lancet Neurol 5(6) 

(2006) 525-35. 

[2] O.B. Tysnes, A. Storstein, Epidemiology of Parkinson's disease, J Neural Transm 

(Vienna) 124(8) (2017) 901-905. 

[3] M. Goedert, A. Compston, Parkinson's disease - the story of an eponym, Nature reviews. 

Neurology 14(1) (2018) 57-62. 

[4] J. Jankovic, Parkinson's disease: clinical features and diagnosis, J Neurol Neurosurg 

Psychiatry 79(4) (2008) 368-76. 

[5] S.M. van Rooden, D. Verbaan, T. Stijnen, J. Marinus, J.J. van Hilten, The influence of 

age and approaching death on the course of nondopaminergic symptoms in Parkinson's 

disease, Parkinsonism Relat Disord 24 (2016) 113-8. 

[6] A. Merola, A. Romagnolo, M. Rosso, R. Suri, Z. Berndt, S. Maule, L. Lopiano, A.J. 

Espay, Autonomic dysfunction in Parkinson's disease: A prospective cohort study, Mov 

Disord 33(3) (2018) 391-397. 

[7] A.J. Lees, J. Hardy, T. Revesz, Parkinson's disease, Lancet 373(9680) (2009) 2055-66. 

[8] S.V. Hegarty, A.M. Sullivan, G.W. O'Keeffe, Midbrain dopaminergic neurons: A review 

of the molecular circuitry that regulates their development, Dev Biol 379(2) (2013) 123-38. 

[9] K.A. Jellinger, Neuropathology of sporadic Parkinson's disease: evaluation and changes 

of concepts, Mov Disord 27(1) (2012) 8-30. 

[10] H. Braak, K. Del Tredici, Neuropathological Staging of Brain Pathology in Sporadic 

Parkinson's disease: Separating the Wheat from the Chaff, Journal of Parkinson's disease 

7(s1) (2017) S73-S87. 



[11] H. Braak, U. Rub, W.P. Gai, K. Del Tredici, Idiopathic Parkinson's disease: possible 

routes by which vulnerable neuronal types may be subject to neuroinvasion by an unknown 

pathogen, J Neural Transm (Vienna) 110(5) (2003) 517-36. 

[12] H. Braak, K.D. Tredici, U. Rüb, R.A.I. de Vos, E.N.H. Jansen Steur, E. Braak, Staging 

of brain pathology related to sporadic Parkinson’s disease, Neurobiology of Aging 24(2) 

(2003) 197-211. 

[13] D.J. Surmeier, J.A. Obeso, G.M. Halliday, Selective neuronal vulnerability in Parkinson 

disease, Nat Rev Neurosci 18(2) (2017) 101-113. 

[14] H. Braak, D. Sandmann-Keil, W. Gai, E. Braak, Extensive axonal Lewy neurites in 

Parkinson's disease: a novel pathological feature revealed by alpha-synuclein 

immunocytochemistry, Neurosci Lett 265(1) (1999) 67-9. 

[15] P. Tagliaferro, R.E. Burke, Retrograde Axonal Degeneration in Parkinson Disease, 

Journal of Parkinson's disease 6(1) (2016) 1-15. 

[16] M. Blum, A null mutation in TGF-alpha leads to a reduction in midbrain dopaminergic 

neurons in the substantia nigra, Nat Neurosci 1(5) (1998) 374-7. 

[17] D.C. German, D.S. Schlusselberg, D.J. Woodward, Three-dimensional computer 

reconstruction of midbrain dopaminergic neuronal populations: from mouse to man, J Neural 

Transm 57(4) (1983) 243-54. 

[18] B. Pakkenberg, A. Moller, H.J. Gundersen, A. Mouritzen Dam, H. Pakkenberg, The 

absolute number of nerve cells in substantia nigra in normal subjects and in patients with 

Parkinson's disease estimated with an unbiased stereological method, J Neurol Neurosurg 

Psychiatry 54(1) (1991) 30-3. 

[19] L. Brichta, P. Greengard, Molecular determinants of selective dopaminergic vulnerability 

in Parkinson's disease: an update, Front Neuroanat 8 (2014) 152.  

