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Abstract

The application of glial cell line-derive neurotrophic factor (GDNF) to cell cultures and animal models has demonstrated
positive effects upon dopaminergic neuronal survival and development, function, restoration, and protection. On this basis,
recombinant GDNF protein has been trialled in the treatment of late-stage human Parkinson’s disease patients with only
limited success that is likely due to a lack of viable receptor targets in an advanced state of neurodegeneration. The latest
research points to more refined approaches of modulating GDNF signalling and an optimal quantity and spatial regulation of
GDNF can be extrapolated using regulation of dopamine as a proxy measure. The basic research literature on dopaminergic
effects of GDNF in animal models is reviewed, concluding that a twofold increase in natively expressing cells increases
dopamine turnover and maximises neuroprotective and beneficial motor effects whilst minimising hyperdopaminergia and
other side-effects. Methodological considerations for measurement of dopamine levels and neuroanatomical distinctions are
made between populations of dopamine neurons and their respective effects upon movement and behaviour that will inform
future research into this still-relevant growth factor.
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Introduction

The discovery of glial cell line-derived neurotrophic factor
(GDNF) as a secretion product from the rat B49 glioma cell
line in 1993 heralded the arrival of a powerful promotor
of dopaminergic cell survival with enormous potential for
treating Parkinson’s disease (PD). Lin et al (1993) demon-
strated greatly increased differentiation, survival, and neur-
ite outgrowth of embryonic nigral dopaminergic neurons in
culture and increased dopamine reuptake—Ilikely as a result
of increased tyrosine hydroxylase-positive neuronal body
size and neurite outgrowth. These dopaminotrophic effects
are achieved by GDNF signalling through the receptor
tryosine kinase known as RET (rearranged during transfec-
tion; Durbec et al. 1996) after binding to a glycosyl-phos-
phatidylinositol (GPI)-linked co-receptor known as GFRal
(Jing et al. 1996; Treanor et al. 1996). Upon binding, RET
dimerises and activates intracellular cascades, the activa-
tion or inactivation of which have broad effects upon the
development of cancers, endocrine neoplasias, peripheral
nerves, spermato- and nephrogenesis, and upon dopamine
neuron development and maintenance. The GFRal-RET
receptor complex is expressed by all of the pacemaking A9
dopaminergic neurons of the substantia nigra pars com-
pacta (SNpc) and is necessary for the survival-promoting
effects of GDNF upon dopaminergic neurons (Durbec et al.
1996; Treanor et al. 1996; Drinkut et al. 2016; Mahato et al.
2020). See Kramer and Liss (2015) and Conway et al. (2020)
for comprehensive reviews. There is a wealth of evidence
that GDNF can protect, restore, and augment dopaminer-
gic function in the nigrostriatal pathway in acute animal
models of Parkinson’s disease (Conway & Kramer 2022).
Interestingly, GDNF seems to be of particular importance
during development, since notably higher levels of GDNF
mRNA have been detected in the developing compared to
the adult striatum [N.B. these are rat studies (Schaar et al.
1993; Stromberg et al. 1993)]. GDNF is still expressed in
low concentrations in the adult striatum and retrogradely
tranpsorted to nigral dopaminergic neurons, suggesting a
trophic role in the adult (Tomac et al. 1995; Barroso-Chinea
et al. 2005). Despite success in acute animal models of PD,
clinical trials in PD patients using intracranial injection of
GDNF have shown limited positive effects. This may be
due to a lack of the nigrostriatal axonal terminals required
to retrogradely transport GDNF back into the pacemaking
cells of the substantia nigra and, coupled with poor diffus-
ibility of GDNF in the striatum in its natively expressed
form, may explain the current lack of a viable GDNF therapy
(Manfredsson et al. 2020). Earlier treatment and more easily
diffusible GDNF variants, as well as small molecule RET
agonists and methods of endogenous upregulation of GDNF
are currently being explored.

