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a b s t r a c t

Glial cell line-derived neurotrophic factor (GDNF) and its canonical receptor Ret can signal together
or independently to fulfill many important functions in the midbrain dopaminergic (DA) system.
While Ret signaling clearly impacts on the development, maintenance and regeneration of the
mesostriatal DA system, the physiological functions of GDNF for the DA system are still unclear.
Nevertheless, GDNF is still considered to be an excellent candidate to protect and/or regenerate
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the mesostriatal DA system in Parkinson disease (PD). Clinical trials with GDNF on PD patients are,
however, so far inconclusive. Here, we review the current knowledge of GDNF and Ret signaling and
function in the midbrain DA system, and their crosstalk with proteins and signaling pathways asso-
ciated with PD.
� 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
1. Introduction

The neurotransmitter dopamine is produced by dopaminergic
(DA) neurons and modulates diverse functions in the brain and
throughout the body, including movement, memory, motivation
and emotions [1,2]. The cell bodies of DA neurons are grouped in
the ventral midbrain in the substantia nigra (SN), the ventral
tegmental area (VTA) and the retro-rubal field (RRF). Axonal pro-
jections of midbrain DA neurons are split into the mesostriatal
and the mesocorticolimbic pathways [1]. The complex projections,
functions and interactions of distinct types of midbrain DA neurons
have recently been further dissected [3–10]. To briefly summarize,
the mesostriatal pathway connects the SN and some VTA DA neu-
rons with the dorsal striatum and is important for the control of
voluntary movement. The mesocorticolimbic pathway projects
from the VTA, the dorsal tier of the SN and the RRF to the ventral
striatum (caudate nucleus and putamen), nucleus accumbens,
olfactory tubercle, septum, amygdala, habenula, hippocampus
and cortex and is involved in cognitive, rewarding/aversive and
emotion-based behavior. According to its diverse projections and
functions, alterations of the midbrain DA system can lead to a vari-
ety of neurological diseases. For example, the progressive loss of SN
DA neurons in particular and the related dopamine deficit within
the dorsal striatum cause the classical motor-function related
symptoms in Parkinson disease (PD) [11,12]. Characterizing the
rare familial cases of PD with mutations in specific genes has
shaded light onto the etiology of PD and facilitated the discovery
of common pathological alterations, such as mitochondrial dys-
function, metabolic and oxidative stress, axonal transport defects,
and abnormal protein degradation and aggregation [13,14]. The
heterogeneity of midbrain DA neurons suggests that a multitude
of signaling events are required during development and
maintenance to ensure proper functioning including different neu-
rotrophic support [9,15–17]. The midbrain DA system is largely
conserved between humans and rodents and studies in transgenic
mice have identified the basic requirements for generation and
maintenance of the DA system [1,18,19] (Fig. 1). Here we review
the emerging roles of neurotrophic factors for the midbrain DA sys-
tem during physiological and pathophysiological conditions such
as PD, with a focus on GDNF (glial cell line-derived neurotrophic
factor) and Ret (rearranged during transfection) signaling.

2. Role of neurotrophic factors in the midbrain DA system

Neurotrophic factors are a diverse group of polypeptides that
function as growth and survival factors during development, adult-
hood and aging [20,21]. According to the neurotrophic factor
hypothesis originally postulated by Rita Levi-Montalcini and Victor
Hamburger, more neurons are born during embryogenesis than
later survive, and target-derived neurotrophic factors are one
limiting factor determining which neurons survive or die during
pre- and postnatal development [22]. They can also stimulate axon
outgrowth and guidance [23–25]. Neurotrophic factors also
prevent degeneration associated with neurodegenerative diseases,
stimulate differentiation and synaptogenesis, and are essential for
maintaining normal physiological functions in the nervous system,
including adult synaptic plasticity and behavior [21,26–30]. In gen-
eral, neurotrophic factors may be secreted into the extracellular
space from both neurons and glia. They can diffuse and are actively
transported over long distances in antero- and retrograde direc-
tions [31,32]. Neurotrophic autocrine loops have been suggested
to support midbrain DA neuron survival in culture [33]. DA neu-
rons require specific neurotrophic factors and their cell surface
receptors for proper in vivo differentiation and maintenance,
which have not yet been fully characterized [17,34]. Neurotrophic
factors of the DA system include the neurotrophins such as nerve
growth factor (NGF) and brain-derived neurotrophic factor (BDNF),
as well as the four GDNF family ligands (GFLs) GDNF, neurturin,
artemin and persephin, which are distantly related members of
the transforming growth factor-b superfamily and the focus of this
review [17,35,36].

3. Function of neurotrophic factor GDNF in the midbrain DA
system

In general, GFLs mediate their actions by utilizing a complex
signaling network consisting of several different binding and sig-
naling partners [37]. As summarized in Fig. 2, each GFL binds with
high affinity to one of the glycosylphosphatidylinositol (GPI)-
linked GDNF family receptor a (GFRa) members 1–4 [17]. GDNF
binds with high affinity to GFRa1, which is the only GFRa receptor
expressed at high mRNA and protein levels in midbrain DA neu-
rons [38,39]. GFRa1 is alternatively spliced and both isoforms are
highly expressed in the SN [40–42]. The long a form including
the exon 5 encoded sequence was found to bind GDNF less effi-
ciently than the short b form lacking the exon 5 encoded sequence;
the long a form also promotes axon outgrowth through MAPK,
Rac1 and Cdc42 signaling, in contrast to the short b form [41,42].
GFRa2 is also expressed in the ventral midbrain, but in non-DA
neurons [43–45]. GFRa3 and GFRa4 seem not to be expressed in
the ventral midbrain [46,47]. The GDNF/GFRa1 signaling complex
can recruit transmembrane receptors such as the canonical GDNF
receptor Ret, a receptor tyrosine kinase [17,48–50], or the neuronal
cell adhesion molecule (NCAM) [51–53], to trigger downstream
signaling events in midbrain DA neurons (Fig. 2).

GDNF seems to be the most prominent neurotrophic factor
within the midbrain DA system and a promising therapeutic candi-
date for neuroprotective and regenerative interventions in PD
patients [21,54,55]. GDNF was described more than 20 years ago
as a survival factor for rat embryonic DA neurons of the midbrain
in culture [23]. Later, this positive in vitro survival effect of GDNF
was extended to other neuronal cell types such as motor neurons,
adrenergic neurons, parasympathetic neurons, enteric neurons,
and somatic sensory neurons [17,56–59].

Mature GDNF is a homo-dimeric glycoprotein [23]. GDNF is
expressed as a pre-pro-domain containing precursor protein with



Fig. 1. The midbrain dopaminergic system is conserved in humans and mice. The cell bodies of the midbrain dopaminergic (DA) neurons that are preferentially dying in
Parkinson disease (PD) patients are located in the substantia nigra (SN) pars compacta (cell bodies in the midbrain labeled in purple). They innervate with their axons mainly
the dorsal striatum (a subcortical telencephalon region labeled in gray). Addiction affects DA neurons of the ventral tegmental area (VTA) (cell bodies in the midbrain labeled
in red) mainly innervate the ventral striatum, cortex, amygdala and olfactory tubercle compacta.
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two splice variations in the pro-domain leading to a long a and a
short b pro-protein detected in and outside the DA system
[60–63]. The pre-domain of GDNF is cleaved upon secretion and
the pro-domain can be removed for activation by several proteases
in the extracellular space, such as furin endoproteinase, PACE4,
and proprotein convertases PC5A, PC5B, and PC7 [17,63].
Potassium-stimulated secretion of long a GDNF protein was
enhanced by interaction with the sorting protein-related receptor
with A-type repeats (SorLA), a member of the mammal Vps10p
Fig. 2. GDNF family of ligands and their receptors. The four members of the glial cel
neurturin, artemin, and persephin, are homodimers which bind with high affinity to one o
complexes can interact with and activate the canonical GDNF receptor Ret, a receptor tyro
cell adhesion molecule (NCAM). The intracellular domain of Ret can be phosphorylated
domain receptor family, but the secretion-defective short b pro-
protein did not efficiently bind to SorLA [64,65]. Interestingly,
SorLA was also found to act as a sorting receptor for the internal-
ization of the GDNF/GFRa1/Ret complex, leading to GDNF degrada-
tion in lysosomes and recycling of the receptors GFRa1 and Ret
back to the cell membrane [66]. Secreted GDNF can bind to
polysaccharides such as heparin sulfate (HS) proteoglycans on
syndecan 3 [67] or polysialic acid (PSA) on NCAM [51]. This binding
might reduce GDNF diffusion and allow for concentration of GDNF
l line-derived neurotrophic factor (GDNF) family of ligands, which include GDNF,
f the four members of the GDNF receptor a family (GFRa1-4). These receptor-ligand
sine kinase. GDNF can also activate alternative GDNF receptors, such as the neuronal
and ubiquitinylated.
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at specific sites. These data illustrate the complex multiple step
maturation process of GDNF, with many possibilities for
fine-tuning its expression and tissue availability also in the DA
system.

GDNF mRNA is expressed in the adult DA system in the stria-
tum, the nucleus accumbens, thalamus, hippocampus and cerebel-
lum [68–70], which are known to be brain areas innervated by
axonal projections of midbrain DA neurons [1,71–73]. Despite its
name, and expression in cultured astrocytes, microglia and oligo-
dendrocytes [68,74–76], GDNF seems to be absent in glia cells of
the mouse striatum even under 1-methyl-4-phenyl-1,2,3,6-tetrahy
dropyridine (MPTP)-induced DA degeneration conditions [77]. In
the adult striatum, GDNF mRNA was only detected in neuronal
cells [78]. In mice carrying the lacZ gene in the GDNF locus [79],
GDNF was also found in the DA innervated striatum, thalamus,
septum and subcommissural organ [80]. In the adult striatum of
these mice, GDNF was found to be expressed in 80% of fast spiking,
parvalbumin-positive GABAergic interneurons (which represent-
ing 0.7% of all striatal neurons and 95% of GDNF-positive cells).
In the striatum, 5% of GDNF positive neurons appear to be somato-
statinergic or cholinergic interneurons. GDNF was not expressed in
medium spiny neurons (MSN) [55,77]. The lack of GDNF detection
in postnatal and adult midbrain DA neurons suggests that the exis-
tence of an autocrine loop of GDNF stimulation of DA neurons is
unlikely [77]. However, midbrain DA neurons express sonic hedge-
hog (Shh) and require Shh for long-term maintenance [81]. Shh is
released from DA neuron axons and inhibits the muscarinic autore-
ceptor in cholinergic interneurons. Shh also downregulates GDNF
expression in cholinergic and GABAergic interneurons of the stria-
tum. Conversely, GDNF in the striatum activates the Ret receptor
on midbrain DA neurons and in turn inhibits their Shh expression
[81]. This inhibitory feedback loop might be important for main-
taining the homeostasis between midbrain DA neurons and striatal
neuronal activity.

Constitutive GDNF knockout mice were shown to die soon after
birth without developing kidneys, but with a normal DA system,
proving GDNF not essential during development of the prenatal
DA system in the mouse [79,82,83]. In mice, GFRa1 was also found
to be dispensable for the embryonic DA system development [84–
86]. Antibodies against the rate limiting enzyme for dopamine syn-
thesis, tyrosine hydroxylase (TH), on wildtype mouse midbrain tis-
sue revealed a naturally occurring DA cell death already during late
embryogenesis. Half of the DA neurons remaining at birth are
eliminated by two postnatal apoptotic processes which peak at
day 2 and 14 after birth [87,88]. Intrastriatal injection of GDNF-
blocking antibody in wild-type mice can augment cell death, and
expression of GDNF in the striatum has been found to inhibit the
natural apoptosis at postnatal day 2 [88,89]. However, GDNF
expression only transiently increased the midbrain DA cell num-
ber, which returned to normal within a few weeks during adult-
hood, suggesting a rather minor role for GDNF in normal
postnatal development of the midbrain DA system [88,89].

