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Abstract: Background: Parkinson’s disease (PD) is the second most common neurodegenerative 
disorder worldwide, the lifetime risk of developing this disease is 1.5%. Motor diagnostic symp-
toms of PD are caused by degeneration of nigrostriatal dopamine neurons. There is no cure for PD 
and current therapy is limited to supportive care that partially alleviates disease signs and symp-
toms. As diagnostic symptoms of PD result from progressive degeneration of dopamine neurons, 
drugs restoring these neurons may significantly improve treatment of PD. 

Method: A literature search was performed using the PubMed, Web of Science and Scopus data-
bases to discuss the progress achieved in the development of neuroregenerative agents for PD. Pa-
pers published before early 2018 were taken into account. 

Results: Here, we review several groups of potential agents capable of protecting and restoring 
dopamine neurons in cultures or animal models of PD including neurotrophic factors and small 
molecular weight compounds. 

Conclusion: Despite the promising results of in vitro and in vivo experiments, none of the found 
agents have yet shown conclusive neurorestorative properties in PD patients. Meanwhile, a few 
promising biologicals and small molecules have been identified. Their further clinical development 
can eventually give rise to disease-modifying drugs for PD. Thus, intensive research in the field is 
justified. 

Keywords: Neurorestoration, neuroprotection, Parkinson’s disease, neurotrophic factors, GDNF, dopamine neurons, RET ago-
nists, Trk agonists, BDNF, GDNF mimetics, BDNF mimetics. 

1. INTRODUCTION 

 Neurons are terminally differentiated cells and many of 
them live in the organism for the entire life. Neurons need 
constant trophic support to stay alive and function normally. 
In the organism, this support is provided by small secretory 
proteins known as neurotrophic factors. Although many other 
proteins can affect various aspects of neuronal function, the 
ability to support neuronal survival is mainly confined to 
proteins belonging to four different families: (i) neuropoietic 
cytokines (neurokines); (ii) neurotrophins; (iii) glial cell line-
derived neurotrophic factor (GDNF) family ligands (GFLs); (iv) 
mesencephalic astrocyte-derived neurotrophic factor (MANF), 
and cerebral dopamine neurotrophic factor (CDNF) families 
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[1]. Neurotrophic factors activate their respective receptors, 
thus inducing stimulation of intracellular signaling cascades 
responsible for the survival, neurite outgrowth and arboriza-
tion, synapse formation and other processes important for 
neuronal well-being and function. 

 Neurodegenerative disorders are characterized by pro-
gressive degeneration and death of specific neuronal popula-
tions in the nervous system. There is no cure available for 
neurodegenerative disorders at the moment. The existing 
therapies can alleviate some symptoms of these diseases, but 
none of the marketed drugs is able to rescue or regenerate 
damaged neurons. In particular, in Parkinson’s disease (PD), 
diagnostic motor symptoms are caused by degeneration of 
nigrostriatal dopamine (DA) neurons. The cell bodies of 
these neurons reside in the brain region known as substantia 
nigra pars compacta (SNpc) and their projections are found 
in the brain part known as caudate putamen in humans or 
striatum in experimental animals (Fig. 1a). Degeneration of 
dopamine neurons in the brain of PD patients starts in axons. 
At the moment when a diagnosis of PD is made, approxi-
mately 60-80% of DA input in the striatum is lost, although 
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70% of DA neuronal bodies in SNpc remain alive [2] (Fig. 
1b). This fact supports the idea of developing therapeutics 
that would support the remaining dopamine neurons and 
stimulate regrowth of dopamine axons into caudate putamen 
and their arborization (Fig. 1c). Thus, neurotrophic factors or 
small molecules targeting their receptors attract particular 
interest as potential neurorestorative therapeutics for Parkin-
son’s disease. The effects of neurotrophic factors on the do-
pamine system have been described in detail in Chapter 2 
and summarized in Fig. (2). In Chapter 3, we describe small 
molecules activating receptors of neurotrophic factors and a 
few other small molecules with their mechanisms of action 
mostly being unknown, which were shown to restore dopa-
mine neurons in animal models. 

 Development of new drugs requires testing of the candi-
dates in animal models of respective diseases. 1-Methyl- 
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and 6-
hydroxydopamine (6-OHDA) models are the most common 
models of PD used in research [3]. Both of these compounds 
can selectively kill dopamine neurons in the brain. However, 
while MPTP readily spreads in the body and crosses the 
blood brain barrier, 6-OHDA mostly stays near the injection 
site. Thus, MPTP is injected intraperitoneally and damages 
dopamine neurons in both hemispheres, while 6-OHDA is 

often delivered locally to one hemisphere leaving the second 
part of the brain intact and suitable for comparison. Animals 
with MPTP-lesioned neurons experience a decrease in gen-
eral locomotor activity. Animals unilaterally treated with 6-
OHDA demonstrate motor imbalance when rotating in a 
certain direction in response to drugs affecting dopamine 
release (amphetamine stimulates ipsilateral rotations, while 
apomorphine stimulates the contralateral ones) or using  
the paws controlled by the healthy side of the brain more 
extensively. Although being widely criticized, the models of 
toxin-induced PD are stably characterized by extensive de-
generation of dopamine neurons in contrast to the majority 
of genetic models [3, 4]. Recently, there have been attempts 
to use α-synuclein fibrils to induce PD. α-Synuclein is a ma-
jor component of Lewy bodies, protein aggregates found in 
the brain of PD patients and believed to disturb the normal 
function of dopamine neurons. Initial results of such experi-
ments are promising but further tests are needed to elucidate 
the role played by the α-synuclein fibril model of PD in the 
discovery of novel therapeutics. Leucine-rich repeat kinase 2 
(LRRK2) mutations are often associated with familial and 
sporadic forms of PD. Thus, attempts were made to develop 
LRRK2 transgenic models. Although no degeneration of 
nigrostriatal DA neurons was detected in most of such mod-

 
Fig. (1). Schematic representation of nigrostriatal dopamine pathway in healthy people (a) and Parkinsonian patients before (b) and 
after treatment with a neurorestorative agent (c). Dopamine neurons in healthy patients receive trophic support from neurotrophic factors 
(shown with dark red dots). In Parkinsonian patients, axons of dopamine neurons in the putamen are either lost or degenerated (dotted line) 
and the number of dopamine neuron bodies in substantia nigra pars compacta is reduced. Treatment of PD patients with growth factors (or 
their mimetics) stimulates regrowth and arborization of dopamine axons in the putamen (c), thus restoring the dopamine balance and abolish-
ing motor symptoms. (The color version of the figure is available in the electronic copy of the article). 
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els, a decrease in the number of DA neurons was observed in 
aged LRRK2 G2019S mice [5, 6]. Further studies to identify 
the onset and extent of neurodegeneration in LRRK2 
G2019S mice are needed to use these animals for drug test-
ing. Mutations or knocking out of several other PD-related 
genes, such as PINK1, Parkin, and PJ-1 in particular, were 
attempted in experimental animals; however, no reliable and 
reproducible degeneration of dopamine neurons was ob-
served in these models [3]. Some reports indicate that dele-
tion of several other genes, such as VMAT-2, c-REL, or Atg7, 
results in degeneration of dopamine neurons and related de-
terioration of motor behavior [3]. Further studies are required 
to evaluate the applicability of such models for drug testing. 