 



[20] F. Ba, W.R. Martin, Dopamine transporter imaging as a diagnostic tool for parkinsonism 

and related disorders in clinical practice, Parkinsonism Relat Disord 21(2) (2015) 87-94. 

[21] S. Gilman, R.A. Koeppe, K.M. Adams, L. Junck, K.J. Kluin, D. Johnson-Greene, S. 

Martorello, M. Heumann, R. Bandekar, Decreased striatal monoaminergic terminals in severe 

chronic alcoholism demonstrated with (+)[11C]dihydrotetrabenazine and positron emission 

tomography, Ann Neurol 44(3) (1998) 326-33. 

[22] V. Kaasinen, T. Vahlberg, Striatal dopamine in Parkinson disease: A meta-analysis of 

imaging studies, Ann Neurol 82(6) (2017) 873-882. 

[23] I.T. Hsiao, Y.H. Weng, C.J. Hsieh, W.Y. Lin, S.P. Wey, M.P. Kung, T.C. Yen, C.S. Lu, 

K.J. Lin, Correlation of Parkinson disease severity and 18F-DTBZ positron emission 

tomography, JAMA neurology 71(6) (2014) 758-66. 

[24] P. Fazio, P. Svenningsson, A. Forsberg, E.G. Jonsson, N. Amini, R. Nakao, S. Nag, C. 

Halldin, L. Farde, A. Varrone, Quantitative Analysis of (1)(8)F-(E)-N-(3-Iodoprop-2-Enyl)-

2beta-Carbofluoroethoxy-3beta-(4'-Methyl-Phenyl ) Nortropane Binding to the Dopamine 

Transporter in Parkinson Disease, Journal of nuclear medicine : official publication, Society 

of Nuclear Medicine 56(5) (2015) 714-20. 

[25] W. Matsuda, T. Furuta, K.C. Nakamura, H. Hioki, F. Fujiyama, R. Arai, T. Kaneko, 

Single nigrostriatal dopaminergic neurons form widely spread and highly dense axonal 

arborizations in the neostriatum, J Neurosci 29(2) (2009) 444-53. 

[26] S.P. Caminiti, L. Presotto, D. Baroncini, V. Garibotto, R.M. Moresco, L. Gianolli, M.A. 

Volonte, A. Antonini, D. Perani, Axonal damage and loss of connectivity in nigrostriatal and 

mesolimbic dopamine pathways in early Parkinson's disease, Neuroimage Clin 14 (2017) 

734-740. 

[27] T. Simuni, A. Siderowf, S. Lasch, C.S. Coffey, C. Caspell-Garcia, D. Jennings, C.M. 

Tanner, J.Q. Trojanowski, L.M. Shaw, J. Seibyl, N. Schuff, A. Singleton, K. Kieburtz, A.W. 



Toga, B. Mollenhauer, D. Galasko, L.M. Chahine, D. Weintraub, T. Foroud, D. Tosun, K. 

Poston, V. Arnedo, M. Frasier, T. Sherer, S. Chowdhury, K. Marek, Parkinson's Progression 

Marker Initiative, Longitudinal change of clinical and biological measures in early Parkinson's 

disease: Parkinson's progression markers initiative cohort, Mov Disord 2018 Mar 23. doi: 

10.1002/mds.27361 [Epub ahead of print] 

[28] F. Theisen, R. Leda, V. Pozorski, J.M. Oh, N. Adluru, R. Wong, O. Okonkwo, D.C. 

Dean, 3rd, B.B. Bendlin, S.C. Johnson, A.L. Alexander, C.L. Gallagher, Evaluation of 

striatonigral connectivity using probabilistic tractography in Parkinson's disease, Neuroimage 

Clin 16 (2017) 557-563. 

[29] J.H. Kordower, C.W. Olanow, H.B. Dodiya, Y. Chu, T.G. Beach, C.H. Adler, G.M. 

Halliday, R.T. Bartus, Disease duration and the integrity of the nigrostriatal system in 

Parkinson's disease, Brain 136(Pt 8) (2013) 2419-31.  