@ Springer

Side- and off-target effects are important to consider for
future therapies as they affect the tolerability and utility of
GDNEF. Side-effects following intracerebroventricular (icv)
GDNEF injection in humans are documented as principally
nausea, vomiting, paresthesias, hyponatremia, anorexia, and
weight loss (see Barker et al. 2020) and cerebellar toxicity
at high doses in macaques (Luz et al. 2016), whilst intrapu-
tamenal injection is better-tolerated yet results in electric
dysesthesias (Lhermitte’s phenomenon). These side-effects
are hypothesised to be due to the wide variety of off-tar-
get receptors and diffusion of GDNF into the cerebrospi-
nal fluid. More refined approaches to increase endogenous
GDNF in a cell-specific manner, or to modulate specific
receptor complexes may overcome these effects. They may
also produce more dopamine-centric psychiatric side-effects
due to the strongly enhancing effects of GDNF upon dopa-
mine turnover. However, whilst the broader effects of GDNF
upon dopamine signalling and behaviour are documented in
the literature on animal models they have not been compre-
hensively summarised and are seen as “difficult to interpret”
(Mitlik et al. 2022).

The aim of this review is to evaluate the effects of increas-
ing GDNF levels or RET/GDNF signalling in healthy nerv-
ous tissue in adult animals, cell cultures, and acute brain
preparations, either exogenously via direct application or
viral transduction, or endogenously via native upregulation.
Papers that contained at least one of these themes were
selected for inclusion; see Table 1 for summary.

GDNF Promotes Dopaminergic Phenotype,
Dopamine Turnover, and is Excitatory
in Cultured Midbrains Cells

The first published literature on GDNF showed dopamine
uptake increased 2.5 to threefold per cultured midbrain neu-
ron (Lin et al. 1993) in concert with a qualitative increase
in neuronal perikarya size and in neurite outgrowth. This
increase in reuptake may have arisen due to increased
expression of the dopamine transporter (DAT) in a more
complex axonal arbor stimulated by GDNF, although later
studies show that GDNF can increase dopamine transport
capacity both chronically and acutely (detailed below). As
well as transport, the release capacity of dopamine neurons
is also increased by up to 380% in midbrain primary cul-
tures in response to potassium chloride (KCI) or latrotoxin
stimulation (Pothos et al. 1998). In ventral tegmental area
(VTA) cultures GDNF was shown to acutely increase KCI-
induced dopamine release twofold and to increase axonal
fasciculation (Feng et al. 1999). In a further study it was
shown that GDNF produced a threefold increase in autaptic
(self-synapsing) currents due to glutamate (Glu) co-release
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Table 1 Inclusion criteria for review; papers must contain at least one dopaminergic measure in response to altered GDNF/RET signalling

Effect of GDNF/RET upon Measured via

Dopamine production and storage
Dopamine cycling

Dopamine release

Dopamine reuptake kinetics
Dopaminergic cell morphology

Dopaminergic cell marker expression

Dopamine levels in tissue, in vivo microdialysis, electrochemistry

Metabolite levels from tissue, in vivo microdialysis

In vivo microdialysis, in vivo/in vitro electrochemistry in response to chemical/electrical stimulation
Radiolabelled dopamine/electrochemistry in vivo/in vitro

Size of soma, branching complexity, synaptic puncta

Immunohistochemistry or Western blot for tyrosine hydroxylase (TH), dopamine transporter (DAT),

vesicular monoamine transporter (VMAT?2)

Electrophysiological function
Motor function

Behaviour

In vivo microarray, in vitro patch-clamp
Coordination, balance, grip strength, motor learning

Pre-pulse inhibition, feeding, hyperactivity, lethargy, anxiety, depression, sociability

with dopamine and a 100% increase in synaptic terminals
after 5-20 days in culture (Bourque & Trudeau 2000).

