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Parkinson’s disease (PD) is the second-most common neu-
rodegenerative disease, affecting over 10 million people 
worldwide. The incidence of PD increases with age, and its 
prevalence is predicted to double by 2040 due to significant 
increases in life-expectancy. PD is a movement disorder 
caused by the progressive degeneration of the ventral mid-
brain (VM) dopaminergic (DA) neurons which project to 
the dorsal striatum, disrupting the neural circuitry respon-
sible for regulating voluntary movement. Despite decades 
of research, PD remains incurable. Current treatments are 
symptomatic and centre on dopamine-replacement strate-
gies, which are effective for a limited time; however, the neu-
rodegeneration continues unabated (Toulouse and Sullivan, 
2008). Presently, two of the most promising disease-modify-
ing therapies are: 1) Neuroprotection by administering neu-
rotrophic factor(s) to protect and regenerate the remaining 
nigrostriatal DA pathway (Figure 1) and 2) Neurorepair and 
Neuroregeneration by transplantating new DA neurons to 
replace those that have been lost. Following the recent com-
mencement of clinical trials using neurotrophic factors, this 
article comments on their therapeutic potential in PD.

Neurotrophic factors are secreted proteins that play im-
portant roles in the development and maintenance of the 
nervous system, influencing the development of distinct 
neuronal populations, and maintaining the survival and 
neuritic arbors of mature neurons into adulthood. Given 

these properties, exogenous administration of neurotrophic 
factors to the PD midbrain or striatum could potentially 
slow down, halt or even reverse the loss of nigrostriatal DA 
neurons. The potential of several neurotrophic factors has 
been investigated in this regard, many of which have been 
members of the transforming growth factor β (TGF-β) su-
perfamily (Hegarty et al., 2014a). This review article will dis-
cuss the neurodevelopmental roles and therapeutic potential 
of three neurotrophic factors that are members of the TGF-β 
superfamily: 1) glial cell line-derived neurotrophic factor 
(GDNF), 2) neurturin and 3) growth/differentiation factor 
(GDF)5.

GDNF is the neurotrophic factor that has attracted the 
most attention in terms of its potential as a neuroprotective/
regenerative therapy for PD. GDNF was isolated for its abili-
ty to promote the survival of cultured VM DA neurons (Lin 
et al., 1993). Many subsequent studies replicated and built 
upon these findings in vitro (Clarkson et al., 1997; Eggert et 
al., 1999; Hegarty et al., 2014a). In addition, GDNF has been 
shown to promote the neurite growth of VM DA neurons in 
vitro (Lin et al., 1993; Hegarty et al., 2014a). Taken together 
with its expression in the developing and adult rat midbrain 
and striatum (Choi-Lundberg and Bohn, 1995; Gavin et al., 
2013), these findings suggest a role for GDNF in the estab-
lishment and maintenance of the nigrostriatal DA pathway. 
Indeed, these in vitro findings have been supported in vivo. 
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Figure 1 The potential of neurotrophic factors in PD.
(A) Cartoon of the intact nigrostriatal pathway showing ascending axons (blue) of DA neurons originating in the substantia nigra of the VM 
and innervating the striatum. (B) In PD, the progressive degeneration of these neurons leads to a loss of DA innervation of the striatum and 
consequently a reduction in striatal dopamine levels, which is one of the pathological hallmarks of PD. (C) Exogenous application of neurotrophic 
factors (red) to the striatum and/or VM has the potential to protect the remaining DA neurons from the degenerative process, maintain 
nigrostriatal innervation and promote regeneration of the damaged nigrostriatal pathway. DA: Dopaminergic; PD: Parkinson’s disease; VM: ventral 
midbrain.

GDNF has consistently been shown to promote the survival 
of VM DA neurons in vivo, and to protect them in animal 
models of PD (Tomac et al., 1995; Granholm et al., 1997, 
2000; Sullivan et al., 1998; Kholodilov et al., 2004; Hegarty 
et al., 2014a). Furthermore, the neurite growth-promoting 
effects of GDNF on VM DA neurons have also been demon-
strated in vivo (Granholm et al., 2000; Kholodilov et al., 
2004). In terms of clinical relevance, this large body of evi-
dence led to the initiation of clinical trials of GDNF admin-
istration in PD patients.