[30] A. DelleDonne, K.J. Klos, H. Fujishiro, Z. Ahmed, J.E. Parisi, K.A. Josephs, R. Frigerio, 

M. Burnett, Z.K. Wszolek, R.J. Uitti, J.E. Ahlskog, D.W. Dickson, Incidental Lewy body 

disease and preclinical Parkinson disease, Arch Neurol 65(8) (2010) 1074-80.  

[31] J.N. Caviness, Presymptomatic Parkinson's disease: the Arizona experience, Parkinsonism 

Relat Disord. 18 (2012) S203-6.  

[32] A.A. Dijkstra, P. Voorn, H.W. Berendse, H.J. Groenewegen, A.J. Rozemuller, W.D. van 

de Berg, Stage-dependent nigral neuronal loss in incidental Lewy body and Parkinson's disease. 

Mov Disord 29(10) (2014) 1244-51.  

[33] D. Iacono, M. Geraci-Erck, M.L. Rabin, C.H. Adler, G. Serrano, T.G. Beach, R. Kurlan, 

Parkinson disease and incidental Lewy body disease: Just a question of time? Neurology 85(19) 

(2015) 1670-9.  



[34] J.M. Milber, J.V. Noorigian, J.F. Morley, H. Petrovitch, L. White, G.W. Ross, J.E. Duda, 

Lewy pathology is not the first sign of degeneration in vulnerable neurons in Parkinson disease. 

Neurology 79(24) (2012) 2307-14.  

[35] A.A. Dijkstra, P. Voorn, H.W. Berendse, H.J. Groenewegen, A.J. Rozemuller, W.D. van 

de Berg, Stage-dependent nigral neuronal loss in incidental Lewy body and Parkinson's disease, 

Mov Disord 29(10) (2014) 1244-51.  

[36] M.G. Spillantini, M.L. Schmidt, V.M. Lee, J.Q. Trojanowski, R. Jakes, M. Goedert, alpha-

synuclein in Lewy bodies, Nature 388(6645) (1997) 839-40. 

[37] W. Poewe, K. Seppi, C.M. Tanner, G.M. Halliday, P. Brundin, J. Volkmann, A.E. 

Schrag, A.E. Lang, Parkinson disease, Nature reviews. Disease primers 3 (2017) 17013. 

[38] Y.C. Wong, D. Krainc, alpha-synuclein toxicity in neurodegeneration: mechanism and 

therapeutic strategies, Nat Med 23(2) (2017) 1-13. 

[39] L. Xu, J. Pu, Alpha-Synuclein in Parkinson's Disease: From Pathogenetic Dysfunction to 

Potential Clinical Application, Parkinson's disease 2016 (2016) 1720621. 

[40] L. Stefanis, alpha-Synuclein in Parkinson's disease, Cold Spring Harbor perspectives in 

medicine 2(2) (2012) a009399. 

[41] J.B. Koprich, L.V. Kalia, J.M. Brotchie, Animal models of alpha-synucleinopathy for 

Parkinson disease drug development, Nat Rev Neurosci 18(9) (2017) 515-529. 

[42] W.K.D. Ko, E. Bezard, Experimental animal models of Parkinson's disease: A transition 

from assessing symptomatology to alpha-synuclein targeted disease modification, Exp Neurol 

298(Pt B) (2017) 172-179. 

[43] N.P. Visanji, J.M. Brotchie, L.V. Kalia, J.B. Koprich, A. Tandon, J.C. Watts, A.E. Lang, 

alpha-Synuclein-Based Animal Models of Parkinson's Disease: Challenges and Opportunities 

in a New Era, Trends Neurosci 39(11) (2016) 750-762. 



[44] C. International Parkinson Disease Genomics, M.A. Nalls, V. Plagnol, D.G. Hernandez, 

M. Sharma, U.M. Sheerin, M. Saad, J. Simon-Sanchez, C. Schulte, S. Lesage, S. 

Sveinbjornsdottir, K. Stefansson, M. Martinez, J. Hardy, P. Heutink, A. Brice, T. Gasser, 

A.B. Singleton, N.W. Wood, Imputation of sequence variants for identification of genetic 

risks for Parkinson's disease: a meta-analysis of genome-wide association studies, Lancet 

377(9766) (2011) 641-9. 