GDNF is excitatory in midbrain cultures via inhibition
of A-type potassium (K+) channels (Yang et al. 2001). This
results in a+7.1 mV shift in the resting membrane poten-
tial and a concomitant increase in first spike latency from
132 to 71 ms, an increase in spike frequency from 12.6 to
17.2 Hz, and an increase in membrane conductance. This
was seen only in neurons positive for tyrosine hydroxylase
(TH) and was dependent upon mitogen-activated protein
kinase (MAPK) activation, suggesting it is mediated by
GDNF-GFRa-RET activation. GDNF also activates high
voltage-gated calcium channels in VTA cultures rapidly and
in a reversible manner (Wang et al. 2003) and was confirmed
to increase autaptic Glu-based currents, which concurs with
previous work (Bourque and Trudeau 2000). It is as yet
unknown how these data compare to nigrostriatal prepara-
tions as the midbrain preparation is a mixture of VTA and
SN cells. Interestingly, it was recently shown that endog-
enous GDNF upregulation at a threefold level via homozy-
gous 3’ UTR deletion has opposing effects upon dopamine
release from the VTA and SN when measured in prefrontal
cortex (PFC) and striatum (Str) (Mitlik et al. 2022).

The mechanism of action for increasing DA produc-
tion is more well-characterised in SNpc. MAPK and PKA
phosphorylate TH at serines 31 and 40, respectively, and
increase DA production ~fourfold in rat midbrain cultures
in response to acute GDNF (Kobori et al. 2004). This con-
firms numerous observations of increased DA production
and TH phosphorylation in vivo (details below). DA release
is also increased ~42% in synaptosomes stimulated with high
K+ and in electrically stimulated striatal slices, the effect of
which was blocked by antagonising adenosine 2A receptors
(A2AR) (Gomes et al. 2006), yet only if GABA receptors
were also antagonised. This A2AR-dependent effect was
later seen in vivo using an endogenous GDNF overexpres-
sion model (Mitlik et al. 2022). The roles of both adenosine

and GABA receptors in acute responses to GDNF warrants
further investigation.

Despite evidence of acute increases in DA, in TH phos-
phorylation, and ERK activation, it was recently shown in
midbrain cultures that a long-term increase in GDNF down-
regulates all of these activities by decreasing RET, ERK,
and AKT phosphorylation by ~50% (Mesa-Infante et al.
2022). Midbrain cultures do however contain a mixture of
A9 (SNpc) and A10 (VTA) dopamine neurons that differ
markedly in their physiology, morphology, targets, and pro-
tein expression profiles (Grealish et al. 2010). A9/SNpc neu-
rons are characterised by expression of G-protein coupled
inward-rectifying potassium channel 2 (GIRK2) and ALDH
(aldehyde dehydrogenase) and A10/VTA by calbindin and
cholecystokinin, with differing firing parameters (Thomp-
son et al. 2005; Lalive et al. 2014). Therefore the effects of
GDNF upon A9 and A10 neurons cannot be seen as equiva-
lent, particularly due to differences in their handling of cal-
cium ions and susceptibility to PD (Fu et al. 2016). Further
investigation using either A9 cultures or nigrostriatal slices,
or A10-derived neurons would be necessary to clarify the
acute effects of ectopic GDNF (see Fig. 1). Effects in other
dopaminergic nuclei, for example the A8 retrorubral field,
remain unexplored (Moaddab & McDannald 2021).

Exogenous GDNF and Constitutive
RET Activation Produce Behavioural
Hyperactivity

A single dose of exogenous GDNF directly applied to the
nigrostriatal pathway in vivo results in behavioural hyper-
activity for several weeks. Initial experiments ejected a
single dose of GDNF to the SNpc in young adult rats and
saw evidence of hyperactivity lasting 3 weeks (Hudson
et al. 1995). This was replicated with injections to both the
SNpc and striatum (Martin et al. 1996), in young (Hebert
et al. 1996), and in aged rats (Hebert & Gerhardt 1997)
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Fig. 1 Representation of a
mouse brain with major tracts
arising from the A9 substantia
nigra pars compact (SNpc) and
A10 ventral tegmental area.
Electrophysiology in acute
slices is recommended from
both areas as cell types are dis-
tinct according to their protein
expression profiles, firing prop-
erties, projections, and in their
response to GDNF. PV+ par- GDNF
valbumin-positive GABAergic decreases
interneurons; DA dopamine; A10
GIRK2 G-protein-coupled DA release
inward-rectifier potassium chan- il
nel 2; ALDH? aldehyde dehy-
drogenase 2; CCK cholecysto-
kinin; PFC prefrontal cortex;
NAcc nucleus accumbens