In adult mice, conditional ubiquitous removal of GDNF trig-
gered by tamoxifen in Esr1-Cre mice [90] led to a �40–80% reduc-
tion of striatal GDNF protein levels and reportedly caused an
approximate 60% degeneration of SN DA and VTA DA neurons
[80]. Behavioral analysis of these mice in the open field test
revealed a hypokinetic syndrome with reduced distance travelled,
less rearing events and diminished accumulated rearing time. Sur-
prisingly, these mice also lost almost 100% of noradrenergic neu-
rons from locus coeruleus, another brain region that displays
high vulnerability to degeneration in PD [80]. However, the oppo-
site result was found when another group used the same Esr1-Cre
mice together with their own floxed GDNF mice; no loss of mid-
brain DA neurons or locus coeruleus noradrenergic neurons was
observed and no alterations in the open field motor activity test
[91]. This discrepancy might be due to different genetic back-
grounds of the mice used in these two studies starting already with
different embryonic stem cells utilized to generate the mice (R1 ES
cells derived from mouse stain 129X1/SvJ x 129S1/Sv)F1-Kitl<+>
[80]; IB10/E14IB10 ES cells derived from mouse line 129P2/OlaHsd
[91]). In addition, this discrepancy emphasized the need to charac-
terize alternative GDNF-deficient mouse models. Likewise, Kopra
et al. reported no catecholaminergic cell loss in the brain of adult
Nestin-Cre/GDNF mice when GDNF was deleted in neurons and
glia cells during embryogenesis, or by injection of AAV5-Cre virus
during adulthood [91]. Heterozygous GDNF knockout mice showed
about 35–65% decrease in GDNF protein levels, a slight age-
dependent loss of SN DA neurons (14–20% in 20 and 12 month
old mice, respectively), and an aged-dependent motor impairment
in the open field and accelerated rotarod test [92]. In addition,
adult heterozygous GDNF knockout mice have increased extracel-
lular dopamine levels and FosB/DFosB levels in the striatum and
an impaired water maze learning performance [93,94]. Also
heterozygous GFRa1 knockout mice were investigated and showed
at the age of 18 month 24% loss of DA neurons in the SN but not in
the VTA, reduced dopamine levels in the striatum and reduced
locomotor activity [95,96]. Data on the midbrain DA system of con-
ditional GFRa1 knockout mice have not yet been reported but
might help to shed light on the importance of GDNF/GFRa1 signal-
ing in the midbrain DA system. Taken together, the discrepancy
between data from current GDNF and GFRa1 mouse models sug-
gest that the in vivo GDNF and GFRa1 functions for midbrain DA
neuron survival during postnatal development and aging of mice
remain controversially discussed and further experiments are
needed to clarify this issue [80,91,97].

Besides GDNF’s effect on DA cell survival, GDNF has also been
reported to influence the physiology of midbrain DA neurons. This
important aspect of GDNF is often been neglected and is therefore
discussed here in more detail. In adult and aged rats, intranigral
injection of 10 lg GDNF increased dopamine levels in the striatum
and also augmented motor behavior [98,99]. Treatment of primary
midbrain DA culture from newborn rats with 10 ng/ml GDNF
enlarged the number of dopamine molecules released per quantum
by 380% compared to controls [100]. GDNF treatment could also
acutely and reversibly potentiate the excitability of rat VTA DA
neuron cultures and increase the number of dopamine vesicles
[101]. GDNF potentiates the excitability of rat midbrain slices
and DA neuron cultures by an MAPK-dependent inhibition of
Ca2+-sensitive, voltage gated A-type K+ channels [102] composed
of Kv4.3 and KChip3 subunits [103], which has similarly been
described for a-synuclein in adult mice [104]. Adult rats injected
intrastriatally with 10 lg GDNF after one week show an increase
of dopamine release and reuptake with two 20-min infusions of
K(+) (70 mM), as measured by microdialysis [105]. Chronic infu-
sions of 7.5 lg of GDNF per day for 2 months into the right lateral
ventricle in 21–27 year old monkeys increased stimulus-evoked
release of dopamine significantly in the SN and striatum and also
increased hand movement speed up to 40% [106]. GDNF
(3–30 ng/ml) increased dopamine release from K(+) stimulated
synaptosomes (20 mM, 2 min) and from electrically stimulated
rat striatal slices (2 Hz, 2 min), an effect dependent upon tonic ade-
nosine A(2A) receptor activation [107]. Single bilateral injections of
10 mg of GDNF (5 mg each side) into the striatum of postnatal day
2 (P2) rats produced forelimb hyperflexure, clawed toes of all
limbs, a kinked tail, increased midbrain dopamine levels, and
enhanced TH activity [108]. GDNF/Ret signaling was shown using
the human neuroblastoma cell line TGW to increase mRNA and
protein levels of TH [109]. Also striatal GDNF injection (100 lg)
in young and 2 year old rats enhanced expression and phosphory-
lation dependent activation of TH in the SN and striatum and
increased both amphetamine- and potassium-evoked dopamine
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release [110]. Acute GDNF stimulation of midbrain DA neuron
cultures increased the expression of the transcription factors
EGR1 and TIEG, and ERK or PKA activation. ERK or PKA activation
increased expression of caveolin1 and calcineurin subunits ppp3R1
and ppp3CB, while calcium-calmodulin-dependent protein kinase
II beta isoform (CaMKIIbeta) and the glycogen synthase kinase 3-
beta (gsk3beta) expression, involved in neuronal apoptosis, was
decreased [111]. GDNF might reduce dopamine reuptake by stim-
ulating the internalization of the protein complex containing the
GDNF receptor Ret, the adaptor protein and Rho-family guanine
nucleotide exchange factor Vav2, and the dopamine transporter
(DAT) [112]. The influence of GDNF on dopamine and on the elec-
trophysiological properties of midbrain DA neurons is important
because modulation of activity pattern has emerged as a crucial
factor for differential midbrain DA neuron function and vulnerabil-
ity to degeneration in PD [113–115]. Postsynaptic dopamine-
mediated responses of GABAergic medium spiny neurons in the
striatum or other midbrain DA projections areas are critically
dependent not only on the binding to respective G-protein coupled
stimulatory (D1, D5) or inhibitory (D2, D3, D4) dopamine receptors
[116], the presynaptic activity of the dopamine transporter (DAT),
the monoamine oxidases MAOA/MAOB and the catechol-O-
methyltransferase (COMT) [117], but also depend on the amount
of dopamine released from presynaptic dopamine vesicles in
response to their activity pattern [118]. Thus, due to its stimulation
of dopamine release, GDNF alters complex dopamine-dependent
behavior, e.g. voluntary movement, reward/reinforcement/aver-
sive behavior, cognition, and stress-responses [1,2].

In this light, it is interesting to note that epigenetics (specially
histone modifications and DNA methylation of the Gdnf gene pro-
moter in the ventral striatum) modulates the susceptibility and
adaptation to chronic stress of adult wild-type mice, and that
GDNF expression can normalize behavior in these chronically
stressed mice [119]. GDNF infusion (2.5–10 lg/day) into the VTA
of adult mice has also been reported to specifically block biochem-
ical and behavioral adaptations to chronic cocaine, morphine and
alcohol exposure [120,121].

In neurotoxic PD rodent and monkey models generated by
administering drugs such as MPTP or 6-hydroxy-dopamine (6-
OHDA) [122,123], GDNF protects SN DA neurons from degenera-
tion, if provided before this neurotoxic lesion [124–126]. On previ-
ously lesioned rodents and monkeys, GDNF provided a neuro-
restorative function on midbrain DA neurons, in particular of the
mesostriatal projection, by resprouting of remaining axonal
branches and formation of new synapses [124–127]. While it is
clear that GDNF is beneficial in animal models with DA system
alterations, GDNF treatment of PD patients was found in clinical
phase II trials to be safe but did not show efficacy. This is most
likely due to technical problems and the selection of advanced
PD patients with only few remaining DA neurons that would be
able to respond [21,54,128,129]. The same holds true for clinical
trials with neurturin. The neurturin receptor GFRa2 is not
expressed on DA neurons, but neurturin can also bind to GFRa1
with less affinity. This may allow neurturin to activate DA neurons
directly, despite the lack of its high-affinity receptor. Alternatively,
a non-cell autonomous function for neurturin would need to be
proposed to explain this result [45,54,129]. The clinical trials will
not be discussed here in detail as they have recently been summa-
rized in several excellent reviews [21,54,128,129].

In summary, there is clear evidence that GDNF supports the
normal physiology of midbrain DA neurons and that GDNF is
beneficial in animal models of DA dysfunction. However, it is still
uncertain whether GDNF is crucial for development and/or
maintenance of midbrain DA neurons, and if GDNF offers a neuro-
protective therapeutic strategy for SN DA neurons in human PD
patients.
4. GDNF/GFRa1 can mediates its actions through distinct
transmembrane receptors in midbrain DA neurons

In DA neurons in culture, GDNF can activate different signaling
cascades and can utilize a complex signaling network consisting of
several binding and signaling partners [37]. As discussed above and
illustrated in Fig. 2, GDNF binds to GFRa1 and this complex then
recruits other receptors, in particular Ret [48,49,50], but also
NCAM [51–53], integrins (e.g. integrin aV and ß1) [52,130],
syndecan-3 [67], or N-cadherin [131]. In accordance with the vari-
ety of possible downstream interaction partners of GDNF/GFRa1,
GFRa1 mRNA is strongly expressed in many adult brain regions,
while Ret mRNA expression is mainly restricted to the midbrain,
cerebellum, pons and thalamus [50,70,132–135]. In the midbrain
DA system Ret protein is only expressed in DA neurons
[136–139] while all other GDNF receptors are additionally found
in postsynaptic neurons and use a variety of different downstream
signaling components [17,140]. It is still not understood which
functions of GDNF in DA neurons are mediated by which GDNF
receptor. And it is also unknown how important these GDNF recep-
tors are in the DA system in vivo as cell adhesion molecules or cell
recognition receptors independent of their GDNF receptor function
[140]. The functions of GDNF/GFRa1/Ret signaling are best
understood in midbrain DA neurons, and will be summarized in
the following section.

5. Function of the receptor tyrosine kinase Ret in the midbrain
DA system

As highlighted above, the GDNF receptor Ret is expressed in all
DA neurons during development and maintenance, as well as in
motor neurons, somatic sensory neurons, enteric neurons, and
sympathetic and parasympathetic neurons [17]. Accordingly, Ret
signaling is involved in a variety of different functions, including
cell survival, differentiation, proliferation, migration, chemotaxis,
branching, morphogenesis, neurite outgrowth, axon guidance and
synaptic plasticity [17,141].

Ret is alternatively spliced and there are at least three isoforms,
with Ret9 (1072 amino acids) and Ret51 (1114 amino acids) being
more abundant than Ret43 (1106 amino acids). The three isoforms
are identical until Tyr 1062 and differ only at the C-terminus
[142–145]. The last amino acids at the C-terminus of Ret9 are
encoded by intron 19, for Ret51 in exon 20 and for Ret43 in exon
21 [144]. Interestingly, the Ret knockout lethality and kidney
agenesis can be rescued by a Ret9 transgene, but not a Ret51 trans-
gene [146]. Mice engineered to express only Ret51 die as neonates
or young adults that exhibit severe growth retardation and kidney
abnormalities. Mice expressing only Ret9 are viable and appear to
be normal [146].

Binding of GDNF/GFRa1 to Ret leads to homo-dimerization of Ret
and subsequent autophosphorylation of certain tyrosine residues
within its intracellular domain. Ret9 and Ret51 isoforms are phos-
phorylated with different preference on at least 12 tyrosines:
Tyr687, Tyr752, Tyr806, Tyr809, Tyr826, Tyr900, Tyr905, Tyr928,
Tyr981, Tyr1015, and Tyr1062. Ret51 is also phosphorylated on
Tyr1096 [147–151]. The phosphotyrosines of Ret are docking sites
for adapter proteins that activate different intracellular signaling
cascades [17,21,141,151,152] (Fig. 2 and 3). For example,
phospho-Tyr905 can bind Grb7/10; phospho-Tyr981 binds to Src
(Raf/Ras and PI3K/Akt signaling); phospho-Tyr1015 binds to PLCc
(Ca2+ release, PKC activation, neurotransmission); phospho-
Tyr1062 recruits Enigma, IRS1/2, DOK1/2/4/5/6, Shank3, FRS2 and
Shc1/GRB2/GAP1/2 (which activates PI3K/Akt/NF-jB for mediating
cell survival, proliferation and neurotransmission, PI3K/Rac induces
differentiation, SOS/Ras/MAPK stimulates cell survival, growth,
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differentiation and neuritogenesis, JNK, p38MAPK and ERK5
signaling), FRS2/GRB2/SHP-2 (RAS/MAPK signaling); and phospho-
Tyr1096 can bind GRB2 (RAS/MAPK and PI3K/Akt signaling)
[17,153,154]. Ser696 might be phosphorylated by cAMP-
dependent PKA and prevents phosphorylation of Tyr 687 that blocks
Rac mediated cytoskeletal rearrangements [153]. The differing sig-
naling properties of Ret isoforms were also demonstrated in mice;
kidney defects were observed when Tyr1015 of Ret9 or Ret51 and
Tyr1062 of Ret9 weremutated to the non-phosphorylatable pheny-
lalanine, butwere not observed inmicewith a Ret51 Tyr1062muta-
tion [154]. These mice were already used to analyze Ret signaling
events for sympathetic neuron survival [155] and are an excellent
tool to address the open question which downstream signaling cas-
cades of Ret are required in vivo for DA cell survival and function. It
is also largely unknownwhich of the abovementioned adaptor pro-
teins of the Ret receptor are really important in vivo in DA neurons.

The GPI anchor localizes GFRa1 to lipid rafts in the plasma
membrane, which leads to the recruitment of Ret into lipid rafts
after GDNF binding [156,157]. Phospholipase or protease cleavage
can produce soluble GFRa1 that can bind GDNF and activate Ret
outside lipid rafts [17]. In addition, Ret activated by soluble GFRas
can be recruited to lipid rafts through Tyr1062 phosphorylation
[158]. Ret can signal inside lipid rafts for example through the
membrane-tethered Src (Src-homologous and collagen-like pro-
tein) protein and the lipid-anchored adaptor protein FRS2 (fibrob-
last growth factor receptor substrate 2), leading to Ras/MAPK
activation. Ret outside lipid rafts can bind the adaptor protein
SHC and can prolong activation of the PI3K/Akt signaling cascade
[158]. For full MAPK (but not Akt) activation, internalization of
the Ret receptor through clathrin-coated pits is required in
addition to lipid raft recruitment [159]. The protein stability of
Ret9 and Ret51 has been reported to be different, but further
experiments are needed to clarify this issue in DA neurons
[159–162]. Members of the Cbl family of E3 ubiquitin ligases can
ubiquitinate Ret at Lys 1060 and Lys 1107 [160,163,164] and
thereby mark Ret for lysosomal [160,162] and/or proteasomal
degradation [161,165].