[45] M.H. Polymeropoulos, C. Lavedan, E. Leroy, S.E. Ide, A. Dehejia, A. Dutra, B. Pike, H. 

Root, J. Rubenstein, R. Boyer, E.S. Stenroos, S. Chandrasekharappa, A. Athanassiadou, T. 

Papapetropoulos, W.G. Johnson, A.M. Lazzarini, R.C. Duvoisin, G. Di Iorio, L.I. Golbe, R.L. 

Nussbaum, Mutation in the alpha-synuclein gene identified in families with Parkinson's 

disease, Science 276(5321) (1997) 2045-7. 

[46] A.B. Singleton, M. Farrer, J. Johnson, A. Singleton, S. Hague, J. Kachergus, M. 

Hulihan, T. Peuralinna, A. Dutra, R. Nussbaum, S. Lincoln, A. Crawley, M. Hanson, D. 

Maraganore, C. Adler, M.R. Cookson, M. Muenter, M. Baptista, D. Miller, J. Blancato, J. 

Hardy, K. Gwinn-Hardy, alpha-Synuclein locus triplication causes Parkinson's disease, 

Science 302(5646) (2003) 841. 

[47] M.C. Chartier-Harlin, J. Kachergus, C. Roumier, V. Mouroux, X. Douay, S. Lincoln, C. 

Levecque, L. Larvor, J. Andrieux, M. Hulihan, N. Waucquier, L. Defebvre, P. Amouyel, M. 

Farrer, A. Destee, Alpha-synuclein locus duplication as a cause of familial Parkinson's 

disease, Lancet 364(9440) (2004) 1167-9. 

[48] D.M. Maraganore, M. de Andrade, A. Elbaz, M.J. Farrer, J.P. Ioannidis, R. Kruger, 

W.A. Rocca, N.K. Schneider, T.G. Lesnick, S.J. Lincoln, M.M. Hulihan, J.O. Aasly, T. 

Ashizawa, M.C. Chartier-Harlin, H. Checkoway, C. Ferrarese, G. Hadjigeorgiou, N. Hattori, 

H. Kawakami, J.C. Lambert, T. Lynch, G.D. Mellick, S. Papapetropoulos, A. Parsian, A. 

Quattrone, O. Riess, E.K. Tan, C. Van Broeckhoven, C. Genetic Epidemiology of Parkinson's 



Disease, Collaborative analysis of alpha-synuclein gene promoter variability and Parkinson 

disease, JAMA 296(6) (2006) 661-70. 

[49] J.C. Mueller, J. Fuchs, A. Hofer, A. Zimprich, P. Lichtner, T. Illig, D. Berg, U. Wullner, 

T. Meitinger, T. Gasser, Multiple regions of alpha-synuclein are associated with Parkinson's 

disease, Ann Neurol 57(4) (2005) 535-41. 

[50] I. Mizuta, W. Satake, Y. Nakabayashi, C. Ito, S. Suzuki, Y. Momose, Y. Nagai, A. Oka, 

H. Inoko, J. Fukae, Y. Saito, M. Sawabe, S. Murayama, M. Yamamoto, N. Hattori, M. 

Murata, T. Toda, Multiple candidate gene analysis identifies alpha-synuclein as a 

susceptibility gene for sporadic Parkinson's disease, Hum Mol Genet 15(7) (2006) 1151-8. 

[51] J.C. Koch, F. Bitow, J. Haack, Z. d'Hedouville, J.N. Zhang, L. Tonges, U. Michel, L.M. 

Oliveira, T.M. Jovin, J. Liman, L. Tatenhorst, M. Bahr, P. Lingor, Alpha-Synuclein affects 

neurite morphology, autophagy, vesicle transport and axonal degeneration in CNS neurons, 

Cell death & disease 6 (2015) e1811. 