Major midbrain pathways affected by GDNF
application or upregulation

GDNF Increasing
increases A9 endogenous
DA release GDNF production
TT1T11 and release only
in PV+ dorsal
A9 SNpc striatal
20N S)I(R:(ezs/ S'L}:;DHZ' interneurons is
5 N. L preferable to
: A10VTA avoid unwanted

calbindin/CCK-
expressing

effects in other
nuclei and their
targets \

—

Electrophysiology in vivo or in vitro recommended
to determine effects of GDNF in A9 and A10 nuclei

and is suggestive of a sustained increase in dopaminergic
signalling. GDNF demonstrates a rejuvenating effect in
aged rats, who returned to youthful levels of activity and
bar-pressing behaviour using implanted GDNF-expressing
fibroblasts (Emerich 1996) as well as injections in aged
rhesus monkeys which improved hand velocity (Gron-
din et al. 2003) when striatally injected, as opposed to
intracerebroventricularly (Kobayashi et al. 1998). These
increases in behavioural activity in response to GDNF
are underwritten by locomotor-excited and attenuated
bursting of non-locomotor neurons; as seen in aged rats
at 24-25 months old using multi-electrode arrays (MEAs)
(Stanford et al. 2007). Constitutive activation of the RET
receptor also produces marked hyperactivity in a genetic
model of multiple endocrine neoplasia type 2B (MEN2B;
Mijatovic et al. 2007) with behavioural hypersensitivity to
the effects of cocaine. MEN2B mice also show increased
sensitivity to amphetamine-induced conditioned place
preference (CPP; Kopra et al. 2018), suggesting a hyperdo-
paminergic phenotype. GDNF and RET signalling there-
fore appear to have stimulatory effects in youthful animals
and produce a more youthful phenotype in aged animals
(see Fig. 2 for summary).
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Dopamine Turnover is Increased
by Exogenous GDNF or RET Agonist
Application In Vivo

Behavioural responses to GDNF injection or increased
RET signalling appear to be dopaminergically based as
they are blocked by D1 and D2 agonists at low doses (Kob-
ayashi et al. 1998). This has implications for side-effect
profiles in potential human treatments for PD as increased
dopamine produces “hyperdopaminergic” side-effects,
such gambling and other impulse control disorders (Béreau
et al. 2018). The above studies generally tested for tissue
dopamine levels and/or levels of the dopamine metabo-
lites homovanillic acid (HVA) and/or 3,4-dihydroxypheny-
lacetic acid (DOPAC); increases of which are indicative of
increased dopamine turnover. A three- to fourfold increase
in DA turnover in the SN and striatum was indeed seen
in the initial experiments (Hudson et al. 1995) and in the
striatum (Martin et al. 1996). This increase in turnover was
later confirmed via dopamine and metabolite levels meas-
ured acutely and chronically in rats after single or multi-
ple doses of GDNF (Hadaczek et al. 2010). Microdialysis
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Fig.2 A twofold chronic devel-
opmental increase in GDNF
expression via genetic upregula-
tion is well-tolerated, increases
dopamine cycling and improves
motor ability in mice. A three-
to 12-fold increase in GDNF
via ectopic overexpression or
exogenous application produces
hyperdopaminergic side-effects
and, after an initial increase in
dopamine cycling, can lead to a
decrease in activity and expres-
sion of dopamine and related
signalling pathways, suggest-
ing a U-shaped dose-response
curve. ERK extracellular signal-
related kinase; TH tyrosine
hydroxylase; DA dopamine

2-fold chronic developmental increase in endogenous GDNF

/ \ Increased striatal DA turnover

%\/ |and neuroprotectlon
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modulation, small molecules

Hyperactivity, striatal
hyperdopaminergia, frontal
hypodopaminergia
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An implicit U-shaped dose-response curve for GDNF and
dopamine cycling mechanisms