Not much is known currently about the precise signaling prop-
erties and events of Ret in DA neurons. In the DA-like cell line SH-
SY5Y, Ret9 seems to be expressed at higher levels than Ret51, to
accumulate in the Golgi apparatus and after stimulation and inter-
nalization, to be mainly degraded in lysosomes. Ret51 is efficiently
delivered to the plasma membrane and partially recycled back to
the plasma membrane from the endosomal compartment
[159,162]. Despite the fact that Ret is expressed in mice from
embryonic day 10 and is an early embryonic marker for postmi-
totic DA neurons [34,166], constitutive Ret knockout mice which
die shortly after birth without kidneys show normal numbers of
midbrain DA neurons [132,167,168]. This suggests that Ret, like
GDNF and GFRa1, is dispensable in DA neurons during embryonic
development.

To study Ret function in the adult midbrain DA system in vivo,
two laboratories generated conditional DA neuron-specific Ret
knockout mice by deleting floxed Ret in the DATCre knock-in
mouse background [169]. Both laboratories found no significant
loss of midbrain DA neurons in these mice till the age of 9 months
[24,137]. The early postnatal development of the DA system at P4
and P16 has not yet been systematically investigated in Ret- or
GDNF-deficient mice, but if there are any alterations, they seem
to be compensated during adulthood [24,91,137,139]. One labora-
tory aged the conditional DA neuron-specific Ret mice to two years
and detected a significant and progressive loss of DA neurons
specifically in the SN but not in nearby VTA from age one to two
years [24]. SN DA neurons were reduced by 25% in one-year-old
mice and 38% in two-year-old mice and this was accompanied by
an inflammation in the SN. Furthermore, in the striatum of these
mice, reduced axonal DA innervation was first detected at the
age of 9 months, followed by additional postsynaptic neuron loss
and reduced dopamine release at 12 months. Ultimately, a gliosis
and inflammation was present in two-year-old mice [24]. In PD,
a corresponding dying back neurodegeneration process has been
postulated to start with the loss of DA innervation in the striatum,
followed by SN DA cell body loss accompanied by inflammation
and gliosis within the SN [13,170,171]. As the DA neuron-specific
Ret knockout mice show a similar mesostriatal dying back process,
they might provide a pre-symptomatic model of PD. A similar
selective SN DA neuron degeneration phenotype was found in
Nestin-Cre/Ret mice lacking Ret in almost the complete nervous
system [24] in contrast to the Nestin-Cre/GDNF mice which
showed no DA phenotype [91]. Recently the mild but important
maintenance function of Ret for aging DA neurons of the SN was
confirmed in a third mouse model [139] using DATCreBAC mice
which express the Cre recombinase from a DAT locus on a bacmid
construct (BAC) [172,173]. In these mice also the mean SN DA
soma size was reduced to about 84% in adult mice [139]. Further-
more, besides striatal dopamine levels and motor activity, mito-
chondrial complex I activity was reduced. The reduced complex I
activity is an important link to selective SN DA degeneration, as
pharmacological complex I inhibition (e.g. by MPTP, see above)
directly induces Parkinsonism in mice and humans [122,139].
Experiments in SH-SY5Y cells suggest that Ret supports mitochon-
drial integrity and ATP production through the PI3K/NF-jB path-
way [139]. It cannot yet be ruled out that the mild Ret
conditional knockout mouse phenotype that has been described
might be due to early embryonic compensation. The DAT and
Nestin promoters drive Cre expression and thus Ret deletion
already during the early prenatal development [174]. A mouse
model with an inducible DA neuron specific postnatal deletion of
Ret is needed to address this issue.

An important role for Ret in the DA system is further supported
by investigating mice expressing a constitutively active form of Ret
with Met918 mutated to threonin in the Ret kinase domain, called
MEN2B mutation, integrated into the endogenous genomic Ret
locus [175]. This mutation is found in Multiple endocrine neoplasia
2 type B (MEN2B) patients with medullary thyroid carcinoma,
pheochromocytoma, and hyperparathyroidism [176]. MEN2B sig-
naling was reported to be similar to the wildtype Ret protein but
the MEN2B protein seems to be activated by autophosphorylation
in the endoplasmic reticulum (ER) before even reaching the cell
surface [176–178]. Because GDNF can hyperactivate MEN2B
[178,179], endogenous GDNF might additionally stimulate MEN2B
activity in mice. Homozygous MEN2B mice respond to cocaine
with an increased locomotor activity and longer travelled distances
compared to wild-type mice [180], suggesting a supersensitive
midbrain DA system. In line with this, and consistent with a mid-
brain DA development and/or maintenance promoting function of
GDNF/Ret signaling, homozygous MEN2B mice were found to
establish about 26% more midbrain DA neurons until adulthood,
specifically in the SN but not in the VTA region [180]. The MEN2B
mice also show more striatal TH and DAT protein levels, an ele-
vated dopamine synthesis rate, more striatal dopamine and dopa-
mine metabolites, a larger releasable dopamine pool in the
striatum, and an increased activity-dependent dopamine release
capacity in SN DA neurons [180,181]. It remains an open question
if reduced cell death of DA neurons or increased proliferation and
altered differentiation of DA progenitor cells lead to the enlarged
DA system in MEN2B mice. This in vivo MEN2B phenotype sup-
ports the view that Ret activation is the primary target of GDNF
to trigger DA cell survival. The SN specific DA neuron phenotype
of MEN2B mice and Ret-deficient mice suggest that Ret activity
is limiting for the establishment and maintenance of SN DA neu-
rons in mice and that tight regulation of Ret signaling is required
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to maintain the DA system in a normal state. Ret signaling seems a
critical modulator for development and maintenance of SN DA
neurons, which are highly vulnerable to degeneration in PD. Thus
manipulation of Ret signaling might offer a molecular tool for a
pharmacological neuroprotective strategy for PD patients.

In this context it is interesting to mention, that in the sub-
chronic MPTP-model of PD [122], young adult Ret-deficient mice
not yet showing a DA neurodegeneration phenotype did not dis-
play an increased DA cell vulnerability to the toxin. However, the
axonal resprouting within the striatum was completely abolished
[182]. In contrast, in the 6-OHDA model of PD, young adult MEN2B
mice challenged with 6-OHDA in the striatum and analyzed after
3 weeks were shown to have more surviving SN DA neurons but
the striatal dopamine loss was similar to 6-OHDA treated wildtype
mice [183]. The striatal DA innervation at 3 weeks and the possible
resprouting effect occurring over several months in the 6-OHDA
model was not assessed in MEN2B mice, but was shown to be
enhanced in wild-type mice with viral GDNF expression [184]. Fur-
ther experiments are needed to better understand the neuropro-
tective and regenerative effects of MEN2B and Ret, respectively,
and to determine whether GDNF can still provide its neuroprotec-
tive and regenerative effects in these mouse models.

6. Possible role of GDNF/Ret in PD pathology and therapy

Despite the Ret knockout and MEN2B mouse phenotypes in the
SN DA neurons, so far no Mendelian mutations in the genes encod-
ing GDNF, GFRa1, or Ret have been found in PD patients. This is
most likely due to the essential function of GDNF/Ret signaling
during mammalian development outside the midbrain DA system
(e.g. kidney development). Most homozygotes loss-of-function
mutations of GDNF, GFRa1, and Ret hitting the whole body might
therefore be lethal. Some loss- and gain-of-function mutations of
Ret have been well demonstrated to be viable in humans but lead
to severe diseases. These Ret mutations will be mentioned here,
although their brains have not yet been analyzed for the above
mentioned alterations. It has not yet been investigated whether
the brain is affected and might show an enlarged midbrain DA sys-
tem in MEN2B patients (autosomal dominant inherited or de novo
mutation in the sperm from the father) or if this makes them less
prone to develop PD; in the past, a patient’s life expectation was
short, which may have hindered this analysis [185]. Likewise, the
short life of Hirschsprung disease patients, 50% of whom also carry
a Ret loss-of-function mutation (autosomal dominant inherited or
a de novo mutation), might have prevented analysis of aged brains
and their susceptibility to develop PD [186]. One single-nucleotide
polymorphism (SNP) analysis revealed a linkage of Ret with PD
[187], while other studies found no linkage of GDNF and Ret SNPs
with PD [188,189]. In addition, one compound heterozygous PD
patient was described who carried a mutation in Ret and in the
neuroprotective immunophilin FKBP52 (also known as FKPB4).
These mutations are sufficient to disrupt the RET51/FKBP52 com-
plex formation normally triggered by GDNF stimulation in cultured
cells [190].

Nevertheless, as illustrated in Fig. 3 and detailed bellow,
increasing evidence suggests that the protein network regulated
by GDNF/Ret signaling is overlapping or even identical with the
protein network that is altered in PD patients. The first reported
crosstalk between these pathway components was of Ret with a
protein mutated in some rare familial forms of PD, the chaperon
DJ-1 (PARK7, autosomal recessive loss of function mutation). DJ-1
was found to be neuroprotective against oxidative stress and
environmental toxins and localized to mitochondria [14,191,192].
Ret and DJ-1 double-deficient mice showed an accelerated degen-
eration of SN DA neurons compared to the mild loss observed in
Ret-deficient mice and the absence of histological alteration in
DJ-1 knockout mice [193]. Loss of DJ-1 in the Ret-deficient back-
ground did not, however, worsen the striatal DA innervation loss
of Ret-deficient mice. Using the Drosophila eye as a genetic screen-
ing tool, DJ-1 and Ret were found to genetically interact and to
specifically activate the Ras/MAPK, but not the PI3K/Akt signaling
cascade [193]. Also Ret and DJ-1 proteins are not known to physi-
cally interact and bind to each other their signaling converges and
overlaps in activating the Ras/MAPK pathway. In addition, induci-
ble loss of DJ-1 in SH-SY5Y cells was shown to trigger hypoxia and
the production of reactive oxygen species that stabilize the
hypoxia-inducible factor-1a (HIF-1a). HIF-1a expression was cor-
related with down-regulation of Ret protein levels, while overex-
pression of DJ-1 increased Ret protein levels [194].

Recently GDNF/Ret signaling was also linked to a-synuclein
(PARK1 and PARK4, autosomal dominate mutation), a ubiquitously
expressed protein of the brain and the main component of Lewy
bodies and neurites (protein aggregates frequently found in PD
patients). a-Synuclein gain-of-function mutations or genomic a-
synuclein gene (SNCA) multiplications can lead to PD [14,195].
While the physiological function of a-synuclein is still not entirely
clear, it is known to ensure synapse function by associating with DA
vesicles. Misfolded and aggregated a-synuclein seems to be toxic
for mitochondria, general protein expression, degradation of orga-
nelles and neighboring cells [196,197]. In a rat PDmodel, viral over-
expression of GDNF in the SN or in the striatum was not protective
against viral overexpression of human wild-type a-synuclein in the
SN [198–200]. In this model, the orphan nuclear receptor Nurr1 and
Ret, its downstream target, were found to be transcriptionally
down-regulated by a-synuclein accumulation. Reduced Ret protein
levels might have prevented the GDNF-induced survival response
in midbrain DA neurons [199]. This study also linked GDNF/Ret sig-
naling to Nurr1 (autosomal recessive loss of function mutation),
another protein found to be mutated in a rare familial form of PD
[201]. Together with the CoREST repressor complex, sumoylated
Nurr1 was previously shown to repress NF-jB induced inflamma-
tory gene expression in astrocytes and microglia in lipopolysaccha-
ride or a-synuclein overexpression models of PD, and thereby to
prevent SN DA degeneration [202,203]. Nurr1 is required for main-
tenance of DA neurons and is proposed to stimulate mitochondrial
gene and Ret expression [199,204–206]. The negative effect of a-
synuclein overexpression on Nurr1 and Ret expression was thought
to be a possible explanation for the observation that GDNF has
shown no beneficial effect in clinical phase II trials on PD patients,
whomight have higha-synuclein protein levels [54,129,207]. How-
ever, so far no [207] or only mild [199] reductions of Ret mRNA and
protein levels were found in the SN of PD patients, making this
hypothesis less likely.