[52] K. Takahashi, S. Yamanaka, Induction of pluripotent stem cells from mouse embryonic 

and adult fibroblast cultures by defined factors, Cell 126(4) (2006) 663-76. 

[53] F. Soldner, J. Laganiere, A.W. Cheng, D. Hockemeyer, Q. Gao, R. Alagappan, V. 

Khurana, L.I. Golbe, R.H. Myers, S. Lindquist, L. Zhang, D. Guschin, L.K. Fong, B.J. Vu, X. 

Meng, F.D. Urnov, E.J. Rebar, P.D. Gregory, H.S. Zhang, R. Jaenisch, Generation of 

isogenic pluripotent stem cells differing exclusively at two early onset Parkinson point 

mutations, Cell 146(2) (2011) 318-31. 

[54] M.J. Devine, M. Ryten, P. Vodicka, A.J. Thomson, T. Burdon, H. Houlden, F. Cavaleri, 

M. Nagano, N.J. Drummond, J.W. Taanman, A.H. Schapira, K. Gwinn, J. Hardy, P.A. Lewis, 

T. Kunath, Parkinson's disease induced pluripotent stem cells with triplication of the alpha-

synuclein locus, Nature communications 2 (2011) 440. 



[55] H.N. Nguyen, B. Byers, B. Cord, A. Shcheglovitov, J. Byrne, P. Gujar, K. Kee, B. 

Schule, R.E. Dolmetsch, W. Langston, T.D. Palmer, R.R. Pera, LRRK2 mutant iPSC-derived 

DA neurons demonstrate increased susceptibility to oxidative stress, Cell Stem Cell 8(3) 

(2011) 267-80. 

[56] K. Singh Dolt, F. Hammachi, T. Kunath, Modeling Parkinson's disease with induced 

pluripotent stem cells harboring alpha-synuclein mutations, Brain Pathol 27(4) (2017) 545-

551. 

[57] L.M. Oliveira, L.J. Falomir-Lockhart, M.G. Botelho, K.H. Lin, P. Wales, J.C. Koch, E. 

Gerhardt, H. Taschenberger, T.F. Outeiro, P. Lingor, B. Schule, D.J. Arndt-Jovin, T.M. 

Jovin, Elevated alpha-synuclein caused by SNCA gene triplication impairs neuronal 

differentiation and maturation in Parkinson's patient-derived induced pluripotent stem cells, 

Cell death & disease 6 (2015) e1994. 

[58] W.C. Nichols, N. Pankratz, D. Hernandez, C. Paisan-Ruiz, S. Jain, C.A. Halter, V.E. 

Michaels, T. Reed, A. Rudolph, C.W. Shults, A. Singleton, T. Foroud, P.i. Parkinson Study 

Group, Genetic screening for a single common LRRK2 mutation in familial Parkinson's 

disease, Lancet 365(9457) (2005) 410-2. 

[59] A. Di Fonzo, C.F. Rohe, J. Ferreira, H.F. Chien, L. Vacca, F. Stocchi, L. Guedes, E. 

Fabrizio, M. Manfredi, N. Vanacore, S. Goldwurm, G. Breedveld, C. Sampaio, G. Meco, E. 

Barbosa, B.A. Oostra, V. Bonifati, N. Italian Parkinson Genetics, A frequent LRRK2 gene 

mutation associated with autosomal dominant Parkinson's disease, Lancet 365(9457) (2005) 

412-5. 

[60] W.P. Gilks, P.M. Abou-Sleiman, S. Gandhi, S. Jain, A. Singleton, A.J. Lees, K. Shaw, 

K.P. Bhatia, V. Bonifati, N.P. Quinn, J. Lynch, D.G. Healy, J.L. Holton, T. Revesz, N.W. 

Wood, A common LRRK2 mutation in idiopathic Parkinson's disease, Lancet 365(9457) 

(2005) 415-6. 



[61] L. Lin, J. Goke, E. Cukuroglu, M.R. Dranias, A.M. VanDongen, L.W. Stanton, 

Molecular Features Underlying Neurodegeneration Identified through In Vitro Modeling of 

Genetically Diverse Parkinson's Disease Patients, Cell reports 15(11) (2016) 2411-26. 