ERK phosphorylation
TH expression

TH phosphorylation
DA production

DA release

DA reuptake

in vivo then showed no changes in basal extracellular DA
levels yet amphetamine and K+ -stimulated DA release
were increased following a single GDNF injection to
the SN and increased both HVA and DOPAC, indicating
increased DA storage and turnover, respectively (Hebert
et al. 1996). This was confirmed in aged rats which also
displayed increased K+ and amphetamine-stimulated DA
overflow, HVA and DOPAC in the striatum and nucleus
accumbens (NAcc, ventral striatum), yet also showed

A

2-fold GDNF elevation

>

>

Time

increased extracellular DA (Hebert and Gerhardt 1997);
perhaps marking out a more pronounced effect in other-
wise healthy yet aged tissue.

More acutely, 24 h post-GDNF injection, microdialysis
showed that DA levels are greatly increased in response
to methamphetamine yet basal DA levels remained unaf-
fected, despite a~1.5-fold increase in DA metabolites,
again showing increased DA cycling. One week after
injection of GDNF, microdialysis showed an increased
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second DA release in response to 2-pulse K+ stimulation
at 70 mM and increased DOPAC and DA—confirmed in
tissue post-mortem—further suggesting that exogenous
GDNF increases available DA synaptic pools. Similar
results were obtained via microdialysis in aged Rhe-
sus monkeys after icv GDNF application, whereby both
K+ and amphetamine enhanced striatal DA release and
basal DA increased 163% in SN (Grondin et al. 2003).
Later studies showed increased DA cycling and better pen-
etration by a variant form of GDNF engineered to have
decreased heparin-binding properties due to full glycosyla-
tion (Grondin et al. 2019). A twofold increase in DA turno-
ver at day 14 following minimal dosing and better tissue
penetration was seen in both rats and rhesus monkeys. The
novel RET agonist, BT13, performs similarly to GDNF in
acutely increasing both DA release and HVA, indicating
increased DA cycling (Mahato et al, 2020).

In aged rats at 24 months striatal injection of GDNF
produced increased TH expression and a marked increase
in TH phosphorylation at Ser31 in SN (250%) in addition
to striatum (40%). ERK1 and ERK?2 phosphorylation were
increased in SN and striatum, respectively, and microdi-
alysis showed an increase in DA release in response to
K+ and amphetamine (Salvatore et al. 2004). Ser31 phos-
phorylation was also confirmed by Lindgren et al. (2012)
in SN via lentiviral overexpression of GDNF. A later study
in aged rats at 24-25 months using multi-wire electrode
arrays (MEAs) showed that striatal injection of GDNF
increased firing of locomotor-associated striatal neurons
and attenuated bursting of non-locomotor neurons (Stan-
ford et al. 2007). This points to a mechanism whereby
exogenously applied GDNF increases nigro-striatal dopa-
minergic tone in a sustained manner via increased TH
expression and phosphorylation that is dependent upon
PKA/ERK signalling. TH phosphorylation was later
shown to be increased at Ser19 in SN and both TH and
DAT levels were increased in response to striatal GDNF
injection (Salvatore et al. 2009). This was accompanied by
a decrease in DARPP-32 ipsilaterally and an increase in
D1R and DARP-32 phosphorylation contralaterally; sug-
gesting mechanisms of GABAergic regulation in addition
to dopamine.

Of special note is the effect of GDNF upon dopamine
reuptake in vivo as the amount of synaptic dopamine is
almost exclusively governed by the dopamine transporter
(DAT) which fine-tunes behaviour (Giros et al. 1996). Ty,
(time to clear 80% of dopamine) was unchanged following
nigral GDNF injection in 4-6 month old rats, yet given a
twofold increase in K + -induced DA release, there was cal-
culated to be a 1.75-fold increase in T (DA clearance) when
measured electrochemically in vivo (Hebert et al. 1996).
This therefore suggests that DAT activity can compensate for
increased DA production, storage, release, and turnover to
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maintain functional physiological levels of DA in respone to
the stimulatory effects of GDNF upon TH levels and activity
(see Fig. 3).