Genetic crosstalk has also been reported between Ret and
another PD-associated protein, the PTEN-induced putative
kinase 1 (PINK1) (PARK6, autosomal recessive loss of function
mutation), a mitochondria-associated Ser/Thr kinase involved in
initiating mitophagy for removal of damaged mitochondria
[14,192,208,209]. PINK1 has been shown to phosphorylate ubiqui-
tin and parkin and thereby activate and recruit parkin to mitochon-
dria [210–212]. Parkin (PARK2, autosomal recessive loss of
function mutation), an E3 ubiquitin ligase that insures mitochon-
drial integrity by stimulating mitogenesis and regulating mito-
chondrial fission and fusion, is also a PD-associated protein.
Together with PINK1, parkin promotes autophagy of damaged
and depolarized mitochondria [14,192,209,213]. Co-expressing
Drosophila Ret with the MEN2B mutation (Met918Thr) in the
Drosophila indirect flight muscle rescued the mitochondrial
morphology and muscle degeneration phenotype in PINK1 loss-
of-function mutant flies [214]. Expressing the Drosophila MEN2B



Fig. 3. Signaling network of GDNF/Ret with proteins encoded by genes mutated in some familial forms of Parkinson disease. DJ-1 (PARK7) is involved in GDNF/Ret cell
survival signaling through the RAS/MAPK pathway and stimulates Ret expression. a-Synuclein (PARK1 and 4) inhibits Nurr1 and Ret expression. PINK1 (PARK6) and GDNF/
Ret together control mitochondrial morphology and complex I activity. GDNF/Ret and parkin (PARK 2) signaling converges on mitochondrial morphology and complex I
regulation. GDNF/Ret and parkin (PARK2) signaling also converges on mitochondrial morphology and complex I regulation by stimulating complex I activity and interacting
with the NF-jB pathway to preserve mitochondrial integrity (see text for further details).
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protein in flies also prevented the mitochondrial morphological
alterations in Drosophila PINK1-deficient DA neurons and in mam-
malian SH-SY5Y cells. In addition, MEN2B expression rescued the
oxygen consumption in PINK1 knock-down SH-SY5Y cells and also
the reduced ATP levels and complex I activity in thorax extracts
from PINK1 deficient Drosophila [214]. Surprisingly, fly MEN2B
did not rescue the muscle degeneration, mitochondrial morpholog-
ical alterations in muscle and DA cells, or the ATP generation and
complex I activity reduction in the thorax of parkin-deficient flies.
Neither carbonyl cyanide m-chlorophenyl hydrazone (CCCP)
induced parkin recruitment to mitochondria, nor mitophagy in
parkin overexpressing SH-SY5Y cells, was prevented by MEN2B
overexpression or GDNF/GFRa1 stimulation [214]. The work
described above clearly showed beneficial effects of GDNF/Ret sig-
naling in PINK1 loss-of-function conditions, but it left open the
question of whether GDNF/Ret signaling intersects with that of
parkin, which has now been addressed in a publication this year.

Mice that were double-deficient for parkin and Ret in midbrain
DA neurons showed an accelerated SN DA cell and striatal DA
innervation loss compared to the moderate degeneration in Ret-
deficient mice and absence of alterations in parkin-deficient mice
[139]. The down-regulation of parkin and Ret simultaneously led
to impaired mitochondrial integrity in mice and SH-SY5Y cells.
On the other hand, elevated expression of parkin protected the
DA system of aged Ret-deficient mice [139]. Furthermore, in
SH-SY5Y cells, parkin and GDNF/Ret could substitute for each other
to ensure proper mitochondrial function and morphology by con-
verging signaling cascades that activate NF-jB. Ret is known to
activates NF-jB through the PI3K pathway [139]. Taken together,
this work revealed an essential in vivo survival function linking
parkin and the GDNF/Ret signaling cascade to maintain both the
highly vulnerable SN DA neurons and, in contrast to GDNF/Ret
and DJ-1 crosstalk [193], also the DA innervation in the striatum
[139,215].

In summary, GDNF/Ret seems to signal together with proteins
encoded by PD-linked genes such as DJ-1, PINK1, parkin, a-
synuclein and Nurr1 in flies and mice. These studies emphasize
the influence of GDNF/Ret and PD-associated proteins on mito-
chondria function, which is frequently altered in PD patients
[216–218]. The intersection of GDNF/Ret with proteins found to
be mutated in some familiar forms of PD are most likely just the
tip of the iceberg and exciting undiscovered interactions can be
found in the future.

7. Summary and future prospects

GDNF/GFRa1/Ret signaling seems to be an important modulator
of DA midbrain neuron development and maintenance under both
physiological and pathophysiological conditions such as PD. GDNF
and Ret can signal together as well as independently of each other.
GDNF and Ret signaling shows a tight intersection with the net-
work of proteins encoded by genes found to be mutated in familial
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forms of PD to ensure mitochondrial integrity. Despite the great
progress made in recent years, detailed functions and underlying
molecular mechanisms of GDNF/GFRa1/Ret signaling still need to
be resolved.

When it was thought that GDNF was absolutely required for
catecholaminergic neuron maintenance, and that Ret only pro-
moted maintenance of a subpopulation of SN DA neurons, the anal-
ysis of compensatory mechanisms and alternative GDNF receptors
seemed to be an urgent question. Considering that GDNF might be
dispensable for midbrain DA system development and mainte-
nance, an equally important question now seems to be which Ret
ligand (if not GDNF) stimulates Ret to ensure survival of SN DA
neurons during aging and in PD, and which additional neu-
rotrophic factors might be essential for the midbrain DA system
development and maintenance.

The findings summarized here support the on-going clinical
phase I and II trials with GDNF and other GFR members, such as
neurturin, for therapy for PD patients. As summarized in several
recent reviews, GDNF and Ret hold still great promise for the treat-
ment of PD, if the remaining technical problems might be over-
come to show their full potential [21,54,128,129]. The critical
task here is still to prove that the beneficial effects of GFLs
described in many animal models of PD can be reproduced in
human PD patients. In this context, identifying which GDNF recep-
tors and downstream signaling cascades are involved in mediating
the beneficial effects of exogenously provided GFLs might help to
develop new and more efficient strategies to enhance neurotrophic
signaling for DA system maintenance and regeneration.

In conclusion, the complex GDNF and Ret signaling events in DA
neurons remain an exciting and promising field for basic and
applied research with important therapeutic implications and
many surprising findings are anticipated.

Conflict of interest

The authors have declared that no conflict of interest exists.

Acknowledgments

The authors apologize to all of the colleagues whose work could
not be cited due to space constraints. ERK is supported by grants
from the DFG (KR 3529/4-1) and the town of Hamburg (Lexi). BL
is supported by grants from the DFG (LI1745/1), the FWF (SFB
F4412) and the Alfried Krupp Foundation. Many thanks to Robert
Schorner, Julia Kuhl and Dörte Clausen for her help with the gra-
phic design and to the whole Kramer lab and Rosemary Clyne for
fruitful discussion.

References

[1] Bjorklund, A. and Dunnett, S.B. (2007) Dopamine neuron systems in the
brain: an update. Trends Neurosci. 30, 194–202.

[2] Leknes, S. and Tracey, I. (2008) A common neurobiology for pain and
pleasure. Nat. Rev. Neurosci. 9, 314–320.

[3] Ungless, M.A. and Grace, A.A. (2012) Are you or aren’t you? Challenges
associated with physiologically identifying dopamine neurons. Trends
Neurosci. 35, 422–430.

[4] Lammel, S., Lim, B.K., Ran, C., Huang, K.W., Betley, M.J., Tye, K.M., Deisseroth,
K. and Malenka, R.C. (2012) Input-specific control of reward and aversion in
the ventral tegmental area. Nature 491, 212–217.

[5] Bourdy, R. and Barrot, M. (2012) A new control center for dopaminergic
systems: pulling the VTA by the tail. Trends Neurosci. 35, 681–690.

[6] Jhou, T.C. et al. (2013) Cocaine drives aversive conditioning via delayed
activation of dopamine-responsive habenular and midbrain pathways. J.
Neurosci. 33, 7501–7512.

[7] Volman, S.F., Lammel, S., Margolis, E.B., Kim, Y., Richard, J.M., Roitman, M.F.
and Lobo, M.K. (2013) New insights into the specificity and plasticity of
reward and aversion encoding in the mesolimbic system. J. Neurosci. 33,
17569–17576.
[8] Beier, K.T. et al. (2015) Circuit architecture of VTA dopamine neurons
revealed by systematic input-output mapping. Cell 162, 622–634.

[9] Lerner, T.N. et al. (2015) Intact-brain analyses reveal distinct information
carried by SNc dopamine subcircuits. Cell 162, 635–647.

[10] Hoglinger, G.U. et al. (2015) A new dopaminergic nigro-olfactory projection.
Acta Neuropathol. 130, 333–348.

[11] Obeso, J.A., Rodriguez, M.C., Guridi, J., Alvarez, L., Alvarez, E., Macias, R.,
Juncos, J.L. and DeLong, M. (2001) Lesion of the basal ganglia and surgery for
Parkinson disease. Arch. Neurol. 58, 1165–1166.

[12] Goedert, M., Spillantini, M.G., Del Tredici, K. and Braak, H. (2013) 100 years of
Lewy pathology. Nat. Rev. Neurol. 9, 13–24.

[13] Dauer, W. and Przedborski, S. (2003) Parkinson’s disease: mechanisms and
models. Neuron 39, 889–909.

[14] Farrer, M.J. (2006) Genetics of Parkinson disease: paradigm shifts and future
prospects. Nat. Rev. Genet. 7, 306–318.

[15] Lammel, S., Hetzel, A., Hackel, O., Jones, I., Liss, B. and Roeper, J. (2008) Unique
properties of mesoprefrontal neurons within a dual mesocorticolimbic
dopamine system. Neuron 57, 760–773.

[16] Lammel, S., Steinberg, E.E., Foldy, C., Wall, N.R., Beier, K., Luo, L. and Malenka,
R.C. (2015) Diversity of transgenic mouse models for selective targeting of
midbrain dopamine neurons. Neuron 85, 429–438.

[17] Airaksinen, M.S. and Saarma, M. (2002) The GDNF family: signalling,
biological functions and therapeutic value. Nat. Rev. Neurosci. 3, 383–394.

[18] Dawson, T.M., Ko, H.S. and Dawson, V.L. (2010) Genetic animal models of
Parkinson’s disease. Neuron 66, 646–661.

[19] Brichta, L. and Greengard, P. (2014) Molecular determinants of selective
dopaminergic vulnerability in Parkinson’s disease: an update. Front.
Neuroanat. 8, 152.

[20] Lanni, C., Stanga, S., Racchi, M. and Govoni, S. (2010) The expanding universe
of neurotrophic factors: therapeutic potential in aging and age-associated
disorders. Curr. Pharm. Des. 16, 698–717.

[21] Aron, L. and Klein, R. (2011) Repairing the parkinsonian brain with
neurotrophic factors. Trends Neurosci. 34, 88–100.

[22] Hamburger, V. and Levi-Montalcini, R. (1949) Proliferation, differentiation
and degeneration in the spinal ganglia of the chick embryo under normal and
experimental conditions. J. Exp. Zool. 111, 457–501.

[23] Lin, L.F., Doherty, D.H., Lile, J.D., Bektesh, S. and Collins, F. (1993) GDNF: a glial
cell line-derived neurotrophic factor for midbrain dopaminergic neurons.
Science 260, 1130–1132.

[24] Kramer, E.R., Knott, L., Su, F., Dessaud, E., Krull, C.E., Helmbacher, F. and Klein,
R. (2006) Cooperation between GDNF/Ret and ephrinA/EphA4 signals for
motor-axon pathway selection in the limb. Neuron 50, 35–47.

[25] Zhang, C., Jin, Y., Ziemba, K.S., Fletcher, A.M., Ghosh, B., Truit, E., Yurek, D.M.
and Smith, G.M. (2013) Long distance directional growth of dopaminergic
axons along pathways of netrin-1 and GDNF. Exp. Neurol. 250, 156–164.

[26] Lewin, G.R. and Barde, Y.A. (1996) Physiology of the neurotrophins. Annu.
Rev. Neurosci. 19, 289–317.

[27] Krieglstein, K. (2004) Factors promoting survival of mesencephalic
dopaminergic neurons. Cell Tissue Res. 318, 73–80.

[28] Chen, Z., Chai, Y., Cao, L., Huang, A., Cui, R., Lu, C. and He, C. (2001) Glial cell
line-derived neurotrophic factor promotes survival and induces
differentiation through the phosphatidylinositol 3-kinase and mitogen-
activated protein kinase pathway respectively in PC12 cells. Neuroscience
104, 593–598.

[29] Yamada, K. (2008) Endogenous modulators for drug dependence. Biol. Pharm.
Bull. 31, 1635–1638.

[30] Bibel, M. and Barde, Y.A. (2000) Neurotrophins: key regulators of cell fate and
cell shape in the vertebrate nervous system. Genes Dev. 14, 2919–2937.

[31] Altar, C.A. and DiStefano, P.S. (1998) Neurotrophin trafficking by anterograde
transport. Trends Neurosci. 21, 433–437.

[32] Reynolds, A.J., Bartlett, S.E. and Hendry, I.A. (2000) Molecular mechanisms
regulating the retrograde axonal transport of neurotrophins. Brain Res. Brain
Res. Rev. 33, 169–178.

[33] Cerchia, L., D’Alessio, A., Amabile, G., Duconge, F., Pestourie, C., Tavitian, B.,
Libri, D. and de Franciscis, V. (2006) An autocrine loop involving ret and glial
cell-derived neurotrophic factor mediates retinoic acid-induced
neuroblastoma cell differentiation. Mol. Cancer Res. 4, 481–488.