2. NEUROTROPHIC FACTORS AND THEIR NEURO- 
RESTORATIVE PROPERTIES IN PARKINSON’S 
DISEASE 

2.1. Neuropoietic Cytokines 

 Neuropoietic cytokines (also known as neurokines) rep-
resent a family of neurotrophic factors signaling through 
cytokine receptors [7]. Neurokines include leukemia inhibitory 
factor (LIF), ciliary neurotrophic factor (CNTF), interleukin-
6 (IL-6), IL-11, IL-27, IL-37, oncostatin M, neuropoietin, 
cardiotrophin-1 and cardiotrophin-like cytokine [8, 9]. 
These proteins are well known for their role in immune re-
sponse and other processes in the organism but are also im-
portant for the development, survival and functioning of dis-

tinct neuronal populations [7, 8, 10]. All neurokines transmit 
signals via receptor complex, which includes transmembrane 
gp130 shared by all members of the family and low affinity 
receptors being selective for a certain neurokine or a group 
of neurokines. The first identified low-affinity neurokine 
receptor was transmembrane Il-6 receptor, which binds into a 
complex with two molecules of gp130 to form active recep-
tor for IL-6. Low-affinity transmembrane LIF receptor 
(LIFR), glycosylphosphatidylinositol-anchored CNTF recep-
tor (CNTFR) and oncostatin M receptors were later identi-
fied [8, 9]. The signaling complex for LIF consists of LIFR 
and a single gp130 molecule; the signaling complex for on-
costatin M consists of oncostatin M receptor and gp130; 
CNTF transmits a signal through the complex consisting of 
LIFR, CNTFR and gp130. Soluble CNTF and IL-6 receptors 
can also transmit signals from respective neurokines [8, 9]. 
Binding of ligand to neurokine receptor complex results in 
activation of the intracellular JAK-STAT and mitogen-
activated protein kinase (MAPK) signaling pathways [9, 11]. 

 CNTF and LIF are the most extensively studied neurokines 
in the context of the nervous system. Both proteins play a 
role in the regulation of cell fate, neuronal differentiation, 
self-renewal of neuronal stem cells, neurogenesis and switch 
between neurogenesis and gliogenesis [7, 9, 11, 12]. The 
effects of neurokines in the dopamine system have not been 
very well elucidated. It is known that CNTF seems to medi-
ate dopamine D2 receptor-induced neurogenesis occurring in 
the subventricular zone [13] and olfactory bulbs and can thus 

 
Fig. (2). Neurotrophic factors and their receptors in dopamine neurons. Dopamine neurons express receptors of neurotrophins (TrkB 
and p75NTR), GFLs (GFRa and RET), potential distant GFL member GDF15 (GFRAL and RET), neurokines (gp130, LIFR, and CNTFR). 
Binding of all the afore-mentioned ligands leads to activation of intracellular signaling cascades promoting the survival of neuronal cells, 
neurite outgrowth and arborization, migration and differentiation of neuronal precursors. MANF and CDNF transmit signals intracellularly 
via unfolded protein response (UPR) pathways under endoplasmic reticulum (ER) stress. The particular molecular mechanism of action of 
MANF and CDNF in the cells is poorly understood; however, these proteins can prevent neuronal death induced by ER stress, probably by 
inhibition of UPR. The ability of MANF and CDNF to protect and restore dopamine neurons when delivered externally implies the existence 
of a mechanism of their internalization either via yet undiscovered surface receptor (MANF/CDNFR) or via their documented interaction 
with lipids. Binding of proneurotrophins to p75NTR activates the JNK pathway and leads to cell death. (The color version of the figure is 
available in the electronic copy of the article). 
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have an effect on two non-motor symptoms of Parkinson’s 
disease: depression and loss of the sense of smell. Recent 
studies indicate that in MPTP and α-synuclein animal mod-
els of Parkinson’s disease, CNTF endogenously produced by 
astrocytes mediates the neuroprotective effect of capsaicin 
on dopamine neurons and alleviates motor symptoms [14]. 
In addition, continuous intracranial infusion of CNTF to rats 
with transected nigrostriatal pathway recovered the number 
of neurons in the substantia nigra pars compacta but not 
expression of tyrosine hydroxylase (TH), the key enzyme of 
dopamine synthesis [15]. 

 LIF promotes survival of cultured midbrain embryonic 
dopamine neurons [16, 17] and differentiation of neuronal 
progenitor cells into dopamine neurons in vitro, especially in 
the complex with other cytokines [16, 18, 19]. In mouse 
striata, LIF prevented proliferation of presynaptic dopamine 
uptake sites in response to mechanical injury [20]. In the 
mouse model, LIF treatment increased the number and den-
sity of neuronal precursor cells [21, 22] and reduced motor 
manifestations of PD [22]. Overall, this evidence highlights 
the potential of neurokines for Parkinson’s disease therapy. 
However, previous clinical trial with systemically delivered 
CNTF provided unsatisfactory results. Subcutaneous admini-
stration of recombinant human CNTF in phase II–III clinical 
trials in patients with amyotrophic lateral sclerosis failed to 
produce statistically significant differences in primary and 
secondary endpoints and was accompanied by serious ad-
verse effects that resulted in limiting the dose in many pa-
tients [23]. At the same time, local intraocular delivery of 
CNTF-producing capsulated cells was found safe and had 
signs of efficacy in phase I clinical trial in patients with 
retinitis pigmentosa [24]. Thus, CNTF has recently been or 
is being tested in clinical trials for several eye diseases 
caused by retinal degeneration (the list of clinical trials for 
CNTF can be found at https://clinicaltrials.gov/). 

2.2. Neurotrophins 

 Described by Stanley Cohen and Rita Levi-Montalcini, 
the founding member of the neurotrophin family, nerve 
growth factor (NGF), was the first discovered growth factor 
and the first neurotrophic factor [25, 26]. This family of neu-
rotrophic factors also includes three other proteins: brain-
derived neurotrophic factor (BDNF), neurotrophin 3 (NT-3), 
and neurotrophin 4 (NT-4) [1, 27]. Neurotrophins transmit 
signals via tyrosine receptor kinase (Trk) and p75NTR, a non-
enzymatic transmembrane protein belonging to the tumor 
necrosis factor receptor family. Trk receptors are selective: 
NGF transmits signals via TrkA; BDNF and NT4, via TrkB; 
and NT3, via TrkC. All Trk receptors bind to mature neu-
rotrophins, while p75NTR transmits signals from all four neu-
rotrophins in both mature and pro-form. Ligand binding to 
Trk receptors leads to Trk dimerization and activation of the 
intracellular signaling cascades important for neuronal sur-
vival and function. Trk signaling is activated by mature neu-
rotrophins and can be potentiated by binding to p75NTR, 
which is believed to result in the formation of high-affinity 
heteromeric receptor complex for neurotrophins [28, 29] or 
its intracellular domain [30]. Ligand binding promotes di-
merization of TrkA, its phosphorylation and subsequent acti-
vation of intracellular signaling cascades promoting neuronal 

survival, neurite outgrowth and functioning. p75NTR can bind 
both to mature neurotrophins with relatively low affinity  
and to proneurotrophins with higher affinity. Binding of 
proneurotrophins to p75NTR results in negative consequences 
for the cells, such as inhibition of cellular function, growth 
inhibition and even cell death [31, 32]. 