Dopamine Turnover is Increased by GDNF
Overexpression or Constitutive RET
Activation In Vivo Yet Hypodopaminergia
may be Seen at High Levels

Chronic viral ectopic overexpression of GDNF is a robust
method that has yielded data on saturating the response to
GDNEF. Viral overexpression over 6 weeks initially pro-
duces similar effects to injection methods; an increase in
DA turnover and contralateral amphetamine response was
seen, yet after this time DA and metabolite levels returned
to normal (Georgievska et al. 2004). Overexpression of
GDNF was maintained 12-fold above baseline and led to
downregulation of TH that persists, up to 24 weeks post-
viral injection in this study and for 13 months in a previ-
ous study, potentially indicating a saturating response to
GDNF (Rosenblad et al. 2003). The latter study showed no
effect upon D1 or D2 receptor density, suggesting compen-
satory mechanisms. Similarly, an AAV model of delivery
over 5 weeks in rats again produced a 12-fold increase
in GDNF expression and led to a decrease in TH and TH
phosphorylation at Ser40, a decrease in dopamine and in
reuptake; although a more modest threefold increase in
GDNF had no effect on TH levels. Overexpression via
the Gfap promotor in glial cells at three to tenfold lev-
els compared to wild-type litter-mates produced a similar
hypodopaminergic phenotype with reduced DA, HVA, and
K+ -induced DA efflux (Sotoyama et al. 2017).

A more refined attempt at overexpression employed a
(tTA)/tTA-responsive promotor system under CAMKIIa
to overexpress GDNF at two- to threefold levels in cor-
tex, hippocampus and brainstem in any cells that normally
express CAMKIIa (Kholodilov et al. 2004). These mice
displayed an increased response to amphetamine yet nor-
mal DA levels, normal electrically evoked DA release in
striatal slices and normal striatal innvervation, normal
striatal TH and DA synptic bouton levels, yet more dense
DAergic innnvervation in the prefrontal cortex (PFC). This
suggets a much greater effect upon A10 neurons than A9
in this model and is therefore of limited utility in striatum.

Further investigation of mice with constitutively active
RET signalling (MEN2B) showed increased TH activity and
DA synthesis yet, unusually, no increase in K+ -stimulated
DA release via microdialysis (Mijatovic et al. 2008). Tak-
ing a finer approach with in vivo voltammetry showed an
increase in DA release via medial forebrain bundle (MFB)
electrical stimulation and increased DA uptake, concur-
ring with the effects seen in chronic GDNF injection shown
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Dopamine cycling
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opamine transporter B
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@ synaptic vesicle hydroxylase D

Fig.3 Normal dopamine cycling shown figuratively compared to
GDNF-enhanced dopamine cycling. Measurements of extracellu-
lar dopamine levels are identical in both scenarios despite increased
vesicular dopamine in animals with increased GDNF levels, likely
due to a compensatory increase in dopamine reuptake capacity. This
affects dopamine detection in overflow experiments via KCI ejection
or KCl infusion with microdialysis, or via exogenous dopamine appli-

previously in rats (see Hebert et al. 1996). where increased
storage and release capacity of DA were established.

Later work has shown that GDNF is synthesised primar-
ily in parvalbumin-positive interneurons of the striatum
(Hidalgo-Figueroa et al. 2012). Direct targeting of these
cellular sources of GDNF in the striatum may be possi-
ble via specific combinations of ligands (Enterria-Morales
et al. 2020) or genetically (Kumar et al. 2015; Mitlik et al.
2022). The latter two papers showed endogenous upregu-
lation of GDNF through heterozygous blanking of the via
3" UTR of the Gdnf gene. A twofold increase in GDNF
expression in these natively GDNF-expressing cells led
to a concomitant increase in dopamine cycling that was
reflected in a fivefold increase in dopamine reuptake capa-
bility, without observable side-effects (Kumar et al. 2015).