The clinical application of neurotrophic factors is ham-
pered by the fact that they do not cross the blood-brain bar-
rier, and are rapidly degraded in vivo. The initial GDNF clin-
ical trial–a randomised trial using intraventricular delivery 
of GDNF in PD patients–reported no significant benefits of 
treatment over placebo, likely because GDNF did not reach 
the striatum in sufficient amounts (Nutt et al., 2003). Prom-
ising results emerged from two further open-label trials, 
which directly infused GDNF into the putamen (Gill et al., 
2003; Slevin et al., 2005). Both trials reported improvements 
in patients’ motor symptoms, without serious side-effects. 

These two open-label studies demonstrated the feasibility 
and sustainability of GDNF treatment by intraputaminal 
infusion, while also providing proof-of-principle for neu-
roprotective therapy. However, a subsequent placebo-con-
trolled trial showed no significant motor improvements in 
PD patients (Nutt et al., 2003; Lang et al., 2006). The dis-
crepancies between the open-label and placebo-controlled 
trials may have been due to variations in surgical methodol-
ogies, patient selection and the placebo effect. Furthermore, 
it is generally accepted that GDNF therapy requires further 
development in pre-clinical trials. Indeed, it remains unclear 
how GDNF mediates its DA neurotrophic effects, and why 
GDNF failed to exert neurotrophic effects in the α-synuclein 
model of PD (Decressac et al., 2011). The clinical failure of 
GDNF needs to be addressed and explained at a molecular 
and cellular level. In addition to this, the lack of neuropro-
tective action of GDNF against α-synuclein toxicity raises 
important concerns regarding the use of cellular models and 
neurotoxic animal models to represent true synucleinop-
athies. The utilisation of the α-synuclein model of PD in 
pre-clinical neuroprotective studies will be crucial for over-
coming this challenge.

The employment of alternative methodologies, such as the 
use of viral vectors, may provide more long-term, targeted 
neurotrophic support for the nigrostriatal DA pathway in 
PD. Indeed, the gene therapy approach has been used in 
clinical trials on PD patients to deliver neurturin, a member 
of the GDNF family which is as potent as GDNF at promot-
ing the survival of midbrain DA neurons in vitro and in an-
imal models (Horger et al., 1998; Tseng et al., 1998; Hegarty 
et al., 2014a). Following promising results in animal studies 
using AAV2-mediated gene transfer, an open-label clinical 
trial using AAV2 vector to deliver neurturin was initiated 
in PD patients by Ceregene (Marks et al., 2008). This initial 
trial showed promising symptomatic improvements; how-
ever, a subsequent double-blind trial reported only modest 
benefits in neurturin-treated patients (Marks et al., 2010). 
This failure was thought to be due to insufficient retrograde 
transport of neurturin to the VM, from its striatal injection 
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Figure 2 Neurotrophic factors promote the survival and growth of 
dopaminergic neurons in ventral midbrain.
(A, B) Representative examples of dopaminergic neurons identified 
by immunocytochemistry for tyrosine hydroxylase (red) in primary 
cultures of embryonic day 14 rat ventral midbrain. In the example 
shown, treatment with 10 ng/mL of growth/differentiation factor 5 
(GDF5) for 4 days in vitro (B) promotes the survival and growth of DA 
neurons. For further details see Hegarty et al. (2014b).
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site, which may reflect the compromised integrity of the ni-
grostriatal projections. Indeed, delivery of AAV2-neurturin 
to both VM and striatum enhances neuroprotection in PD 
models (Herzog et al., 2013). Thus Ceregene have designed 
a new trial, in which AAV2-neurturin will be injected into 
both striatum and VM to maximise neurturin delivery 
throughout the degenerating nigrostriatal system. Following 
evaluation of the safety and feasibility of this approach (Bar-
tus et al., 2013), patient recruitment for this double-blind 
trial has now been completed.