[62] G. Kouroupi, E. Taoufik, I.S. Vlachos, K. Tsioras, N. Antoniou, F. Papastefanaki, D. 

Chroni-Tzartou, W. Wrasidlo, D. Bohl, D. Stellas, P.K. Politis, K. Vekrellis, D. 

Papadimitriou, L. Stefanis, P. Bregestovski, A.G. Hatzigeorgiou, E. Masliah, R. Matsas, 

Defective synaptic connectivity and axonal neuropathology in a human iPSC-based model of 

familial Parkinson's disease, Proc Natl Acad Sci U S A 114(18) (2017) E3679-E3688. 

[63] P. Garcia-Reitböck, O. Anichtchik, A. Bellucci, M. Iovino, C. Ballini, E. Fineberg, B. 

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

redistribution and synaptic failure in a transgenic mouse model of Parkinson’s disease, Brain 

133(7) (2010) 2032–2044. 

[64] B.H. Hunn, S.J. Cragg, J.P. Bolam, M.G. Spillantini, R. Wade-Martins, Impaired 

intracellular trafficking defines early Parkinson's disease, Trends Neurosci 38(3) (2015)178-

88. 

[65] G. Borrageiro, W. Haylett, S. Seedat, H. Kuivaniemi, S. Bardien, A review of genome-

wide transcriptomics studies in Parkinson's disease, Eur J Neurosci 47(1) (2018) 1-16. 

[66] A.A. Dijkstra, A. Ingrassia, R.X. de Menezes, R.E. van Kesteren, A.J. Rozemuller, P. 

Heutink, W.D. van de Berg, Evidence for Immune Response, Axonal Dysfunction and 

Reduced Endocytosis in the Substantia Nigra in Early Stage Parkinson's Disease, PLoS One 

10(6) (2015) e0128651. 

[67] Y. Bamba, T. Shofuda, M. Kato, R.K. Pooh, Y. Tateishi, J. Takanashi, H. Utsunomiya, 

M. Sumida, D. Kanematsu, H. Suemizu, Y. Higuchi, W. Akamatsu, D. Gallagher, F.D. 

Miller, M. Yamasaki, Y. Kanemura, H. Okano, In vitro characterization of neurite extension 



using induced pluripotent stem cells derived from lissencephaly patients with TUBA1A 

missense mutations, Molecular brain 9(1) (2016) 70. 

[68] T.D. Cushion, A.R. Paciorkowski, D.T. Pilz, J.G. Mullins, L.E. Seltzer, R.W. Marion, E. 

Tuttle, D. Ghoneim, S.L. Christian, S.K. Chung, M.I. Rees, W.B. Dobyns, De novo 

mutations in the beta-tubulin gene TUBB2A cause simplified gyral patterning and infantile-

onset epilepsy, Am J Hum Genet 94(4) (2014) 634-41. 

[69] G.Y. Cederquist, A. Luchniak, M.A. Tischfield, M. Peeva, Y. Song, M.P. Menezes, 

W.M. Chan, C. Andrews, S. Chew, R.V. Jamieson, L. Gomes, M. Flaherty, P.E. Grant, M.L. 

Gupta, Jr., E.C. Engle, An inherited TUBB2B mutation alters a kinesin-binding site and 

causes polymicrogyria, CFEOM and axon dysinnervation, Hum Mol Genet 21(26) (2012) 

5484-99. 

[70] V. Licker, N. Turck, E. Kovari, K. Burkhardt, M. Cote, M. Surini-Demiri, J.A. Lobrinus, 

J.C. Sanchez, P.R. Burkhard, Proteomic analysis of human substantia nigra identifies novel 

candidates involved in Parkinson's disease pathogenesis, Proteomics 14(6) (2014) 784-94. 

[71] H. Wang, M. Wu, C. Zhan, E. Ma, M. Yang, X. Yang, Y. Li, Neurofilament proteins in 

axonal regeneration and neurodegenerative diseases, Neural regeneration research 7(8) 

(2012) 620-6. 