[34] Andressoo, J.O. and Saarma, M. (2008) Signalling mechanisms underlying
development and maintenance of dopamine neurons. Curr. Opin. Neurobiol.
18, 297–306.

[35] Popsueva, A., Poteryaev, D., Arighi, E., Meng, X., Angers-Loustau, A., Kaplan,
D., Saarma, M. and Sariola, H. (2003) GDNF promotes tubulogenesis of
GFRalpha1-expressing MDCK cells by Src-mediated phosphorylation of Met
receptor tyrosine kinase. J. Cell Biol. 161, 119–129.

[36] Peterson, A.L. and Nutt, J.G. (2008) Treatment of Parkinson’s disease with
trophic factors. Neurotherapeutics 5, 270–280.

[37] Trupp, M., Scott, R., Whittemore, S.R. and Ibanez, C.F. (1999) Ret-dependent
and -independent mechanisms of glial cell line-derived neurotrophic factor
signaling in neuronal cells. J. Biol. Chem. 274, 20885–20894.

[38] Burazin, T.C. and Gundlach, A.L. (1999) Localization of GDNF/neurturin
receptor (c-ret, GFRalpha-1 and alpha-2) mRNAs in postnatal rat brain:
differential regional and temporal expression in hippocampus, cortex and
cerebellum. Brain Res. Mol. Brain Res. 73, 151–171.

[39] Cho, J., Yarygina, O., Oo, T.F., Kholodilov, N.G. and Burke, R.E. (2004) Glial cell
line-derived neurotrophic factor receptor GFRalpha1 is expressed in the rat

http://refhub.elsevier.com/S0014-5793(15)00977-1/h0005
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0005
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0010
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0010
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0015
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0015
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0015
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0020
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0020
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0020
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0025
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0025
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0030
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0030
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0030
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0035
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0035
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0035
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0035
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0040
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0040
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0045
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0045
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0050
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0050
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0055
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0055
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0055
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0060
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0060
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0060
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0065
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0065
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0070
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0070
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0075
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0075
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0075
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0080
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0080
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0080
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0085
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0085
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0090
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0090
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0095
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0095
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0095
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0100
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0100
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0100
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0105
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0105
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0110
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0110
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0110
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0115
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0115
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0115
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0120
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0120
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0120
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0125
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0125
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0125
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0130
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0130
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0135
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0135
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0140
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0140
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0140
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0140
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0140
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0145
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0145
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0150
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0150
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0155
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0155
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0160
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0160
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0160
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0165
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0165
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0165
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0165
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0170
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0170
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0170
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0175
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0175
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0175
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0175
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0180
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0180
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0185
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0185
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0185
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0190
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0190
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0190
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0190
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0195
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0195


E.R. Kramer, B. Liss / FEBS Letters 589 (2015) 3760–3772 3769
striatum during postnatal development. Brain Res. Mol. Brain Res. 127, 96–
104.

[40] Charlet-Berguerand, N., Le Hir, H., Incoronato, M., di Porzio, U., Yu, Y., Jing, S.,
de Franciscis, V. and Thermes, C. (2004) Expression of GFRalpha1 receptor
splicing variants with different biochemical properties is modulated during
kidney development. Cell. Signal. 16, 1425–1434.

[41] Yoong, L.F., Peng, Z.N., Wan, G. and Too, H.P. (2005) Tissue expression of
alternatively spliced GFRalpha1, NCAM and RET isoforms and the distinct
functional consequence of ligand-induced activation of GFRalpha1 isoforms.
Brain Res. Mol. Brain Res. 139, 1–12.

[42] Yoong, L.F., Wan, G. and Too, H.P. (2009) GDNF-induced cell signaling and
neurite outgrowths are differentially mediated by GFRalpha1 isoforms. Mol.
Cell. Neurosci. 41, 464–473.

[43] Klein, R.D. et al. (1997) A GPI-linked protein that interacts with Ret to form a
candidate neurturin receptor. Nature 387, 717–721.

[44] Widenfalk, J., Nosrat, C., Tomac, A., Westphal, H., Hoffer, B. and Olson, L.
(1997) Neurturin and glial cell line-derived neurotrophic factor receptor-beta
(GDNFR-beta), novel proteins related to GDNF and GDNFR-alpha with
specific cellular patterns of expression suggesting roles in the developing
and adult nervous system and in peripheral organs. J. Neurosci. 17, 8506–
8519.

[45] Horger, B.A. et al. (1998) Neurturin exerts potent actions on survival and
function of midbrain dopaminergic neurons. J. Neurosci. 18, 4929–4937.

[46] Yu, T., Scully, S., Yu, Y., Fox, G.M., Jing, S. and Zhou, R. (1998) Expression of
GDNF family receptor components during development: implications in the
mechanisms of interaction. J. Neurosci. 18, 4684–4696.

[47] Homma, S., Oppenheim, R.W., Yaginuma, H. and Kimura, S. (2000) Expression
pattern of GDNF, c-ret, and GFRalphas suggests novel roles for GDNF ligands
during early organogenesis in the chick embryo. Dev. Biol. 217, 121–137.

[48] Durbec, P. et al. (1996) GDNF signalling through the Ret receptor tyrosine
kinase. Nature 381, 789–793.

[49] Treanor, J.J. et al. (1996) Characterization of a multicomponent receptor for
GDNF. Nature 382, 80–83.

[50] Trupp, M. et al. (1996) Functional receptor for GDNF encoded by the c-ret
proto-oncogene. Nature 381, 785–789.

[51] Paratcha, G., Ledda, F. and Ibanez, C.F. (2003) The neural cell adhesion
molecule NCAM is an alternative signaling receptor for GDNF family ligands.
Cell 113, 867–879.

[52] Chao, C.C., Ma, Y.L., Chu, K.Y. and Lee, E.H. (2003) Integrin alphav and NCAM
mediate the effects of GDNF on DA neuron survival, outgrowth, DA turnover
and motor activity in rats. Neurobiol. Aging 24, 105–116.

[53] Cao, J.P., Wang, H.J., Yu, J.K., Yang, H., Xiao, C.H. and Gao, D.S. (2008)
Involvement of NCAM in the effects of GDNF on the neurite outgrowth in the
dopamine neurons. Neurosci. Res. 61, 390–397.

[54] Kordower, J.H. and Bjorklund, A. (2013) Trophic factor gene therapy for
Parkinson’s disease. Mov. Disord. 28, 96–109.

[55] d’Anglemont de Tassigny, X., Pascual, A. and Lopez-Barneo, J. (2015) GDNF-
based therapies, GDNF-producing interneurons, and trophic support of the
dopaminergic nigrostriatal pathway. Implications for Parkinson’s disease.
Front. Neuroanat. 9, 10.

[56] Arenas, E., Trupp, M., Akerud, P. and Ibanez, C.F. (1995) GDNF prevents
degeneration and promotes the phenotype of brain noradrenergic neurons
in vivo. Neuron 15, 1465–1473.

[57] Henderson, C.E. et al. (1994) GDNF: a potent survival factor for motoneurons
present in peripheral nerve and muscle. Science 266, 1062–1064.

[58] Mount, H.T., Dean, D.O., Alberch, J., Dreyfus, C.F. and Black, I.B. (1995) Glial
cell line-derived neurotrophic factor promotes the survival and morphologic
differentiation of Purkinje cells. Proc. Natl. Acad. Sci. U.S.A. 92, 9092–9096.

[59] Fassler, R. and Meyer, M. (1995) Consequences of lack of beta 1 integrin gene
expression in mice. Genes Dev. 9, 1896–1908.

[60] Suter-Crazzolara, C. and Unsicker, K. (1994) GDNF is expressed in two forms
in many tissues outside the CNS. NeuroReport 5, 2486–2488.

[61] Trupp, M., Ryden, M., Jornvall, H., Funakoshi, H., Timmusk, T., Arenas, E. and
Ibanez, C.F. (1995) Peripheral expression and biological activities of GDNF, a
new neurotrophic factor for avian and mammalian peripheral neurons. J. Cell
Biol. 130, 137–148.

[62] Grimm, L., Holinski-Feder, E., Teodoridis, J., Scheffer, B., Schindelhauer, D.,
Meitinger, T. and Ueffing, M. (1998) Analysis of the human GDNF gene
reveals an inducible promoter, three exons, a triplet repeat within the 30-UTR
and alternative splice products. Hum. Mol. Genet. 7, 1873–1886.

[63] Lonka-Nevalaita, L., Lume, M., Leppanen, S., Jokitalo, E., Peranen, J. and
Saarma, M. (2010) Characterization of the intracellular localization,
processing, and secretion of two glial cell line-derived neurotrophic factor
splice isoforms. J. Neurosci. 30, 11403–11413.

[64] Wang, Y., Geng, Z., Zhao, L., Huang, S.H., Sheng, A.L. and Chen, Z.Y. (2008)
GDNF isoform affects intracellular trafficking and secretion of GDNF in
neuronal cells. Brain Res. 1226, 1–7.

[65] Geng, Z., Xu, F.Y., Huang, S.H. and Chen, Z.Y. (2011) Sorting protein-related
receptor SorLA controls regulated secretion of glial cell line-derived
neurotrophic factor. J. Biol. Chem. 286, 41871–41882.

[66] Glerup, S. et al. (2013) SorLA controls neurotrophic activity by sorting of
GDNF and its receptors GFRalpha1 and RET. Cell Rep. 3, 186–199.

[67] Bespalov, M.M. et al. (2011) Heparan sulfate proteoglycan syndecan-3 is a
novel receptor for GDNF, neurturin, and artemin. J. Cell Biol. 192, 153–169.

[68] Schaar, D.G., Sieber, B.A., Dreyfus, C.F. and Black, I.B. (1993) Regional and cell-
specific expression of GDNF in rat brain. Exp. Neurol. 124, 368–371.
[69] Nosrat, C.A. et al. (1996) Cellular expression of GDNF mRNA suggests
multiple functions inside and outside the nervous system. Cell Tissue Res.
286, 191–207.

[70] Trupp, M., Belluardo, N., Funakoshi, H. and Ibanez, C.F. (1997)
Complementary and overlapping expression of glial cell line-derived
neurotrophic factor (GDNF), c-ret proto-oncogene, and GDNF receptor-
alpha indicates multiple mechanisms of trophic actions in the adult rat
CNS. J. Neurosci. 17, 3554–3567.

[71] Lindvall, O. and Stenevi, U. (1978) Dopamine and noradrenaline neurons
projecting to the septal area in the rat. Cell Tissue Res. 190, 383–407.

[72] Scatton, B., Simon, H., Le Moal, M. and Bischoff, S. (1980) Origin of
dopaminergic innervation of the rat hippocampal formation. Neurosci. Lett.
18, 125–131.

[73] Panagopoulos, N.T., Papadopoulos, G.C. and Matsokis, N.A. (1991)
Dopaminergic innervation and binding in the rat cerebellum. Neurosci.
Lett. 130, 208–212.

[74] Batchelor, P.E., Liberatore, G.T., Wong, J.Y., Porritt, M.J., Frerichs, F., Donnan, G.
A. and Howells, D.W. (1999) Activated macrophages and microglia induce
dopaminergic sprouting in the injured striatum and express brain-derived
neurotrophic factor and glial cell line-derived neurotrophic factor. J.
Neurosci. 19, 1708–1716.

[75] Du, Y. and Dreyfus, C.F. (2002) Oligodendrocytes as providers of growth
factors. J. Neurosci. Res. 68, 647–654.

[76] Yang, D., Peng, C., Li, X., Fan, X., Li, L., Ming, M., Chen, S. and Le, W. (2008)
Pitx3-transfected astrocytes secrete brain-derived neurotrophic factor and
glial cell line-derived neurotrophic factor and protect dopamine neurons in
mesencephalon cultures. J. Neurosci. Res. 86, 3393–3400.

[77] Hidalgo-Figueroa, M., Bonilla, S., Gutierrez, F., Pascual, A. and Lopez-Barneo, J.
(2012) GDNF is predominantly expressed in the PV+ neostriatal
interneuronal ensemble in normal mouse and after injury of the
nigrostriatal pathway. J. Neurosci. 32, 864–872.

[78] Oo, T.F., Ries, V., Cho, J., Kholodilov, N. and Burke, R.E. (2005) Anatomical
basis of glial cell line-derived neurotrophic factor expression in the striatum
and related basal ganglia during postnatal development of the rat. J. Comp.
Neurol. 484, 57–67.

[79] Sanchez, M.P., Silos-Santiago, I., Frisen, J., He, B., Lira, S.A. and Barbacid, M.
(1996) Renal agenesis and the absence of enteric neurons in mice lacking
GDNF. Nature 382, 70–73.

[80] Pascual, A., Hidalgo-Figueroa, M., Piruat, J.I., Pintado, C.O., Gomez-Diaz, R. and
Lopez-Barneo, J. (2008) Absolute requirement of GDNF for adult
catecholaminergic neuron survival. Nat. Neurosci. 11, 755–761.