 Neurotrophin levels in serum and brain are reduced in 
Parkinsonian patients and in rodent models of PD [33-36]. 
Dopamine neurons express p75NTR receptor [37], TrkB and 
TrkC [38], but not TrkA [39]. In agreement with the receptor 
expression pattern, BDNF, NT-3 and NT-4 are able to sup-
port dopamine neurons in cultures [40-42] and to alleviate 
motor imbalance in animal models of PD. Interestingly, de-
spite the lack of TrkA receptor in dopamine neurons, NGF at 
high concentrations could stimulate dopamine release from 
cultured dopamine neurons, presumably via p75NTR [43]. The 
conflicting evidence regarding the ability of NGF to influ-
ence dopamine neurons in vivo was reported: NGF was 
shown in some studies to be able to protect and/or restore 
dopamine neurons after injury [44], while no positive effects 
were seen in other publications [39, 45]. It is possible that 
the effects of NGF observed in animal models of PD are 
indirect and mediated by other neuronal populations or glial 
cells. Besides, it was shown that NGF can interact with the 
receptor of GDNF [46], the known survival factor for dopa-
mine neurons [47]. Noteworthy, the effect of NGF in the 
dopamine system was minor if any in all cases. That is why 
NGF alone has not been considered as a first-line therapeutic 
agent for PD patients. Nevertheless, NGF has been tested in 
clinical trials, but it was delivered to PD patients to support 
survival of adrenal medullary autografts [48, 49]. Although 
these trials were not designed for rigorous assessment of 
treatment efficacy, patients reported improvement in the dis-
ease status in the absence of severe adverse effects. 

 Another member of the neurotrophin family, BDNF, is 
more clearly associated with the nigrostriatal dopamine sys-
tem. BDNF supports the survival of cultured dopamine neu-
rons, stimulates neurite outgrowth and arborization [42], and 
protects them against neurotoxic lesion [40, 50]. In animal 
models of PD, BDNF alleviates motor imbalance and pro-
tects nigrostriatal dopamine neurons [45, 51]. Inhibition of 
BDNF production by MPP+, which is an active MPTP me-
tabolite, in vitro and in an animal model of PD contributes to 
the neurotoxic effect of this compound; prevention of BDNF 
downregulation is neuroprotective for dopamine neurons in 
vivo [52]. Recent studies have indicated that α-synuclein can 
selectively interact with the kinase domain of BDNF recep-
tor TrkB, impair BDNF-induced TrkB-mediated signaling, 
and abolish the pro-survival effects of BDNF on dopamine 
neurons both in vitro and in vivo. This leads to degeneration 
of dopamine neurons [53]. Interestingly, BDNF/TrkB signal-
ing may underlie the biological effects of several compounds 
with potential anti-PD activity [54-58], physical exercises [59, 
60] and also seems to be important for the neuroprotective 
effect of deep brain stimulation, which is the most common 
surgical treatment for PD patients [61]. BDNF is also in-
volved in the development of non-motor symptoms in PD 
patients: low serum levels of BDNF and BDNF val66/met 
polymorphism were associated with depression and cogni-
tive impairment [62-66], which is not surprising taking into 
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account the importance of BDNF/TrkB signaling for other 
neuronal populations. Although BDNF might in general 
positively influence the nigrostriatal dopamine system and 
alleviate motor and non-motor symptoms of PD, it has never 
been tested in clinical trials in PD patients. The effects of 
BDNF are mostly seen in the neuroprotection paradigm, 
while its ability to restore lesioned dopamine neurons has not 
been very well documented. In addition, ablation of the TrkB 
gene in dopamine neurons of postnatal mice seems to affect 
neither the number of survived dopamine neurons nor the 
density of their fibers in the striatum [67]. In line with this, 
the number of dopamine neurons in SNpc in adult mice 
(P120) lacking BDNF was not significantly lower compared 
to that in wild-type controls [68]. Another factor that can 
limit its clinic utility for PD therapy is the ability of BDNF 
to induce sprouting of serotonin fibers in the striatum, thus 
increasing the susceptibility to L-DOPA-induced dyskinesias 
[69]. 

 The efficacy and potency of another neurotrophin NT-4 
in the promotion of survival of cultured dopamine neurons 
were comparable to or even higher than that of BDNF [41, 
70]. This factor also supported the survival of dopamine neu-
rons in animals with axotomy-induced neuronal death [45]. 

 NT-3 promoted survival of cultured dopamine neurons, 
but its effect was much weaker compared to those of BDNF 
and NT-4, had bell-shaped dose-response curve and was 
observed only within a narrow concentration range [41]. 
Similarly, in animals with the axotomy-induced or 6-OHDA-
induced death of dopamine neurons, NT-3 was less potent 
than other neurotrophins in the protection of dopamine neu-
rons. Interestingly, in contrast to NT-4 and BDNF, NT-3 was 
able to maintain expression of TH [45]. In 6-OHDA model 
of PD, NT-3 partially improved motor behavior but failed to 
influence dopamine metabolism [51]. Poor biological activ-
ity with regard to dopamine neurons prevents NT-3 from 
being considered as an agent that can be used to treat motor 
symptoms of PD. However, it was studied in a clinical trial 
as a drug that is able to relieve constipation [71], one of the 
common non-motor symptoms in PD patients caused by de-
generation of enteric neurons. 

 Despite the potential positive effects in the dopamine 
system, neurotrophins are not the proteins of choice for de-
veloping anti-PD therapeutic agents. They affect multiple 
neuronal populations, so their use may be associated with 
adverse effects. It generally seems that neurotrophins can 
alleviate motor imbalance in animal PD models, stimulate 
dopamine functions, and possibly protect dopamine neurons 
against injury; however, their neurorestorative properties in 
this system require further investigation. The lack of clear 
degeneration of dopamine neurons in adult and aged mice 
lacking neurotrophins or their receptors also casts doubt on 
their possible therapeutic application in PD. 

2.3. Glial Cell Line-derived Neurotrophic Factor Family 
Ligands 

 GFLs include four proteins: GDNF, neurturin (NRTN), 
artemin (ARTN) and persephin (PSPN). GDNF, the found-
ing member of this family, was discovered in 1993 as a po-
tent survival factor for cultured dopamine neurons [47]. 

 GFLs transmit a signal via the receptor complex consist-
ing of signal transducing module receptor tyrosine kinase 
RET shared by all four proteins and the ligand-binding 
subunit, GPI-anchored GDNF family receptor alpha 1-4 
(GFRα1-4) selective for a particular ligand. GDNF preferen-
tially binds to GFRα1; NRTN, to GFRα2; ARTN, to GFRα3; 
and PSPN, to GFRα4. Some crosstalks have also been de-
scribed for this system. In particular, all GFLs can signal via 
GFRα1, although the affinities of ligands to this coreceptor 
other than GDNF are lower, and GDNF can also interact 
with GFRα2 [72-75]. It is important to note that soluble 
GFRα can also transmit signals from GFLs [76]. Binding of 
ligands to the GFRα/RET receptor complex leads to phos-
phorylation of tyrosine residues in the kinase domain of 
RET, which serve as docking sites for adaptor proteins and 
activate the downstream signaling cascades, such as MAPK, 
PI3K/Akt, Src and PlCγ, controlling neuronal survival and 
functioning [77]. Some biological effect of GFLs can also be 
mediated by other receptors, for instance by NCAM [78] and 
syndecan-3 (also previously known as N-syndecan) in par-
ticular [79]. Recent studies indicate that there is an additional 
distant member among GFLs, the protein called growth/ 
differentiation factor-15 (GDF15) transmitting signals via RET 
and GDNF family receptor alpha-like (GFRAL) [80, 81]. 