[72] M. Basso, S. Giraudo, D. Corpillo, B. Bergamasco, L. Lopiano, M. Fasano, Proteome 

analysis of human substantia nigra in Parkinson's disease, Proteomics 4(12) (2004) 3943-52. 

[73] R. Fernandez-Santiago, I. Carballo-Carbajal, G. Castellano, R. Torrent, Y. Richaud, A. 

Sanchez-Danes, R. Vilarrasa-Blasi, A. Sanchez-Pla, J.L. Mosquera, J. Soriano, J. Lopez-

Barneo, J.M. Canals, J. Alberch, A. Raya, M. Vila, A. Consiglio, J.I. Martin-Subero, M. 

Ezquerra, E. Tolosa, Aberrant epigenome in iPSC-derived dopaminergic neurons from 

Parkinson's disease patients, EMBO molecular medicine 7(12) (2015) 1529-46. 



[74] M.J. Kelly, G.W. O'Keeffe, A.M. Sullivan, Viral vector delivery of neurotrophic factors 

for Parkinson's disease therapy, Expert reviews in molecular medicine 17 (2015) e8. 

[75] A.M. Sullivan, G.W. O'Keeffe, Neurotrophic factor therapy for Parkinson's disease: past, 

present and future, Neural regeneration research 11(2) (2016) 205-7. 

[76] R.T. Bartus, E.M. Johnson, Jr., Clinical tests of neurotrophic factors for human 

neurodegenerative diseases, part 1: Where have we been and what have we learned?, 

Neurobiol Dis 97(Pt B) (2017) 156-168. 

[77] J.H. Kordower, A. Bjorklund, Trophic factor gene therapy for Parkinson's disease, Mov 

Disord 28(1) (2013) 96-109. 

[78] S.V. Hegarty, D.J. Lee, G.W. O'Keeffe, A.M. Sullivan, Effects of intracerebral 

neurotrophic factor application on motor symptoms in Parkinson's disease: A systematic 

review and meta-analysis, Parkinsonism Relat Disord 38 (2017) 19-25. 

[79] D. Kirik, E. Cederfjall, G. Halliday, A. Petersen, Gene therapy for Parkinson's disease: 

Disease modification by GDNF family of ligands, Neurobiol Dis 97(Pt B) (2017) 179-188. 

[80] C. Warren Olanow, R.T. Bartus, T.L. Baumann, S. Factor, N. Boulis, M. Stacy, D.A. 

Turner, W. Marks, P. Larson, P.A. Starr, J. Jankovic, R. Simpson, R. Watts, B. Guthrie, K. 

Poston, J.M. Henderson, M. Stern, G. Baltuch, C.G. Goetz, C. Herzog, J.H. Kordower, R. 

Alterman, A.M. Lozano, A.E. Lang, Gene delivery of neurturin to putamen and substantia 

nigra in Parkinson disease: A double-blind, randomized, controlled trial, Ann Neurol 78(2) 

(2015) 248-57. 

[81] R.T. Bartus, Gene therapy for Parkinson's disease: a decade of progress supported by 

posthumous contributions from volunteer subjects, Neural regeneration research 10(10) 

(2015) 1586-8. 

[82] W.J. Marks, Jr., R.T. Bartus, J. Siffert, C.S. Davis, A. Lozano, N. Boulis, J. Vitek, M. 

Stacy, D. Turner, L. Verhagen, R. Bakay, R. Watts, B. Guthrie, J. Jankovic, R. Simpson, M. 



Tagliati, R. Alterman, M. Stern, G. Baltuch, P.A. Starr, P.S. Larson, J.L. Ostrem, J. Nutt, K. 

Kieburtz, J.H. Kordower, C.W. Olanow, Gene delivery of AAV2-neurturin for Parkinson's 

disease: a double-blind, randomised, controlled trial, Lancet Neurol 9(12) (2010) 1164-72. 

[83] K. Ito, H. Enomoto, Retrograde transport of neurotrophic factor signaling: implications 

in neuronal development and pathogenesis, J Biochem 160(2) (2016) 77-85. 