[81] Gonzalez-Reyes, L.E. et al. (2012) Sonic hedgehog maintains cellular and
neurochemical homeostasis in the adult nigrostriatal circuit. Neuron 75,
306–319.

[82] Moore, M.W. et al. (1996) Renal and neuronal abnormalities in mice lacking
GDNF. Nature 382, 76–79.

[83] Pichel, J.G. et al. (1996) Defects in enteric innervation and kidney
development in mice lacking GDNF. Nature 382, 73–76.

[84] Cacalano, G. et al. (1998) GFRalpha1 is an essential receptor component for
GDNF in the developing nervous system and kidney. Neuron 21, 53–62.

[85] Enomoto, H., Araki, T., Jackman, A., Heuckeroth, R.O., Snider, W.D., Johnson Jr.,
E.M. and Milbrandt, J. (1998) GFR alpha1-deficient mice have deficits in the
enteric nervous system and kidneys. Neuron 21, 317–324.

[86] Tomac, A.C. et al. (2000) Glial cell line-derived neurotrophic factor receptor
alpha1 availability regulates glial cell line-derived neurotrophic factor
signaling: evidence from mice carrying one or two mutated alleles.
Neuroscience 95, 1011–1023.

[87] Jackson-Lewis, V. et al. (2000) Developmental cell death in
dopaminergic neurons of the substantia nigra of mice. J. Comp. Neurol.
424, 476–488.

[88] Burke, R.E. (2004) Ontogenic cell death in the nigrostriatal system. Cell Tissue
Res. 318, 63–72.

[89] Kholodilov, N., Yarygina, O., Oo, T.F., Zhang, H., Sulzer, D., Dauer, W. and
Burke, R.E. (2004) Regulation of the development of mesencephalic
dopaminergic systems by the selective expression of glial cell line-derived
neurotrophic factor in their targets. J. Neurosci. 24, 3136–3146.

[90] Hayashi, S. and McMahon, A.P. (2002) Efficient recombination in diverse
tissues by a tamoxifen-inducible form of Cre: a tool for temporally regulated
gene activation/inactivation in the mouse. Dev. Biol. 244, 305–318.

[91] Kopra, J. et al. (2015) GDNF is not required for catecholaminergic neuron
survival in vivo. Nat. Neurosci. 18, 319–322.

[92] Boger, H.A., Middaugh, L.D., Huang, P., Zaman, V., Smith, A.C., Hoffer, B.J.,
Tomac, A.C. and Granholm, A.C. (2006) A partial GDNF depletion leads to
earlier age-related deterioration of motor function and tyrosine hydroxylase
expression in the substantia nigra. Exp. Neurol. 202, 336–347.

[93] Airavaara, M., Planken, A., Gaddnas, H., Piepponen, T.P., Saarma, M. and
Ahtee, L. (2004) Increased extracellular dopamine concentrations and FosB/
DeltaFosB expression in striatal brain areas of heterozygous GDNF knockout
mice. Eur. J. Neurosci. 20, 2336–2344.

[94] Gerlai, R., McNamara, A., Choi-Lundberg, D.L., Armanini, M., Ross, J., Powell-
Braxton, L. and Phillips, H.S. (2001) Impaired water maze learning
performance without altered dopaminergic function in mice heterozygous
for the GDNF mutation. Eur. J. Neurosci. 14, 1153–1163.

[95] Zaman, V. et al. (2008) The nigrostriatal dopamine system of aging GFRalpha-
1 heterozygous mice: neurochemistry, morphology and behavior. Eur. J.
Neurosci. 28, 1557–1568.

http://refhub.elsevier.com/S0014-5793(15)00977-1/h0195
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0195
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0200
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0200
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0200
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0200
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0205
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0205
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0205
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0205
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0210
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0210
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0210
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0215
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0215
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0220
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0220
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0220
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0220
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0220
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0220
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0225
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0225
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0230
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0230
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0230
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0235
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0235
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0235
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0240
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0240
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0245
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0245
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0250
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0250
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0255
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0255
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0255
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0260
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0260
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0260
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0265
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0265
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0265
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0270
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0270
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0275
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0275
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0275
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0275
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0280
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0280
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0280
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0285
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0285
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0290
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0290
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0290
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0295
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0295
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0300
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0300
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0305
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0305
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0305
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0305
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0310
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0310
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0310
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0310
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0310
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0315
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0315
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0315
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0315
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0320
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0320
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0320
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0325
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0325
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0325
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0330
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0330
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0335
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0335
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0340
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0340
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0345
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0345
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0345
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0350
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0350
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0350
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0350
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0350
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0355
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0355
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0360
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0360
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0360
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0365
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0365
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0365
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0370
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0370
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0370
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0370
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0370
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0375
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0375
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0380
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0380
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0380
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0380
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0385
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0385
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0385
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0385
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0390
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0390
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0390
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0390
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0395
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0395
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0395
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0400
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0400
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0400
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0405
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0405
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0405
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0410
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0410
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0415
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0415
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0420
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0420
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0425
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0425
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0425
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0430
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0430
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0430
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0430
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0435
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0435
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0435
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0440
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0440
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0445
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0445
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0445
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0445
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0450
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0450
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0450
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0455
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0455
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0460
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0460
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0460
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0460
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0465
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0465
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0465
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0465
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0470
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0470
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0470
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0470
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0475
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0475
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0475


3770 E.R. Kramer, B. Liss / FEBS Letters 589 (2015) 3760–3772
[96] Boger, H.A., Middaugh, L.D., Zaman, V., Hoffer, B. and Granholm, A.C. (2008)
Differential effects of the dopamine neurotoxin MPTP in animals with a
partial deletion of the GDNF receptor, GFR alpha1, gene. Brain Res. 1241, 18–
28.

[97] Pascual, A. and Lopez-Barneo, J. (2015) Reply to ‘‘GDNF is not required for
catecholaminergic neuron survival in vivo”. Nat. Neurosci. 18, 322–323.

[98] Hebert, M.A. and Gerhardt, G.A. (1997) Behavioral and neurochemical effects
of intranigral administration of glial cell line-derived neurotrophic factor on
aged Fischer 344 rats. J. Pharmacol. Exp. Ther. 282, 760–768.

[99] Hebert, M.A., Van Horne, C.G., Hoffer, B.J. and Gerhardt, G.A. (1996)
Functional effects of GDNF in normal rat striatum: presynaptic studies
using in vivo electrochemistry and microdialysis. J. Pharmacol. Exp. Ther.
279, 1181–1190.

[100] Pothos, E.N., Davila, V. and Sulzer, D. (1998) Presynaptic recording of quanta
from midbrain dopamine neurons and modulation of the quantal size. J.
Neurosci. 18, 4106–4118.

[101] Bourque, M.J. and Trudeau, L.E. (2000) GDNF enhances the synaptic efficacy
of dopaminergic neurons in culture. Eur. J. Neurosci. 12, 3172–3180.

[102] Yang, F., Feng, L., Zheng, F., Johnson, S.W., Du, J., Shen, L., Wu, C.P. and Lu, B.
(2001) GDNF acutely modulates excitability and A-type K(+) channels in
midbrain dopaminergic neurons. Nat. Neurosci. 4, 1071–1078.

[103] Liss, B., Franz, O., Sewing, S., Bruns, R., Neuhoff, H. and Roeper, J. (2001)
Tuning pacemaker frequency of individual dopaminergic neurons by Kv4.3L
and KChip3.1 transcription. EMBO J. 20, 5715–5724.

[104] Subramaniam, M., Althof, D., Gispert, S., Schwenk, J., Auburger, G., Kulik, A.,
Fakler, B. and Roeper, J. (2014) Mutant alpha-synuclein enhances firing
frequencies in dopamine substantia nigra neurons by oxidative impairment
of A-type potassium channels. J. Neurosci. 34, 13586–13599.

[105] Xu, K. and Dluzen, D.E. (2000) The effect of GDNF on nigrostriatal
dopaminergic function in response to a two-pulse K(+) stimulation. Exp.
Neurol. 166, 450–457.

[106] Grondin, R., Cass, W.A., Zhang, Z., Stanford, J.A., Gash, D.M. and Gerhardt, G.A.
(2003) Glial cell line-derived neurotrophic factor increases stimulus-evoked
dopamine release and motor speed in aged rhesus monkeys. J. Neurosci. 23,
1974–1980.

[107] Gomes, C.A., Vaz, S.H., Ribeiro, J.A. and Sebastiao, A.M. (2006) Glial cell line-
derived neurotrophic factor (GDNF) enhances dopamine release from striatal
nerve endings in an adenosine A2A receptor-dependent manner. Brain Res.
1113, 129–136.

[108] Beck, K.D., Irwin, I., Valverde, J., Brennan, T.J., Langston, J.W. and Hefti, F.
(1996) GDNF induces a dystonia-like state in neonatal rats and stimulates
dopamine and serotonin synthesis. Neuron 16, 665–673.

[109] Xiao, H., Hirata, Y., Isobe, K. and Kiuchi, K. (2002) Glial cell line-derived
neurotrophic factor up-regulates the expression of tyrosine hydroxylase
gene in human neuroblastoma cell lines. J. Neurochem. 82, 801–808.

[110] Salvatore, M.F. et al. (2004) Striatal GDNF administration increases tyrosine
hydroxylase phosphorylation in the rat striatum and substantia nigra. J.
Neurochem. 90, 245–254.

[111] Consales, C., Volpicelli, F., Greco, D., Leone, L., Colucci-D’Amato, L., Perrone-
Capano, C. and di Porzio, U. (2007) GDNF signaling in embryonic midbrain
neurons in vitro. Brain Res. 1159, 28–39.

[112] Zhu, S. et al. (2015) Identification of a Vav2-dependent mechanism for GDNF/
Ret control of mesolimbic DAT trafficking. Nat. Neurosci. 18, 1084–1093.

[113] Michel, P.P., Toulorge, D., Guerreiro, S. and Hirsch, E.C. (2013) Specific needs
of dopamine neurons for stimulation in order to survive: implication for
Parkinson disease. FASEB J. 27, 3414–3423.

[114] Surmeier, D.J. and Schumacker, P.T. (2013) Calcium, bioenergetics, and
neuronal vulnerability in Parkinson’s disease. J. Biol. Chem. 288, 10736–
10741.

[115] Dragicevic, E., Schiemann, J. and Liss, B. (2015) Dopamine midbrain neurons
in health and Parkinson’s disease: emerging roles of voltage-gated calcium
channels and ATP-sensitive potassium channels. Neuroscience 284, 798–814.

[116] Beaulieu, J.M., Espinoza, S. and Gainetdinov, R.R. (2015) Dopamine receptors
– IUPHAR review 13. Br. J. Pharmacol. 172, 1–23.

[117] Meiser, J., Weindl, D. and Hiller, K. (2013) Complexity of dopamine
metabolism. Cell Commun. Signal. 11, 34.

[118] Rice, M.E., Patel, J.C. and Cragg, S.J. (2011) Dopamine release in the basal
ganglia. Neuroscience 198, 112–137.

[119] Uchida, S. et al. (2011) Epigenetic status of Gdnf in the ventral striatum
determines susceptibility and adaptation to daily stressful events. Neuron
69, 359–372.

[120] Messer, C.J. et al. (2000) Role for GDNF in biochemical and behavioral
adaptations to drugs of abuse. Neuron 26, 247–257.

[121] Carnicella, S., Kharazia, V., Jeanblanc, J., Janak, P.H. and Ron, D. (2008) GDNF
is a fast-acting potent inhibitor of alcohol consumption and relapse. Proc.
Natl. Acad. Sci. U.S.A. 105, 8114–8119.

[122] Schober, A. (2004) Classic toxin-induced animal models of Parkinson’s
disease: 6-OHDA and MPTP. Cell Tissue Res. 318, 215–224.

[123] Blesa, J. and Przedborski, S. (2014) Parkinson’s disease: animal models and
dopaminergic cell vulnerability. Front. Neuroanat. 8, 155.

[124] Georgievska, B., Kirik, D. and Bjorklund, A. (2004) Overexpression of glial cell
line-derived neurotrophic factor using a lentiviral vector induces time- and
dose-dependent downregulation of tyrosine hydroxylase in the intact
nigrostriatal dopamine system. J. Neurosci. 24, 6437–6445.

[125] Kirik, D., Georgievska, B. and Bjorklund, A. (2004) Localized striatal delivery
of GDNF as a treatment for Parkinson disease. Nat. Neurosci. 7, 105–110.
[126] Gash, D.M., Zhang, Z., Ai, Y., Grondin, R., Coffey, R. and Gerhardt, G.A. (2005)
Trophic factor distribution predicts functional recovery in parkinsonian
monkeys. Ann. Neurol. 58, 224–233.

[127] Smith, A.D., Kozlowski, D.A., Bohn, M.C. and Zigmond, M.J. (2005) Effect of
AdGDNF on dopaminergic neurotransmission in the striatum of 6-OHDA-
treated rats. Exp. Neurol. 193, 420–426.

[128] Coune, P.G., Schneider, B.L. and Aebischer, P. (2012) Parkinson’s disease: gene
therapies. Cold Spring Harb. Perspect. Med. 2, a009431.