 All GFLs and GDF15 were shown to support cultured 
dopamine neurons [82-86]. Dopamine neurons express RET 
and high levels of GFRα1 co-receptor, while GFRα2 is 
mostly found in the adjacent brain regions [76, 84]. Func-
tional GFRα4 is not expressed in the brain [87], and GFRα3 
is mostly found in the peripheral nervous system [82]. Thus, 
it is possible that biological effects of all GFLs in dopamine 
neurons are mediated via GFRα1/RET. 

 GDNF and NRTN have been extensively studied in a 
number of animal models of Parkinson’s disease, since their 
receptors are expressed in dopamine neurons. In both rodent 
and nonhuman primate neurotoxin models of PD, GDNF and 
NRTN alleviated motor symptoms, increased dopamine lev-
els in brain tissues, and protected and restored lesioned do-
pamine neurons [88-93]. Furthermore, grafting of PSPN 
overexpressing cells into the striata of 6-OHDA-treated rats 
had a marked protective effect on dopamine neurons and 
relieved motor imbalance caused by toxin injection [85, 94]. 

 Based on the encouraging results of preclinical studies, 
clinical trials were initiated in PD patients using purified 
GDNF protein and, later, adeno-associated virus (AAV2) 
vector encoded NRTN. Since neither GDNF nor AAV2-
encoded NRTN is able to cross the blood brain barrier, they 
had to be delivered directly into the brain by means of com-
plicated stereotactic surgery. In the first placebo-controlled 
phase II clinical trial, GDNF was delivered intraventricu-
larly. In this study, GDNF failed to provide clinical benefits 
to patients [95]. That is not surprising taking into account the 
inability of GDNF to cross tissue barriers and spread in tis-
sues, which led to protein incapability to reach the target 
neurons. Two subsequent small-scale phase I/II clinical tri-
als, in which GDNF was infused into the striatum, showed 
improvement in motor function of PD patients accompanied 
by an increase in 18F-dopa uptake in the brain regions adja-
cent to the delivery catheter [96, 97]. However, the follow-
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up phase II double-blind, the placebo-controlled clinical trial 
failed to show statistically significant improvement in motor 
function of treated patients [98]. Multiple factors could con-
tribute to the lack of efficacy of GDNF in this study. In 
particular the design of delivery catheter and the rates of 
GDNF delivery in the study by Lang et al. were different 
compared to those used in successful phase I/II clinical trials 
[99]. This issue combined with poor diffusion of GDNF into 
tissues [100] may lead to the inability of GDNF to reach a 
sufficient number of dopamine neurons in order to observe 
clinical effects. Indeed, the follow-up study in rhesus mon-
keys using the delivery system same as that employed in the 
unsuccessful phase II clinical trial showed that GDNF 
mostly concentrated around the catheter tip covering, if ex-
trapolated to the human brain, only 2–9% of the average 
human putamen volume [101]. Extensive discussion on im-
plications of statistical methods for data analysis indicates 
that the study might have been underpowered to detect small 
positive effects of GDNF [102, 103]. The presence of anti-
GDNF neutralizing antibodies detected in some patients may 
indicate that there are problems related to the connection 
system between GDNF container and the delivery catheter, 
resulting in protein release into the bloodstream rather than 
into the brain. The initial results of another phase II double-
blind, placebo-controlled clinical trial with GDNF proteins 
in PD patients conducted by Medgenesis Therapeutic Inc. 
have recently been released, but actual data are still to be 
published. Although this study failed to reach its primary 
endpoint [104], the follow-up phase III clinical trial is being 
planned by Medgenesis at the moment [105]. In addition, 
researchers from the National Institute of Neurological Dis-
orders and Stroke (NINDS) have initiated a clinical trial with 
AAV2-GDNF (ClinicalTrials.gov Identifier: NCT01621581). 

 AAV2-NRTN (CERE-120) has also been tested in sev-
eral clinical trials. The results of the first open-label phase 
I/II clinical trial with intraputamenally delivered CERE-120 
showed signs of efficacy in the absence of serious adverse 
effects [106]. Nevertheless, the phase II clinical trial con-
ducted using a similar setup failed to reach the primary end-
point 12 months after administration of CERE-120, while 
some improvement was seen in secondary measures and in a 
subset of patients followed for 18 months [107]. Postmortem 
analysis of NRTN levels in the brain of two patients from a 
later trial (both died from treatment-unrelated reasons) re-
vealed that while NRTN-positive immunostaining covered 
approximately 15% of the putamen volume, very little NRTN 
staining was found in SNpc [108]. This phenomenon can be 
explained by extensive degeneration of axons of dopamine 
neurons in the putamen and/or formation of protein aggre-
gates disrupting retrograde transport of the tested substance 
to the neuronal bodies. Thus, the CERE-120 delivery para-
digm was adjusted and new clinical trials with the drug in-
jected into both the striatum and substantia nigra were con-
ducted [109, 110]. Despite this change and prolonged fol-
low-up period (15- and 24-month evaluation), no statistically 
significant differences were seen in the primary and most of 
the secondary endpoints between placebo and AAV2-NRTN 
treated groups in phase II clinical trial [110]. Noteworthy, 
consequent analysis revealed significant difference in re-
sponse of early (≤5 years after diagnosis) and late (≥10 years 
after diagnosis) stage PD patients to CERE-120: while a 

trend toward improvement in motor scores of early-stage 
patients was seen in NRTN-treated group in comparison to 
placebo control, no difference was observed in late-stage 
patients [111]. The following fact can explain this difference 
and lack of CERE-120 efficacy in clinical trials: in patients 
diagnosed with PD 10 or more years before treatment, a 
significant portion of dopamine neurons has already died. 
Since GFLs are unable to resurrect dead neurons but can 
protect and repair remaining neurons, the lack of efficacy of 
GFLs in late-stage PD patients is not surprising. 

 Hence, despite the promising preclinical data, clinical use 
of GFLs is complicated by multiple factors. Although the 
first clinical trial by Nutt et al. [95] reported adverse effects 
of GDNF and some toxicity was also seen in the experiments 
in monkeys, those were observed only for huge doses of re-
combinant GDNF (reviewed in [112]). GDNF and AAV2-
NRTN administered in reasonable doses were rather save 
and well-tolerated by patients [96, 97, 106, 110, 113]. How-
ever, the necessity for intracranial delivery raises ethical 
barriers for selection of the target population of patients and 
makes the treatment reserved for patients with advanced PD 
who are unlikely to respond to GFLs. High affinity to the 
extracellular matrix [79] preventing diffusion of GDNF and 
NRTN in tissues requires careful planning of a delivery sys-
tem and strategy. The latter problem can be overcome by 
using GFL variants with reduced affinity to heparin [114] or 
focusing on PSPN lacking the heparin-binding domain [79]. 
Other issues hindering the clinical development of GFLs can 
be associated with differences in biological activity between 
different preparations of these drugs and their price. 