Behavioural Responses to Endogenous
GDNF Upregulation In Vivo are
Dose-Dependent

Endogenous overexpression of GDNF, ie. only in those
cells that would natively express GDNF, presents a novel
approach to augmenting and protecting the dopamine

?Q”M

GDNF-enhanced
dopamine cycling

Dopamine detection

D

Microdialysis / KCI
L 2

Dopamine / KCI
ejection

Glassy carbon
D fibre electrode

normal basal extracellular dopamine
increased dopamine synthesis
increased vesicular dopamine

5-fold increase in reuptake masks KCI-

overflow / exogenously-applied dopamine

cation as any overflow is rapidly taken up presynaptically by DAT.
This may lead to masking of dopamine detection (KCI observation is
based upon unpublished chronoamperometry data in vivo with glassy
carbon fibre electrodes). Blockade of DAT via eg. Nomifensine
would allow measurement of overflow. DATdopamine transporter;
KClpotassium chloride

system prior to degeneration. Removing binding sites in
the 3’ untranslated region (UTR) of the mouse Gdnf gene
itself prohibits the binding of regulatory microRNAs and
produces an increase in both GDNF mRNA and protein. The
effect is strong enough that a heterozygous animal produces
a twofold increase in GDNF (Kumar et al. 2015) without
an increase in basal extracellular DA, yet a 40% increase in
DOPAC and a 40% increase in DA release in slices following
a single electrical stimulus, indicating enhanced storage and
dopamine cycling. This is further confirmed by a fivefold
increase in maximal uptake rate, suggesting enhanced DAT
function to compensate for a greater DA release pool. Such
marked changes in DA signalling had only minimal effects
upon behaviour as these animals displayed no hyperactiv-
ity or indeed any behavioural phenotype, yet had enhanced
motor function including balance and grip strength (Métlik
et al. 2018). In aged animals at 17—19 months the effect was
persistent; no changes in behaviour such as hyperactivity
or anxiety were observed and a more juvenile-like state of
enhanced grip strength, motor learning, and vertical grid
ability were seen with a minor increase in TH+ cells in
SNpc (Turconi et al. 2020). This was further confirmed via
a separate technique using antisense long non-coding RNAs
that promote transcription of sense mRNAs (SINEUP;
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containing a SINEB2 sequence to up-regulate transcription)
where GDNF protein and synaptic dopamine were increased
in a twofold manner (Espinoza et al. 2020). Similarly, DA
release in response to stimulation in vitro was increased, as
was total tissue dopamine, yet without hyperactivity. This
would suggest that off-target effects of GDNF, perhaps via
NCAM and Syndecan-3 may be responsible for side-effect
profiles following exogenous GDNF application. Therefore,
endogenous upregulation appears to be the best-tolerated
and the most target-specific method for increasing GDNF
signalling.

In further support of the endogenous elevation route, the
Gdnf 3'UTR has been excised via Cre-LoxP. Homozygous
removal of the 3'UTR resulted in a more than threefold
increase in Gdnf mRNA and affected prepulse inhibition
in mice, suggesting schizophrenia-like behaviour (Mitlik
et al. 2022), in contrast to heterozygous blanking (Kumar
et al. 2015), and that striatal dopamine reuptake was greatly
increased in vitro, reflecting findings in vivo. Tissue DA
was increased in striatum yet greatly decreased in VTA and
prefrontal cortex (Mitlik et al. 2022). Increased water intake
and visits to the water were also seen, perhaps indicating a
lack of behavioural control or an element of compulsivity.
This highlights both the very different nature of the A9 and
A10 dopaminergic nuclei and the importance of finding an
appropriate level of GDNF overexpression due to potential
cognitive and behavioural effects.

One important methodological consideration arose in
measuring extracellular dopamine levels, as reported in
Kumar et al. (2015). Electrochemical recordings to assess
dopamine reuptake rate showed a fivefold increase in reup-
take in GNDF overexpressing mice versus wild-type ani-
mals. This increase in reuptake was able to mask extracel-
lular dopamine; for a given quantity of dopamine ejected,
a markedly lower level of extracellular dopamine was seen
in GDNF transgenic animals that completely masked extra-
cellular dopamine peaks at physiological concentrations.
Blockade of the dopamine transporter (DAT) combined with
electrical or chemical stimulation of DA release can better
provide information on DA overflow in response to GDNF.