[129] Domanskyi, A., Saarma, M. and Airavaara, M. (2015) Prospects of
neurotrophic factors for Parkinson’s disease: comparison of protein and
gene therapy. Hum. Gene Ther. 26, 550–559.

[130] Cao, J.P., Yu, J.K., Li, C., Sun, Y., Yuan, H.H., Wang, H.J. and Gao, D.S. (2008)
Integrin beta1 is involved in the signaling of glial cell line-derived
neurotrophic factor. J. Comp. Neurol. 509, 203–210.

[131] Zuo, T., Qin, J.Y., Chen, J., Shi, Z., Liu, M., Gao, X. and Gao, D. (2013)
Involvement of N-cadherin in the protective effect of glial cell line-derived
neurotrophic factor on dopaminergic neuron damage. Int. J. Mol. Med. 31,
561–568.

[132] Marcos, C. and Pachnis, V. (1996) The effect of the ret- mutation on the
normal development of the central and parasympathetic nervous systems.
Int. J. Dev. Biol. (Suppl. 1), 137S–138S.

[133] Nosrat, C.A., Tomac, A., Hoffer, B.J. and Olson, L. (1997) Cellular and
developmental patterns of expression of Ret and glial cell line-derived
neurotrophic factor receptor alpha mRNAs. Exp. Brain Res. 115, 410–422.

[134] Trupp, M., Raynoschek, C., Belluardo, N. and Ibanez, C.F. (1998) Multiple GPI-
anchored receptors control GDNF-dependent and independent activation of
the c-Ret receptor tyrosine kinase. Mol. Cell. Neurosci. 11, 47–63.

[135] Golden, J.P., DeMaro, J.A., Osborne, P.A., Milbrandt, J. and Johnson Jr., E.M.
(1999) Expression of neurturin, GDNF, and GDNF family-receptor mRNA in
the developing and mature mouse. Exp. Neurol. 158, 504–528.

[136] Serra, M.P., Quartu, M., Mascia, F., Manca, A., Boi, M., Pisu, M.G., Lai, M.L. and
Del Fiacco, M. (2005) Ret, GFRalpha-1, GFRalpha-2 and GFRalpha-3 receptors
in the human hippocampus and fascia dentata. Int. J. Dev. Neurosci. 23, 425–
438.

[137] Jain, S., Golden, J.P., Wozniak, D., Pehek, E., Johnson Jr., E.M. and Milbrandt, J.
(2006) RET is dispensable for maintenance of midbrain dopaminergic
neurons in adult mice. J. Neurosci. 26, 11230–11238.

[138] Kramer, E.R., Aron, L., Ramakers, G.M., Seitz, S., Zhuang, X., Beyer, K., Smidt,
M.P. and Klein, R. (2007) Absence of Ret signaling in mice causes progressive
and late degeneration of the nigrostriatal system. PLoS Biol. 5, e39.

[139] Meka, D.P. et al. (2015) Parkin cooperates with GDNF/RET signaling to
prevent dopaminergic neuron degeneration. J. Clin. Invest. 125, 1873–1885.

[140] Sariola, H. and Saarma, M. (2003) Novel functions and signalling pathways
for GDNF. J. Cell Sci. 116, 3855–3862.

[141] Ibanez, C.F. (2013) Structure and physiology of the RET receptor tyrosine
kinase. Cold Spring Harb. Perspect. Biol., 5.

[142] Tahira, T., Ishizaka, Y., Itoh, F., Sugimura, T. and Nagao, M. (1990)
Characterization of ret proto-oncogene mRNAs encoding two isoforms of
the protein product in a human neuroblastoma cell line. Oncogene 5, 97–
102.

[143] Myers, S.M., Eng, C., Ponder, B.A. and Mulligan, L.M. (1995) Characterization
of RET proto-oncogene 30 splicing variants and polyadenylation sites: a novel
C-terminus for RET. Oncogene 11, 2039–2045.

[144] Carter, M.T., Yome, J.L., Marcil, M.N., Martin, C.A., Vanhorne, J.B. and Mulligan,
L.M. (2001) Conservation of RET proto-oncogene splicing variants and
implications for RET isoform function. Cytogenet. Cell Genet. 95, 169–176.

[145] Matera, I. et al. (2000) CDNA sequence and genomic structure of the rat RET
proto-oncogene. DNA Seq. 11, 405–417.

[146] de Graaff, E., Srinivas, S., Kilkenny, C., D’Agati, V., Mankoo, B.S., Costantini, F.
and Pachnis, V. (2001) Differential activities of the RET tyrosine kinase
receptor isoforms during mammalian embryogenesis. Genes Dev. 15, 2433–
2444.

[147] Liu, X., Vega, Q.C., Decker, R.A., Pandey, A., Worby, C.A. and Dixon, J.E. (1996)
Oncogenic RET receptors display different autophosphorylation sites and
substrate binding specificities. J. Biol. Chem. 271, 5309–5312.

[148] Salvatore, D. et al. (2000) Tyrosines 1015 and 1062 are in vivo
autophosphorylation sites in ret and ret-derived oncoproteins. J. Clin.
Endocrinol. Metab. 85, 3898–3907.

[149] Tsui-Pierchala, B.A., Ahrens, R.C., Crowder, R.J., Milbrandt, J. and Johnson Jr., E.
M. (2002) The long and short isoforms of Ret function as independent
signaling complexes. J. Biol. Chem. 277, 34618–34625.

[150] Kawamoto, Y. et al. (2004) Identification of RET autophosphorylation sites by
mass spectrometry. J. Biol. Chem. 279, 14213–14224.

[151] Mulligan, L.M. (2014) RET revisited: expanding the oncogenic portfolio. Nat.
Rev. Cancer 14, 173–186.

[152] Cakir, M. and Grossman, A.B. (2009) Medullary thyroid cancer: molecular
biology and novel molecular therapies. Neuroendocrinology 90, 323–348.

[153] Ichihara, M., Murakumo, Y. and Takahashi, M. (2004) RET and
neuroendocrine tumors. Cancer Lett. 204, 197–211.

[154] Jain, S., Encinas, M., Johnson Jr., E.M. and Milbrandt, J. (2006) Critical and
distinct roles for key RET tyrosine docking sites in renal development. Genes
Dev. 20, 321–333.

[155] Encinas, M., Rozen, E.J., Dolcet, X., Jain, S., Comella, J.X., Milbrandt, J. and
Johnson Jr., E.M. (2008) Analysis of Ret knockin mice reveals a critical role for
IKKs, but not PI 3-K, in neurotrophic factor-induced survival of sympathetic
neurons. Cell Death Differ. 15, 1510–1521.

http://refhub.elsevier.com/S0014-5793(15)00977-1/h0480
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0480
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0480
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0480
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0485
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0485
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0485
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0490
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0490
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0490
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0495
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0495
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0495
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0495
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0500
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0500
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0500
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0505
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0505
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0510
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0510
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0510
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0515
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0515
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0515
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0520
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0520
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0520
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0520
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0525
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0525
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0525
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0530
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0530
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0530
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0530
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0535
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0535
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0535
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0535
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0540
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0540
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0540
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0545
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0545
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0545
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0550
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0550
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0550
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0555
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0555
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0555
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0560
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0560
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0565
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0565
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0565
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0570
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0570
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0570
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0575
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0575
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0575
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0580
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0580
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0585
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0585
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0590
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0590
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0595
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0595
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0595
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0600
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0600
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0605
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0605
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0605
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0610
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0610
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0615
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0615
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0620
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0620
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0620
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0620
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0625
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0625
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0630
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0630
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0630
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0635
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0635
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0635
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0640
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0640
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0645
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0645
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0645
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0650
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0650
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0650
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0655
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0655
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0655
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0655
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0660
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0660
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0660
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0665
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0665
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0665
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0670
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0670
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0670
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0675
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0675
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0675
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0680
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0680
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0680
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0680
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0685
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0685
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0685
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0690
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0690
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0690
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0695
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0695
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0700
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0700
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0705
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0705
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0710
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0710
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0710
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0710
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0715
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0715
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0715
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0715
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0720
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0720
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0720
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0725
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0725
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0730
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0730
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0730
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0730
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0735
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0735
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0735
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0740
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0740
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0740
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0745
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0745
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0745
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0750
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0750
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0755
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0755
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0760
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0760
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0765
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0765
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0770
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0770
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0770
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0775
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0775
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0775
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0775


E.R. Kramer, B. Liss / FEBS Letters 589 (2015) 3760–3772 3771
[156] Poteryaev, D., Titievsky, A., Sun, Y.F., Thomas-Crusells, J., Lindahl, M., Billaud,
M., Arumae, U. and Saarma, M. (1999) GDNF triggers a novel ret-independent
Src kinase family-coupled signaling via a GPI-linked GDNF receptor alpha1.
FEBS Lett. 463, 63–66.

[157] Tansey, M.G., Baloh, R.H., Milbrandt, J. and Johnson Jr., E.M. (2000) GFRalpha-
mediated localization of RET to lipid rafts is required for effective
downstream signaling, differentiation, and neuronal survival. Neuron 25,
611–623.

[158] Paratcha, G., Ledda, F., Baars, L., Coulpier, M., Besset, V., Anders, J., Scott, R.
and Ibanez, C.F. (2001) Released GFRalpha1 potentiates downstream
signaling, neuronal survival, and differentiation via a novel mechanism of
recruitment of c-Ret to lipid rafts. Neuron 29, 171–184.

[159] Richardson, D.S., Lai, A.Z. and Mulligan, L.M. (2006) RET ligand-induced
internalization and its consequences for downstream signaling. Oncogene
25, 3206–3211.

[160] Scott, R.P., Eketjall, S., Aineskog, H. and Ibanez, C.F. (2005) Distinct turnover
of alternatively spliced isoforms of the RET kinase receptor mediated by
differential recruitment of the Cbl ubiquitin ligase. J. Biol. Chem. 280, 13442–
13449.

[161] Pierchala, B.A., Milbrandt, J. and Johnson Jr., E.M. (2006) Glial cell line-
derived neurotrophic factor-dependent recruitment of Ret into lipid rafts
enhances signaling by partitioning Ret from proteasome-dependent
degradation. J. Neurosci. 26, 2777–2787.

[162] Richardson, D.S., Rodrigues, D.M., Hyndman, B.D., Crupi, M.J., Nicolescu, A.C.
and Mulligan, L.M. (2012) Alternative splicing results in RET isoforms with
distinct trafficking properties. Mol. Biol. Cell 23, 3838–3850.

[163] Tsui, C.C. and Pierchala, B.A. (2008) CD2AP and Cbl-3/Cbl-c constitute a
critical checkpoint in the regulation of ret signal transduction. J. Neurosci. 28,
8789–8800.

[164] Calco, G.N., Stephens, O.R., Donahue, L.M., Tsui, C.C. and Pierchala, B.A. (2014)
CD2-associated protein (CD2AP) enhances casitas B lineage lymphoma-3/c
(Cbl-3/c)-mediated Ret isoform-specific ubiquitination and degradation via
its amino-terminal Src homology 3 domains. J. Biol. Chem. 289, 7307–7319.

[165] Tsui, C.C. and Pierchala, B.A. (2010) The differential axonal degradation of Ret
accounts for cell-type-specific function of glial cell line-derived neurotrophic
factor as a retrograde survival factor. J. Neurosci. 30, 5149–5158.

[166] Arenas, E., Denham, M. and Villaescusa, J.C. (2015) How to make a midbrain
dopaminergic neuron. Development 142, 1918–1936.

[167] Schuchardt, A., D’Agati, V., Larsson-Blomberg, L., Costantini, F. and Pachnis, V.
(1994) Defects in the kidney and enteric nervous system of mice lacking the
tyrosine kinase receptor Ret. Nature 367, 380–383.

[168] Jain, S. et al. (2004) Mice expressing a dominant-negative Ret mutation
phenocopy human Hirschsprung disease and delineate a direct role of Ret in
spermatogenesis. Development 131, 5503–5513.

[169] Zhuang, X., Masson, J., Gingrich, J.A., Rayport, S. and Hen, R. (2005) Targeted
gene expression in dopamine and serotonin neurons of the mouse brain. J.
Neurosci. Methods 143, 27–32.

[170] Hirsch, E.C. and Hunot, S. (2009) Neuroinflammation in Parkinson’s disease: a
target for neuroprotection? Lancet Neurol. 8, 382–397.

[171] Beitz, J.M. (2014) Parkinson’s disease: a review. Front. Biosci. (Schol Ed) 6,
65–74.

[172] Parlato, R., Rieker, C., Turiault, M., Tronche, F. and Schutz, G. (2006) Survival
of DA neurons is independent of CREM upregulation in absence of CREB.
Genesis 44, 454–464.

[173] Turiault, M., Parnaudeau, S., Milet, A., Parlato, R., Rouzeau, J.D., Lazar, M. and
Tronche, F. (2007) Analysis of dopamine transporter gene expression pattern
– generation of DAT-iCre transgenic mice. FEBS J. 274, 3568–3577.

[174] Ibanez, C.F. (2008) Catecholaminergic neuron survival: getting hooked on
GDNF. Nat. Neurosci. 11, 735–736.