[84] S. Love, P. Plaha, N.K. Patel, G.R. Hotton, D.J. Brooks, S.S. Gill, Glial cell line-derived 

neurotrophic factor induces neuronal sprouting in human brain, Nat Med 11(7) (2005) 703-4. 

[85] S. Roy, B. Zhang, V.M. Lee, J.Q. Trojanowski, Axonal transport defects: a common 

theme in neurodegenerative diseases, Acta Neuropathol 109(1) (2005) 5-13. 

[86] K.J. De Vos, A.J. Grierson, S. Ackerley, C.C. Miller, Role of axonal transport in 

neurodegenerative diseases, Annu Rev Neurosci 31 (2008) 151-73. 

[87] C.Y. Chung, J.B. Koprich, H. Siddiqi, O. Isacson, Dynamic changes in presynaptic and 

axonal transport proteins combined with striatal neuroinflammation precede dopaminergic 

neuronal loss in a rat model of AAV alpha-synucleinopathy, J Neurosci 29(11) (2009) 3365-

73. 

[88] M. Decressac, B. Kadkhodaei, B. Mattsson, A. Laguna, T. Perlmann, A. Bjorklund, 

alpha-Synuclein-induced down-regulation of Nurr1 disrupts GDNF signaling in nigral 

dopamine neurons, Science translational medicine 4(163) (2012) 163ra156. 

[89] M. Decressac, B. Mattsson, A. Bjorklund, Comparison of the behavioural and 

histological characteristics of the 6-OHDA and alpha-synuclein rat models of Parkinson's 

disease, Exp Neurol 235(1) (2012) 306-15. 

[90] V. Ries, C. Henchcliffe, T. Kareva, M. Rzhetskaya, R. Bland, M.J. During, N. Kholodilov, 

R.E. Burke, Oncoprotein Akt/PKB induces trophic effects in murine models of Parkinson's 

disease, Proc Natl Acad Sci USA 103(49) (2006) 18757-62. 



[91] S. Padmanabhan, R.E. Burke, Induction of axon growth in the adult brain: A new approach 

to restoration in Parkinson's disease, Mov Disord 33(1) (2018) 62-70.  

[92] M.A. Gates, V.M. Coupe, E.M. Torres, R.A. Fricker-Gates, S.B. Dunnett, Spatially and 

temporally restricted chemoattractive and chemorepulsive cues direct the formation of the 

nigro-striatal circuit, Eur J Neurosci 19(4) (2004) 831-44. 

[93] A. Gaillard, M. Decressac, I. Frappé, P.O. Fernagut, L. Prestoz, S. Besnard, M. Jaber, 

Anatomical and functional reconstruction of the nigrostriatal pathway by intranigral 

transplants, Neurobiol Dis 35(3) (2009) 477-88.  

[94] L.H. Thompson, S. Grealish, D. Kirik, A. Björklund, Reconstruction of the nigrostriatal 

dopamine pathway in the adult mouse brain, Eur J Neurosci 30(4) (2009) 625-38.  

[95] L. Prestoz L, M. Jaber, A. Gaillard.  Dopaminergic axon guidance: which makes what? 

Front Cell Neurosci 6 (2012) 32.  

[96] J.A. Kauhausen, L.H. Thompson, C.L. Parish, Chondroitinase improves midbrain pathway 

reconstruction by transplanted dopamine progenitors in Parkinsonian mice, Mol Cell Neurosci 

69 (2015) 22-9.  

 

 

 

 

 

  



Figures and Figure Legend: 

 

 

Figure 1: Schema depicting the evidence for axonal degeneration in PD. 

Imaging studies that have used tracers to measure midbrain dopaminergic axonal and somal 

integrity have reported a more profound loss of (A) striatal axonal terminals than of (B) 

midbrain dopaminergic neuronal soma, at the early stages of PD. (C) Induced pluripotent stem 

cell-derived neurons from patients with sporadic or genetic PD display neurite pathology and 

degeneration including changes in associated gene networks, which have also been reported in 

post-mortem studies. (D) Schema depicting the progressive nature of axonal degeneration in 

PD, and the implications of this for therapeutic approaches.  

 

 