2.4. The MANF/CDNF Family of Neurotrophic Factors 

 Mesencephalic astrocyte-derived neurotrophic factor 
(MANF) and cerebral dopamine neurotrophic factor (CDNF) 
are the most recently discovered neurotrophic factors [115]. 
They differ from the conventional neurotrophic factors in 
their structure and function and exert their biological effects 
as intracellular endoplasmic reticulum (ER)-associated pro-
teins rather than as target-derived factors. Meanwhile, it is 
known that MANF and CDNF can also be secreted. This fact 
and the biological activity of exogenously delivered MANF 
and CDNF indicate that cells should have either a still uni-
dentified cell membrane receptor or use a different uptake 
mechanism for internalization of these neurotrophic factors, 
probably via their interactions with lipids [116]. CDNF and 
MANF seem to be general cytoprotective factors supporting 
survival of both neuronal and non-neuronal cells [117]. In 
particular, MANF is essential for survival of pancreatic beta 
cells: mice lacking MANF develop diabetes soon after birth 
[118] and are characterized by diabetes unrelated growth 
retardation [115]. CDNF-/- mice are viable, fertile and have 
no major defects producing life-treating condition or reduc-
ing lifespan [115]. 

 The molecular details of MANF and CDNF signaling  
are not very well understood. The transmembrane receptor 
transmitting signals from these neurotrophic factors has ei-
ther not yet been identified or does not exist. Expression and 
secretion of MANF is upregulated in response to ER stress, a 
condition caused by the accumulation of unfolded proteins in 
the ER [115, 117]. Thus, CDNF and MANF should have a 
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receptor in the ER. ER stress activates unfolded protein re-
sponse (UPR), an ER homeostasis maintaining mechanism, 
aiming to reduce a load of misfolded proteins by suppressing 
translation, activating degradation of unfolded proteins, and 
producing molecular chaperons to guide proper folding of 
the proteins. UPR is mediated by ER stress sensors: protein 
kinase R (PKR)-like endoplasmic reticulum kinase (PERK), 
inositol-requiring enzyme I (IRE-1), and activating transcrip-
tion factor 6 (ATF 6). Their activation is triggered by disso-
ciation of glucose-regulated protein 78 (Grp78) from PERK, 
IRE-1 and ATF-6 caused by competition of unfolded proteins 
for binding to Grp78. Although short-term UPR is a protective 
mechanism, chronic ER stress stimulates apoptosis and leads 
to cell death [119]. MANF regulates ER stress either directly 
or indirectly via the maintenance of Ca2+ homeostasis. Under 
normal conditions, MANF seems to be retained in ER by 
KDEL receptors and GRP78, but it is secreted upon ER 
stress, which is unusual for ER stress-related proteins. In 
contrast to MANF, CDNF is expressed constitutively, but 
similarly to MANF is secreted in response to ER stress [115]. 

 MANF plays an important role in the development and 
maintenance of non-mammalian dopamine neurons. Knock-
ing it out reduces the number of dopamine neurons in zebraf-
ish [120], diminishes the dopamine levels, the density of 
dopamine fibers and downregulates expression of the genes 
playing a role in dopamine synthesis, transport and uptake in 
fruit flies [121, 122]. It was reported that recombinant 
MANF supports the survival of cultured mammalian dopa-
mine neurons. Importantly, despite the ubiquitous expression 
and the general physiological role, MANF is selective to-
wards dopamine neurons [123]. However, naïve dopamine 
neurons do not seem to respond to MANF. Instead, MANF 
promotes survival of dopamine neurons under ER stress 
(Saarma et al., unpublished). Together with the expression 
pattern of MANF and CDNF, this fact has given grounds for 
testing these neurotrophic factors in animal models of PD. 

 When delivered into the striatum as a single bolus, both 
CDNF and MANF proteins alleviated motor imbalance, pro-
tected and restored nigrostriatal dopamine neurons in rat 6-
OHDA model of PD, although not all effects reached statis-
tical significance [124, 125]. Intrastriatally delivered CDNF 
protein also protected and restored dopamine neurons and 
improved motor performance in MPTP-treated mice [126]. 
The data on the effects of gene therapy using virally encoded 
CDNF are contradictory. While delivery of AAV2-encoded 
CDNF into the striatum alleviated motor imbalance and 
seemed to protect dopamine neurons [127, 128], no positive 
effect was seen with CDNF encoded by lentiviral vector in 
6-OHDA rat model of PD [129]. Nigral overexpression of 
lentivirally encoded CDNF in rat 6-OHDA model alleviated 
motor imbalance and increased the density of dopaminergic 
innervation in the striatum but had no effect on the number 
of dopamine neurons in the substantia nigra [129]. However, 
these results are difficult to interpret because no expression 
of CDNF and MANF encoded by the lentiviral vector was 
documented. Positive effects of CDNF protein towards do-
pamine system were also detected in MPTP model of PD in 
nonhuman primates, but the exact data have not been pub-
lished yet. Importantly, CDNF also alleviated PD-related 
non-motor symptoms in monkeys [130]. Noteworthy, both 

MANF and CDNF diffuse in the brain better than GDNF and 
clearly have a different mode of action [115, 131]. Encour-
aged by these findings, small Finnish company Herantis 
Pharma has recently initiated the first phase I/II clinical trial 
of intraputamenally delivered CDNF proteins in PD patients 
(ClinicalTrials.gov Identifier: NCT03295786). The primary 
objective of the study is to evaluate the safety and tolerability 
of treatment; however, efficacy indicators will be also  
addressed. 

2.5. The Effects of other Trophic Factors in Parkinson’s 
Disease 

 A few other trophic factors were shown to support the 
survival of cultured dopamine neurons and exhibit neuropro-
tective and/or neurorestorative effects in animal models of 
PD. In particular, such effects were demonstrated for vascu-
lar endothelial growth factor (VEGF) [132] and platelet-
derived growth factor (PDGF) [133]. The mechanism of 
their action in dopamine neurons is not very well understood. 
The primary target for both of these growth factors is 
vascular system, thus, their effects in animal models of PD 
can be indirect. Besides, their influence on the vascular sys-
tem may lead to adverse effects, especially in case of pro-
longed use in patients. In fact, high doses of VEGF were 
shown to promote gliogenesis and lead to severe brain 
edema [134]. Thus, the clinical application of VEGF and 
PDGF in PD patients is problematic. 

 Doubtlessly, neurotrophic factors possess an incredible 
potential for disease modification in patients with neurode-
generative disorders. However, their clinical development is 
not easy. Being relatively large polypeptides, neurotrophic 
factors are unable to penetrate through the blood-brain bar-
rier and have to be delivered directly into the brain via inva-
sive surgery. This issue brings certain inconvenience to pa-
tients but more importantly reserves the treatment to people 
with advanced PD only because of ethical considerations. 
Meanwhile, the target population of patients for neurotrophic 
factor treatments includes patients with early-stage PD who 
still have a significant number of dopamine neuron bodies in 
SNpc that NTF can protect and restore. Another problem is 
associated with limited diffusion of NTFs in tissues: while 
different neurotrophic factors show variable distribution vol-
umes in tissues, neither of them outperforms small molecules 
that spread virtually to every tissue in the body. This fact 
raises two important issues to be taken into account in the 
context of the pharmaceutical development of neurotrophic 
factors for PD. Dopamine neurons degenerating in PD have 
their cell bodies located in one brain structure (SNpc), while 
their projections are found in another structure (known as the 
caudate putamen in humans and the striatum in rodents). 
NTFs delivered to the striatum most probably have to be 
retrogradely transported to SNpc to promote survival and 
this mechanism seems to be greatly impaired in the brains of 
PD patients [108]. Thus, targeting both the striatum and the 
substantia nigra might influence the efficacy of NTF treat-
ment [109, 110, 129]. It is important to note that many non-
motor symptoms of PD are caused by degeneration of vari-
ous neuronal populations inside and outside the brain. Many 
of these neurons are responsive to the same neurotrophic 
factors as nigrostriatal dopamine neurons. However, limited 
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diffusion of neurotrophic factors confines their effects to 
delivery sites. In addition, many neurotrophic factors can 
affect several receptors [30, 41, 77-79], thus activating a 
plethora of effects, some of which can be even differently 
directed or affect multiple cell populations [118, 135]. These 
aspects, together with the history of clinical trials involving 
GDNF protein in PD patients [95, 111], indicate that clinical 
development of NTFs is a long-lasting process: although the 
first clinical trial with GDNF was initiated in 1996, now, 
more than 20 years later, we still do not have a definite an-
swer regarding efficacy of GFLs in PD treatment. 