[175] Smith-Hicks, C.L., Sizer, K.C., Powers, J.F., Tischler, A.S. and Costantini, F.
(2000) C-cell hyperplasia, pheochromocytoma and sympathoadrenal
malformation in a mouse model of multiple endocrine neoplasia type 2B.
EMBO J. 19, 612–622.

[176] Takahashi, M. (2001) The GDNF/RET signaling pathway and human diseases.
Cytokine Growth Factor Rev. 12, 361–373.

[177] Gujral, T.S., Singh, V.K., Jia, Z. and Mulligan, L.M. (2006) Molecular
mechanisms of RET receptor-mediated oncogenesis in multiple endocrine
neoplasia 2B. Cancer Res. 66, 10741–10749.

[178] Runeberg-Roos, P., Virtanen, H. and Saarma, M. (2007) RET(MEN 2B) is active
in the endoplasmic reticulum before reaching the cell surface. Oncogene 26,
7909–7915.

[179] Bongarzone, I. et al. (1998) Full activation of MEN2B mutant RET by an
additional MEN2A mutation or by ligand GDNF stimulation. Oncogene 16,
2295–2301.

[180] Mijatovic, J. et al. (2007) Constitutive Ret activity in knock-in multiple
endocrine neoplasia type B mice induces profound elevation of brain
dopamine concentration via enhanced synthesis and increases the number
of TH-positive cells in the substantia nigra. J. Neurosci. 27, 4799–4809.

[181] Mijatovic, J., Patrikainen, O., Yavich, L., Airavaara, M., Ahtee, L., Saarma, M.
and Piepponen, T.P. (2008) Characterization of the striatal dopaminergic
neurotransmission in MEN2B mice with elevated cerebral tissue dopamine. J.
Neurochem. 105, 1716–1725.

[182] Kowsky, S., Poppelmeyer, C., Kramer, E.R., Falkenburger, B.H., Kruse, A., Klein,
R. and Schulz, J.B. (2007) RET signaling does not modulate MPTP toxicity but
is required for regeneration of dopaminergic axon terminals. Proc. Natl. Acad.
Sci. U.S.A. 104, 20049–20054.
[183] Mijatovic, J., Piltonen, M., Alberton, P., Mannisto, P.T., Saarma, M. and
Piepponen, T.P. (2009) Constitutive Ret signaling is protective for
dopaminergic cell bodies but not for axonal terminals. Neurobiol. Aging.

[184] Lindgren, N., Francardo, V., Quintino, L., Lundberg, C. and Cenci, M.A. (2012) A
model of GDNF gene therapy in mice with 6-Hydroxydopamine lesions: time
course of Neurorestorative effects and ERK1/2 activation. J. Parkinsons Dis. 2,
333–348.

[185] Wells Jr., S.A., Pacini, F., Robinson, B.G. and Santoro, M. (2013) Multiple
endocrine neoplasia type 2 and familial medullary thyroid carcinoma: an
update. J. Clin. Endocrinol. Metab. 98, 3149–3164.

[186] Plaza-Menacho, I., Burzynski, G.M., de Groot, J.W., Eggen, B.J. and Hofstra, R.
M. (2006) Current concepts in RET-related genetics, signaling and
therapeutics. Trends Genet. 22, 627–636.

[187] Hsieh, A.R., Hsiao, C.L., Chang, S.W., Wang, H.M. and Fann, C.S. (2011) On the
use of multifactor dimensionality reduction (MDR) and classification and
regression tree (CART) to identify haplotype-haplotype interactions in
genetic studies. Genomics 97, 77–85.

[188] Wirdefeldt, K., Burgess, C.E., Westerberg, L., Payami, H. and Schalling, M.
(2003) A linkage study of candidate loci in familial Parkinson’s disease. BMC
Neurol. 3, 6.

[189] Lucking, C.B., Lichtner, P., Kramer, E.R., Gieger, C., Illig, T., Dichgans, M., Berg,
D. and Gasser, T. (2010) Polymorphisms in the receptor for GDNF (RET) are
not associated with Parkinson’s disease in Southern Germany. Neurobiol.
Aging 31, 167–168.

[190] Fusco, D. et al. (2010) The RET51/FKBP52 complex and its involvement in
Parkinson disease. Hum. Mol. Genet. 19, 2804–2816.

[191] Lockhart, P.J., Lincoln, S., Hulihan, M., Kachergus, J., Wilkes, K., Bisceglio, G.,
Mash, D.C. and Farrer, M.J. (2004) DJ-1 mutations are a rare cause of
recessively inherited early onset parkinsonism mediated by loss of protein
function. J. Med. Genet. 41, e22.

[192] Gasser, T., Hardy, J. and Mizuno, Y. (2011) Milestones in PD genetics. Mov.
Disord. 26, 1042–1048.

[193] Aron, L., Klein, P., Pham, T.T., Kramer, E.R., Wurst, W. and Klein, R. (2010) Pro-
survival role for Parkinson’s associated gene DJ-1 revealed in trophically
impaired dopaminergic neurons. PLoS Biol. 8, e1000349.

[194] Foti, R. et al. (2010) Parkinson disease-associated DJ-1 is required for the
expression of the glial cell line-derived neurotrophic factor receptor RET in
human neuroblastoma cells. J. Biol. Chem. 285, 18565–18574.

[195] Polymeropoulos, M.H. et al. (1997) Mutation in the alpha-synuclein
gene identified in families with Parkinson’s disease. Science 276,
2045–2047.

[196] Stefanis, L. (2012) Alpha-Synuclein in Parkinson’s disease. Cold Spring Harb.
Perspect. Med. 2, a009399.

[197] Kalia, L.V., Kalia, S.K., McLean, P.J., Lozano, A.M. and Lang, A.E. (2013) Alpha-
Synuclein oligomers and clinical implications for Parkinson disease. Ann.
Neurol. 73, 155–169.

[198] Decressac, M., Ulusoy, A., Mattsson, B., Georgievska, B., Romero-Ramos, M.,
Kirik, D. and Bjorklund, A. (2011) GDNF fails to exert neuroprotection in a rat
alpha-synuclein model of Parkinson’s disease. Brain 134, 2302–2311.

[199] Decressac, M., Kadkhodaei, B., Mattsson, B., Laguna, A., Perlmann, T. and
Bjorklund, A. (2012) Alpha-Synuclein-induced down-regulation of Nurr1
disrupts GDNF signaling in nigral dopamine neurons. Sci. Transl. Med. 4.
163ra156.

[200] Lo Bianco, C., Deglon, N., Pralong, W. and Aebischer, P. (2004) Lentiviral nigral
delivery of GDNF does not prevent neurodegeneration in a genetic rat model
of Parkinson’s disease. Neurobiol. Dis. 17, 283–289.

[201] Le, W.D., Xu, P., Jankovic, J., Jiang, H., Appel, S.H., Smith, R.G. and Vassilatis, D.
K. (2003) Mutations in NR4A2 associated with familial Parkinson disease.
Nat. Genet. 33, 85–89.

[202] Saijo, K., Winner, B., Carson, C.T., Collier, J.G., Boyer, L., Rosenfeld, M.G., Gage,
F.H. and Glass, C.K. (2009) A Nurr1/CoREST pathway in microglia and
astrocytes protects dopaminergic neurons from inflammation-induced
death. Cell 137, 47–59.

[203] Bensinger, S.J. and Tontonoz, P. (2009) A Nurr1 pathway for neuroprotection.
Cell 137, 26–28.

[204] Galleguillos, D. et al. (2010) Nurr1 regulates RET expression in dopamine
neurons of adult rat midbrain. J. Neurochem. 114, 1158–1167.

[205] Kadkhodaei, B. et al. (2009) Nurr1 is required for maintenance of maturing
and adult midbrain dopamine neurons. J. Neurosci. 29, 15923–15932.

[206] Kadkhodaei, B. et al. (2013) Transcription factor Nurr1 maintains fiber
integrity and nuclear-encoded mitochondrial gene expression in dopamine
neurons. Proc. Natl. Acad. Sci. U.S.A. 110, 2360–2365.

[207] Hoffer, B.J. and Harvey, B.K. (2011) Is GDNF beneficial in Parkinson disease?
Nat. Rev. Neurol. 7, 600–602.

[208] Valente, E.M., Bentivoglio, A.R., Dixon, P.H., Ferraris, A., Ialongo, T., Frontali,
M., Albanese, A. and Wood, N.W. (2001) Localization of a novel locus for
autosomal recessive early-onset parkinsonism, PARK6, on human
chromosome 1p35-p36. Am. J. Hum. Genet. 68, 895–900.

[209] Exner, N., Lutz, A.K., Haass, C. and Winklhofer, K.F. (2012) Mitochondrial
dysfunction in Parkinson’s disease: molecular mechanisms and
pathophysiological consequences. EMBO J. 31, 3038–3062.

[210] Kazlauskaite, A. et al. (2015) Binding to serine 65-phosphorylated ubiquitin
primes Parkin for optimal PINK1-dependent phosphorylation and activation.
EMBO Rep. 16, 939–954.

[211] Wauer, T., Simicek, M., Schubert, A. and Komander, D. (2015) Mechanism of
phospho-ubiquitin-induced PARKIN activation. Nature 524, 370–374.

http://refhub.elsevier.com/S0014-5793(15)00977-1/h0780
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0780
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0780
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0780
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0785
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0785
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0785
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0785
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0790
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0790
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0790
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0790
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0795
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0795
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0795
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0800
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0800
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0800
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0800
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0805
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0805
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0805
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0805
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0810
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0810
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0810
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0815
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0815
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0815
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0820
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0820
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0820
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0820
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0825
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0825
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0825
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0830
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0830
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0835
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0835
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0835
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0840
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0840
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0840
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0845
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0845
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0845
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0850
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0850
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0855
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0855
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0860
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0860
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0860
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0865
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0865
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0865
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0870
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0870
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0875
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0875
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0875
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0875
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0880
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0880
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0885
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0885
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0885
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0890
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0890
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0890
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0895
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0895
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0895
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0900
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0900
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0900
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0900
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0905
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0905
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0905
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0905
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0910
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0910
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0910
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0910
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0915
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0915
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0915
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0920
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0920
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0920
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0920
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0925
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0925
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0925
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0930
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0930
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0930
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0935
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0935
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0935
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0935
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0940
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0940
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0940
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0945
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0945
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0945
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0945
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0950
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0950
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0955
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0955
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0955
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0955
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0960
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0960
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0965
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0965
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0965
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0970
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0970
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0970
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0975
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0975
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0975
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0980
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0980
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0985
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0985
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0985
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0990
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0990
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0990
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0995
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0995
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0995
http://refhub.elsevier.com/S0014-5793(15)00977-1/h0995
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1000
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1000
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1000
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1005
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1005
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1005
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1010
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1010
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1010
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1010
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1015
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1015
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1020
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1020
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1025
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1025
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1030
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1030
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1030
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1035
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1035
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1040
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1040
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1040
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1040
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1045
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1045
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1045
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1050
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1050
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1050
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1055
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1055


3772 E.R. Kramer, B. Liss / FEBS Letters 589 (2015) 3760–3772
[212] Lazarou, M. et al. (2015) The ubiquitin kinase PINK1 recruits autophagy
receptors to induce mitophagy. Nature 524, 309–314.

[213] Kitada, T. et al. (1998) Mutations in the parkin gene cause autosomal
recessive juvenile parkinsonism. Nature 392, 605–608.

[214] Klein, P., Muller-Rischart, A.K., Motori, E., Schonbauer, C., Schnorrer, F.,
Winklhofer, K.F. and Klein, R. (2014) Ret rescues mitochondrial
morphology and muscle degeneration of Drosophila Pink1 mutants. EMBO
J. 33, 341–355.
[215] Kramer, E.R. (2015) Crosstalk of parkin and Ret in dopaminergic neurons.
Oncotarget 6, 15704–15705.

[216] Dodson, M.W. and Guo, M. (2007) Pink1, Parkin, DJ-1 and mitochondrial
dysfunction in Parkinson’s disease. Curr. Opin. Neurobiol. 17, 331–337.

[217] Winklhofer, K.F. (2014) Parkin and mitochondrial quality control: toward
assembling the puzzle. Trends Cell Biol. 24, 332–341.

[218] Pickrell, A.M. and Youle, R.J. (2015) The roles of PINK1, parkin, and
mitochondrial fidelity in Parkinson’s disease. Neuron 85, 257–273.

http://refhub.elsevier.com/S0014-5793(15)00977-1/h1060
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1060
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1065
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1065
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1070
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1070
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1070
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1070
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1075
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1075
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1080
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1080
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1085
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1085
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1090
http://refhub.elsevier.com/S0014-5793(15)00977-1/h1090

	GDNF&ndash;Ret signaling in midbrain dopaminergic neurons �and its implication for Parkinson disease
	1 Introduction
	2 Role of neurotrophic factors in the midbrain DA system
	3 Function of neurotrophic factor GDNF in the midbrain DA system
	4 GDNF/GFR&alpha;1 can mediates its actions through distinct transmembrane receptors in midbrain DA neurons
	5 Function of the receptor tyrosine kinase Ret in the midbrain DA system
	6 Possible role of GDNF/Ret in PD pathology and therapy
	7 Summary and future prospects
	Conflict of interest
	Acknowledgments
	References