Another TGF-β superfamily DA neurotrophic factor, 
GDF5, is in pre-clinical development as a therapeutic for PD. 
GDF5 is expressed in the developing and adult rat VM and 
striatum (Storm et al., 1994; Krieglstein et al., 1995; O’Keeffe 
et al., 2004b; Gavin et al., 2013), and has neurotrophic and 
protective actions on VM DA neurons in vitro that are com-
parable to those of GDNF (Krieglstein et al., 1995; O’Keeffe 
et al., 2004a; Clayton and Sullivan, 2007; O’Sullivan et al., 
2010). In addition, GDF5 has been shown to promote neur-
ite growth of rat VM DA neurons in vitro (Figure 2) (O’Keeffe 
et al., 2004a; Clayton and Sullivan, 2007; Hegarty et al., 
2014b). Furthermore, several in vivo studies have shown that 
GDF5 can protect and, more importantly, regenerate adult 
rat nigrostriatal DA neurons in animal models of PD. GDF5 
injection into the striatum or VM significantly improved 
motor function, protected nigrostriatal DA neurons and pre-
served striatal DA levels, in 6-hydroxydopamine (OHDA)-le-
sioned rats (Sullivan et al., 1997; Hurley et al., 2004). Pre-in-
cubation with GDF5 improved the survival and function 
of grafted VM DA neurons in 6-OHDA-lesioned rats, to 
the same extent as GDNF (Sullivan et al., 1998). Long-term 
GDF5 delivery by overexpression in fetal rat VM transplants 
(O’Sullivan et al., 2010), or by using a GDF5-overexpressing 
cell line (Costello et al., 2012), significantly improves motor 
behaviour in 6-OHDA-lesioned rats, and the survival and 
function of (co-)implanted VM transplants. Furthermore, 
GDF5 was shown to increase neurite outgrowth of host ni-
grostriatal DA innervations, as well as transplanted embry-
onic VM DA neurons, in 6-OHDA-lesioned adult rats (Hur-
ley et al., 2004; O’Sullivan et al., 2010; Costello et al., 2012). 
Taken together with its midbrain and striatal expression 
patterns, the survival-promoting, protective, restorative and 
neurite growth-promoting effects of GDF5 in vitro and in 
vivo suggest that GDF5 acts as a neurotrophic factor during 
nigrostriatal pathway development. Furthermore, GDF5 has 
been shown to be as potent as GDNF in PD models and thus 
is an ideal candidate for neurotrophic therapy. However, giv-
en the disappointing performance of GDNF clinically, it is 
important that further preclinical investigations are carried 
out with GDF5. Most pertinently, the neuroprotective ac-
tions of GDF5 should be assessed in the α-synuclein model 
of PD; such investigations are ongoing, as are further studies 
characterising GDF5’s mechanism of action. GDF5 preferen-
tially signals via a heterocomplex of BMP receptors (BMPR) 
type Ib (BMPRIb) and type II (BMPRII) (Nishitoh et al., 
1996), which activate the canonical Smad 1/5/8 signalling 

pathway. These BMPRs are expressed in the developing and 
adult rat VM and striatum, as well as on cultured rat VM DA 
neurons (Hegarty et al., 2014b). We recently demonstrated 
that the neurotrophic effects of GDF5 on cultured VM DA 
neurons are dependent on BMPRIb activation of the Smad 
signalling pathway (Hegarty et al., 2014b). Due to the techni-
cal complexities of employing neurotrophic factors clinically, 
perhaps a more efficient strategy would be to directly target 
their downstream molecular effectors. The results of the 
AAV2-neurturin trial will deem whether this is a necessary 
alternative approach for neurotrophic therapy. Indeed, opti-
misation of surgical procedures, delivery methods and patient 
selection is still required if the use of neurotrophic factors as a 
therapy for PD is to ultimately become a clinical reality. 

Despite the limited success in clinical trials, neurotrophic 
therapy remains one of the most promising therapies for PD. 
It must be noted at this point that neuroprotective therapy 
for PD is not limited to the use of neurotrophic factors, and 
various compounds (such as antioxidants) and pharmaco-
logical tools (such as calcium-channel blockers) have shown 
promise in this regard. However, for the purpose of this 
review article, we have focused on developmentally-relevant 
dopaminergic neurotrophic factors. We suggest that neuro-
trophic therapy should not be considered mutually exclusive 
to what is arguably the most promising disease-modifying 
PD therapy, neurotransplantation. Indeed, DA neurotrophic 
factors may improve the survival and functional integration 
of transplanted VM DA neurons into the local neural cir-
cuitry, which is crucial for the success of this approach. Crit-
ically, the poor survival and growth of transplanted VM DA 
neurons is a major impediment to this therapeutic approach. 
Neurotrophic factor application should be seriously consid-
ered as an adjunct to neurotransplantation in PD, as these 
factors have the ability to promote the survival and growth 
of transplanted VM DA neurons. While the potential of 
developmentally-relevant DA neurotrophic factors as novel 
therapies for PD remains very encouraging, it is necessary to 
carefully refine the selection of specific neurotrophic factors, 
to employ appropriate preclinical models and to optimise 
clinical delivery methods, in order to harness the full poten-
tial of these factors.
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