 In this regard, it may be easier to translate small mole-
cules with appropriate pharmacological properties and bio-
logical activity into clinical practice. The productive strate-
gies to the development of disease-modifying treatments for 
PD can include the development of molecules (i) stimulating 
neurogenesis rendering birth of new dopamine neurons; (ii) 
mimicking the action of neurotrophic factors, (iii) targeting 
other proteins that support the survival and regeneration of 
DA neurons, for instance by inhibiting DA neuron apoptosis, 
modulating activity of transcription factors regulating sur-
vival, and apoptosis, and finally (iv) enhancing the survival 
and neuroprotection effects of glial cells. 

 Stimulation of neurogenesis seems to have obvious ad-
vantages for the development of disease-modifying treatment 
for PD; however, this area of research is highly controver-
sial. The published data on neurogenesis in adult human 
brain are contradictory [136, 137]. Even if neurogenesis in 
the adult brain does indeed take place, it is a slow process 
producing a small number of new neurons [136, 138] and 
thus it is difficult to estimate its therapeutic potential. It is 
important to note that there are significant interspecies dif-
ferences, pronounced age-dependent variations and brain 
region-specific distinctions in the rate of neurogenesis [136, 
137]. These issues make translation research in the field of 
neurogenesis stimulation challenging. 

3. SMALL MOLECULES STIMULATING NEURO- 
REGENERATION AND NEURORESTORATION IN 
THE NIGROSTRIATAL DOPAMINE SYSTEM 

 Due to the presence of different and diverse targets in the 
systems involved in neurogenesis and neuronal regeneration, 
theoretically there is a vast field for designing low-molecular-
weight substances to influence the neuroregeneration and 
neurorestoration mechanisms for PD cure. Meanwhile, de-
spite many publications concerning the neuroprotective ac-
tivity in PD models [139-147], just a few types of small 
molecules were reported to be able to induce neuro- 
regeneration and neurorestoration in animal models of PD. 

3.1. Agonists of Dopaminergic Receptors 

 It is known that levodopa can increase both proliferation 
and neuronal differentiation in the subventricular zone 
(SVZ) in the animal model of PD [148]. Since nigrostriatal 
DA neurons are mainly concentrated in the SN, the precur-
sors should migrate there from the SVZ to restore the num-
ber of neurons lost during PD. Indeed, it has recently been 
demonstrated in the 6-OHDA-lesioned mouse model of PD 
that SN newborn dopaminergic neurons were derived from 

the migration and differentiation of neural progenitor cells 
[138]. 

 It should be noted that a significant number of DA neu-
rons were already lost before the PD symptoms arise, mak-
ing levodopa treatment ineffective. It was assumed that DA 
agonists may be more effective for stimulating regeneration 
of DA neurons than levodopa. Indeed, D3 receptor agonist 7-
OH-DPAT (Fig. 3) infused intraventricularly for 2-8 weeks 
to rats 4 weeks post 6-OHDA treatment stimulated cell pro-
liferation in the SNpc, protected DA neurons from death and 
restored retrograde transport of tracer from the striatum, thus 
indicating axonal regeneration [149]. These changes led to 
substantial improvement of motor imbalance in the animals. 
It is noteworthy that 7-OH-DPAT stimulation failed to in-
crease proliferation and neurogenesis in human and murine 
midbrain neural precursor cells [150]. 

 The use of a combination of DA receptors agonists, bro-
mocriptine (the agonist of D2, D3 and D4 receptors), SKF 
38393 (the agonist of D1 receptors) and 7-hydroxy-pipat 
maleate (the agonist of D3 receptors), collectively referred 
to as BSP (Fig. 3) at 0.1 µM concentration was found to in-
crease the number of proliferating precursor cells in cultures 
by 23% [151]. These results were confirmed by in vivo ex-
periment [151], when BSP was administered to 6-OHDA 
pretreated rats for 6 days (the dose and the administration 
route were not specified). Rats receiving the BSP combina-
tion exhibited a significant increase in subventricular zone 
proliferation, both in the control and lesioned groups. Bro-
modeoxyuridine (BrdU) was used to detect proliferating 
cells, but no data concerning the neurogenesis of dopamine 
neurons (or any other neuronal type) were presented. 

 Oral treatment (1 mg/kg, twice daily for 10 days) with 
the D2, D3, and D4 dopamine receptor agonist pramipexole 
(Fig. 3) in 6-OHDA lesioned rats enhanced neuronal prolif-
eration in the lesioned side of the subventricular zone by 
31% compared with the control animals receiving phos-
phate-buffered saline [152]. An even more profound effect 
(an increase of 46%) was observed on the unlesioned side. 
The authors emphasized [152] that oral administration of 
pramipexole was more effective in stimulation of SVZ cell 
proliferation than intraperitoneal injections of the sufficiently 
more active D3 receptor agonist, 7-OH-DPAT [150]. Impor-
tantly, although the authors of this study observed an in-
crease in the number of TH-positive cells in olfactory bulbs, 
they failed to detect any newly generated neuroblasts in the 
nigrostriatal system. Changes in the sense of smell were not 
addressed [152]. 

 Although DA receptor agonists have been used in PD 
therapy for many years, there are no data concerning a possi-
ble neurogenic effect of these drugs in humans. These con-
cerns are supported by clinical studies that failed to confirm 
the disease-modifying effect of DA agonists [138]. Lack of 
efficacy in clinical trials may be attributed to species-specific 
differences seen in the response to this class of drugs [150]. 

3.2. Trk Activators 

 Neurotrophins exert their biological functions partly through 
Trk (See Chapter 2.2). Thus, activation of TrkA, TrkB or 
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TrkC by small molecules may promote neurorestoration. 
While TrkA is not expressed in dopamine neurons, TrkB and 
TrkC can be potential targets to protect DA neurons. 
Rasagiline (Azilect®) is an irreversible monoamine oxidase-
B (MAO-B) inhibitor used to treat PD [153]. Rasagiline 
(Fig. 4) given chronically in a dose of 0.05 mg/kg/day for 10 
days to MPTP-treated mice led to an almost complete recov-
ery of TH-immunopositive cells in the midbrain through 
activation of cell signaling mediators associated with the 
TrkA-mediated pathway [154, 155]. Chronic administration 
of a combination of low-dose (0.01 mg/kg/day) rasagiline 
and epigallocatechin gallate (10 mg/kg/day) for 14 days 
was later shown to have a positive synergetic effect on resto-
ration of the nigrostriatal axis in MPTP-treated mice [156]. 
Moreover, 72-week clinical trials involving more than 1000 
subjects with untreated Parkinson’s disease assigned to re-
ceive two doses of rasagiline were conducted [157]. The 
dose of 1 mg/day led to beneficial and possible disease-
modifying effect, but the dose of 2 mg/day caused no clear 
improvements. These mixed results cannot be considered 
definitive without conducting additional trials [158]. Al-
though the ability of rasagiline to increase the endogenous 
levels of BDNF and GDNF has been documented, it is still 
unclear if it exerts any disease-modifying effects in PD. 

 Two TrkB agonists, 7,8-dihydroxyflavone and deoxy- 
gedunin (Fig. 4), were active in neuroprotective MPTP-
based mouse [159, 160] and 6-OHDA rat models of PD 
[161]. Importantly, in 6-OHDA rat model of PD, post-lesion 
treatment with 7,8-dihydroxyflavone had an effect on nei-
ther motor imbalance nor the density of TH-positive fibers in 
the striatum, while 7,8-dihydroxyflavone was neuroprotec-
tive in the MPTP model with simultaneous administration of 
the compound and toxin [161, 162]. It was suggested that the 
effect of the compound in the MPTP model is mediated via 
downregulation of MPTP-induced α-synuclein overexpres-

sion and its anti-oxidant activity, which can explain the dis-
crepancy in the effects seen in these toxin models, thus indi-
cating that the compound might not have any neurorestora-
tive properties [162]. 7,8-Dihydroxyflavone also protected 
dopamine neurons from MPTP lesion in nonhuman primates, 
without any severe adverse effects being observed [163]. It is 
important to note that many laboratories have failed to detect 
TrkB phosphorylation in response to 7,8-dihydroxyflavone in 
cultured cells [164, Rantamäki et al., personal communication], 
indicating that this compound may not be a direct TrkB ago-
nist. Notably, 7,8-dihydroxyflavone was shown to increase 
the BDNF level in the brain of experimental animals [165]: 
thus, TrkB activation seen in animal models of different dis-
eases after treatment with this compound can be mediated by 
BDNF. Meanwhile, chronic treatment of C57BL/6 mice with 
7,8-dihydroxyflavone (2.5 and 5 mg/kg, 14 days, i.p.) did 
not affect the expression of the Htr1a, Htr2a, Bdnf, and TrkB 
genes in the cortex and hippocampus [166]. In addition, pro-
tective effects of 7,8-dihydroxyflavone were also seen in 
cell lacking TrkB, so its effects in animal models of PD (and 
other diseases) might be mediated via other molecular 
mechanisms, such as via anti-oxidant properties [167, 168]. 
It is noteworthy that many flavonoids might reduce neuroin-
flammation, thus producing additional neuroprotective ef-
fects [169]. 

 Structurally unrelated to 7,8-dihydroxyflavone, selective 
TrkB agonists, LM22A and TrkB/TrkC agonists LM22B 
(Fig. 4), are being developed by the group of Prof. F. Longo. 
LM22A-4 promoted survival of hippocampal neurons ex-
pressing TrkB and protected SH-SY5Y cells against MPP+-
induced cell death [170]. In vivo LM22A-4 improved motor 
learning after traumatic brain injury in rats [170]. Another 
compound, LM22B-10 (Fig. 4), also enhanced survival and 
neurite outgrowth from cultured hippocampal neurons. 
LM22B-10 increased TrkB and TrkC phosphorylation, acti-
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vated pro-survival signaling and increased the density of 
dendritic spines in murine hippocampus [171]. Although the 
effects of LMA22 compounds in the dopamine system are 
yet to be studied, they might have a high potential for devel-
opment of new drugs for PD treatment, especially if the abil-
ity of TrkB agonists to induce neurorestoration in nigrostri-
atal dopamine neurons is confirmed in further studies. 

 Intragastric administration of diphenyl diselenide (PhSe)2 
(Fig. 4) in a 1 mg/kg/day dose for 30 days to 6-OHDA-
treated rats led to the restoration of locomotor function in the 
cylinder, stepping and bridge tests but did not affect animal 
behavior in the rotarod test [57]. The Western blotting data 
allowed the authors to assume that the BDNF/TrkB signaling 
pathway is involved in the (PhSe)2 effect. 

3.3. RET Agonists 

 Activation of RET signaling by GDNF is known to be 
important for the protection and regeneration of dopaminer-
gic neurons in animal models of PD [172, 173]. These data 
make RET a significant possible target for neuroregenerative 
therapy of PD [174]. The attempts to develop GDNF mimet-
ics and RET agonists were started over a decade ago. In 
2003, a Japanese group published a paper describing a small 
molecule XIB4035 (Fig. 5), which produced the effects in 
immortalized cells and cultured neurons similar to those of 
GDNF [175]. However, further studies revealed that XIB4035 
is not able to activate RET in the absence of endogenous 
ligands. Instead, it increased RET activation only in the 
presence of GFLs. Although this biological activity was 

shown to be beneficial in animal model of diabetes-induced 
neuropathy [176], the applicability of this molecule to PD 
therapy needs further research. Impairment of retrograde 
transport and extensive deterioration of dopamine neuron 
fibers observed in PD patients may limit the availability of 
endogenous GDNF to dopamine neurons, thus making 
treatment with XIB4035 or its analogues inefficient. 

 BT13 (Fig. 5), a small molecule agonist of RET receptor, 
was found to attenuate neuropathic pain in the rat neuropathy 
model and to protect sensory neurons [177]. Meanwhile, no 
data concerning regenerative activity of small molecule RET 
agonists in animal models of PD have been published yet. 

 Another chemical compound (1) activating RET has re-
cently been described (Fig. 5). In contrast to the previously 
identified agonists, this compound may need a full GDNF 
receptor complex consisting of GFRα1 co-receptor and RET 
to exert biological activity [178], thus being more selective 
than the previously described compounds. However, biological 
activity of compound 1 is very weak and it has so far been 
studied only in immortalized cells. This compound needs  
to be optimized before any in vivo studies in the dopamine 
system. 

3.4. LRRK2 Inhibitors 

 LRRK2 is a kinase playing multiple but poorly under-
stood roles. Activating mutations in the LRRK2 gene were 
associated with several familial and sporadic cases of PD. It 
was proposed that LRRK2 inhibition may prevent neurode-
generation or even lead to neuroregeneration [179, 180]. 
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 A set of new selective inhibitors of LRRK2 with indoli-
none scaffold was designed [180]. Compounds 2a,b (Fig. 5) 
inhibiting LRRK2 in a low micromolar range were tested in 
5 µM concentration for their ability to stimulate neurogene-
sis of neural stem precursor cells isolated from the ventricu-
lar-subventricular zone of adult mice. Indeed, compounds 
2a,b increased the size of neurospheres but did not alter their 
number. The compounds were used as a mixture of stereoi-
somers. Thus, LRRK2 inhibitors may be useful for stimulat-
ing neuroregeneration. However, further research is needed 
to understand their applicability in PD treatment. The disap-
pointing results of clinical trials with dopamine agonists that 
were also able to support neurogenesis may indicate poten-
tial difficulties in the translation of preclinical solutions to 
patients. 

3.5. 9-Methyl-β-carboline 

 Pyrido[3,4-b]indoles or β-carbolines are widespread in 
nature and food, with the highest concentration found in 
charcoal-grilled meat [181]. These compounds are good  
substrates for the dopamine transporter and thus may affect 
dopamine neurons. Although many β-carbolines are toxic  
for these neurons, one of these compounds, 9-methyl-β-
carboline (Fig. 6), on the contrary, can promote survival and 
possibly stimulate neurite outgrowth from cultured dopamine 
neurons at 25–100 µM concentrations [182, 183]. It was as-
sumed that additional TH-immunoreactive neurons origi-
nated exclusively from non-proliferative, preexisting dopa 
decarboxylase-immunoreactive neurons [183]. 9-Methyl-β-
carboline protected cultured neurons against acute lipopoly-
saccharide and chronic rotenone toxicity as well as reduced 
the content of α-synuclein protein in the cultures [184]. The 
compound was also tested in the rat unilateral MPTP model 
of PD. The following paradigm was used: MPP+ was infused 
to the left ventricle for 28 days followed by 14-day treatment 
with 9-methyl-β-carboline. 9-Methyl-β-carboline seemed 
to restore the dopamine level in the left striatum, but its posi-
tive effect on the number of TH-positive neurons in SN 
claimed by authors is arguable: no statistically significant 
differences between the vehicle-treated and compound-

treated groups were reported. Motor effects of either MPP+ 
or compound treatment were not observed in this study, al-
though this can be due to very mild lesion of the dopamine 
system by intraventricular infusion of the administered MPP+ 
[185]. Although these data may hint at possible neurorestora-
tive properties of 9-methyl-β-carboline, further research is 
needed to draw any solid conclusions. However, the rela-
tively high concentrations of 9-methyl-β-carboline used in 
in vitro experiments are unlikely to be reached during sys-
temic administration. 

 In addition, the data concerning in vivo toxicity of β-
carbolines, including 9-methyl-β-carboline and its possible 
metabolites, to dopaminergic neurons [186] should also be 
taken into account before further development of the com-
pound as a neurorestorative agent. 

3.6. Aminocarbazoles 

 Another group of tricyclic nitrogen-containing compounds 
with possible proneurogenic activity was identified among 
aminopropyl carbazoles [187]. The parent compound P7C3 
(Fig. 6) was discovered by in vivo screening for small mole-
cules capable of stimulating postnatal hippocampal neuro-
genesis [188]. Moreover, this carbazole, as well as its deriva-
tive P7C3A20 (Fig. 6), demonstrated promising activity in 
the MPTP mouse model (pretreatment with 30 mg/kg MPTP 
for 5 days) [187]. Thus, 21-day administration of P7C3A20 
in a daily dose of 20 mg/kg preserved about 85% of dopa-
minergic neurons in the SNpc as compared to mice treated 
with saline, while about 50% of neurons were lost in the con-
trol MPTP group. Similar results were obtained using the 
MPTP model in worms [187]. Among second-generation of 
P7C3 analogues, acid S165 displayed potency equal to or 
greater than that of P7C3 in in vivo assays and enhanced 
bioavailability. Meanwhile, S165 concentration in the mur-
ine brain was lower than when the same dose of P7C3 was 
used [187]. 

 Tetrahydrodiaminocarbazole LY344864 (Fig. 6), which 
is a 5-HT1F receptor agonist and is known to induce mito-
chondrial biogenesis [189], was tested for its ability to stimu-
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late neurorestoration in 6-OHDA-lesioned mice [190]. It was 
found that 14-day administration of LY344864 (2 mg/kg/day, 
i.p.) significantly increased the number of TH-positive cells 
in the substantia nigra compared to the vehicle-treated con-
trol. It is noteworthy that the number of cells in LY344864-
treated 6-OHDA-lesioned mice remained significantly lower 
than that in the saline-injected control group. 

 Thus, aminocarbazoles of different structures may be 
promising agents for stimulating neurorestoration in PD. 

3.7. Guanosine 

 Purine nucleoside guanosine (8 mg/kg, i.p.) was admin-
istered for 8 weeks to Sprague-Dawley rats with proteasome 
inhibitor induced PD [191]. Guanosine (Fig. 6) protected 
TH-positive cells in the substantia nigra in comparison with 
proteasome inhibitor-treated mice. The effect of guanosine 
on cell proliferation may be mediated by basic fibroblast 
growth factor (FGF-2). 

CONCLUSION 

 Despite the promising developments in neurorestoration 
of the brain dopamine system, cure for PD is yet to be dis-
covered. Several groups of potential agents capable of pro-
tecting and restoring dopamine neurons in cultures or animal 
models of PD have been described. Nevertheless, none of 
them have yet shown any conclusive neuroprotective or neu-
rorestorative properties in PD patients. The results of ongo-
ing trials with GDNF and CDNF neurotrophic factors may 
provide a pathway to the future development of novel thera-
peutics for PD. Although clinical application of these pro-
teins is complicated, small molecular weight mimetics can 
replace them in future if druggability of their signaling 
pathways is confirmed. By now, several small molecular 
weight compounds with different mechanisms of action have 
been found to demonstrate neurorestorative properties in in 
vitro and in vivo experiments. The most advanced are 
rasagiline and agonists of dopaminergic receptors, but both 
types of drugs failed to prove their neurorestorative activity 
when used in PD patients. Meanwhile, promising results 

obtained with these and other compounds show their poten-
tial for the further development of disease-modifying treat-
ment for PD and warrants intensive research in this field. 

LIST OF ABBREVIATIONS 

6-OHDA = 6-hydroxydopamine 

AAV2 = Adeno-associated virus 

ARTN = Artemin 

ATF 6 = Activating transcription factor 6 

BDNF = Brain-derived neurotrophic factor 

BrdU = Bromodeoxyuridine 

CDNF = Cerebral dopamine neurotrophic factor 

CNTF = Ciliary neurotrophic factor 

CNTFR = CNTF receptor 

DA = Dopamine 

ER = Endoplasmic reticulum 

FGF-2 = Fibroblast growth factor 

GDF15 = Growth/differentiation factor-15 

GDNF = Glial cell line-derived neurotrophic factor 

GFLs = GDNF family ligands 

GFRAL = GDNF family receptor alpha-like 

GFRα = GDNF family receptor alpha 

Grp78 = Glucose-regulated protein 78 

IL = Interleukin 

IRE-1 = Inositol-requiring enzyme I 

LIF = Leukemia inhibitory factor 

LIFR = LIF receptor 

LRRK2 = Leucine-rich repeat kinase 
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MANF = Mesencephalic astrocyte-derived neurotro-
phic factor 

MAO-B = Monoamine oxidase B 

MPTP = 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine 

NGF = Nerve growth factor 

NINDS = National Institute of Neurological Disor-
ders and Stroke 

NRTN = Neurturin 

NT = Neurotrophin 

PD = Parkinson’s disease 

PERK = (PKR)-like endoplasmic reticulum kinase 

PKR = Protein kinase R 

PSPN = Persephin 

SNpc = Substantia nigra pars compacta 

SVZ = Subventricular zone 

TH = Tyrosine hydroxylase 

Trk = Tropomyosin receptor kinase 

UPR = Unfolded protein response 
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