Outside GDNF-GFRa1-RET

There is evidence for GDNF signalling via multiple path-
ways and for unexplored roles in maintaining normal
striatal function outside of canonical RET signalling.
NCAM]I, integrins av and f1, and N-cadherin induce neu-
rite outgrowth, proliferation, survival, and influence axon
guidance (Chao et al. 2003; Paratcha et al. 2003; Cao et al.
2008; Zuo et al. 2013; Ibadez et al. 2020) and several of
these adhesion proteins may act as receptors for GDNF
bound to its cognate receptor, GFRal. Matrix-bound
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GDNF may also signal via Syndecan-3 (Bespalov et al.
2011) which in turn affects GABAergic neuronal migra-
tion and is neither RET- nor NCAM-dependent (Pozas
& Ibanez 2005; Canty et al. 2009; Marshall et al. 2021).
Although RET and GFRal are expressed throughout
development and adulthood in midbrain dopamine neu-
rons, GFRa1 is expressed in the absense of RET in striatal
neurons (Kramer & Liss 2015). Additionally, GDNF does
not appear to be essential for the propagation and main-
tenance of dopamine neurons in vivo (Jain et al. 2006;
Kopra et al. 2015) yet it is necesssary for their long-term
maintenance and function in concert with other growth
factors (Conway et al. 2020; Li et al. 2022).

Conclusion and Open Questions

A clearer framework for working with GDNF in terms of
overexpression, localisation, and off-target effects is now
evident. This highlights the pitfalls of exogenous application
and the benefits of endogenous upregulation as well as the
marked effects of GDNF upon DA transport. DA overflow in
systems with greatly increased dopamine transporter activ-
ity may not be an accurate marker of DA release as accurate
measurement may be masked by increased reuptake kinet-
ics (see Fig. 3). This is due to the remarkable self-righting
capacity of the nigrostriatal DA system, that appears to fal-
ter only under very significant neurodegeneration as seen in
the late stages of Parkinson’s disease (Cheng et al. 2010).
GDNF mimetics and RET agonists appear promising - pro-
vided that they can be targeted and dosed appropriatdly - yet
the targeting of endogenous sources of GDNF in the stria-
tum appears to be the most desirable target. 95% of striatal
GDNF is produced in the parvalbumin-positive interneurons
that together form a fast-spiking, electrotonically connected
network that provides trophic support to dopamine terminals
(Kods & Tepper 1999; Tepper et al. 2010; d’Anglemont de
Tassigny et al. 2015; Enterria-Morales et al. 2020). Genetic
modulation of GDNF expression in these interneurons or
the development of specific ligands are important focal
points for future research to protect, support, and re-grow
the dopamine neurons lost during the progression of Par-
kinson’s disease. GABAergic or purinergic systems should
also be investigated as potential adjunct therapies. Differen-
tiating between the effects of GDNF in discrete nuclei is of
key importance as there appear to be opposing effects in A9
versus A10 dopaminergic neurons whereby GDNF is either
stimulatory or inhibitory for dopamine regulation, respec-
tively. This may affect the tolerability of future therapies
in humans due to effects upon cognitive and behavioural
functions.



Cellular and Molecular Neurobiology (2023) 43:3179-3189

3187

Acknowledgements I would like to thank Sarah Butcher, Faculty of
Biological and Environmental Sciences and HiLife—Institute of Bio-
technology, University of Helsinki for her great support and construc-
tive editing for clarity and consistency and Sara af Bjerkén, Department
of Integrative Medical Biology and Department of Clinical Science,
Neurosciences, Umed University for aid with referencing the early
research papers. Figures were created with BioRender.com.

Author Contributions PM performed the literature review, designed
the figures, and wrote the paper in its entirety.

Funding Open Access funding provided by University of Helsinki
including Helsinki University Central Hospital. The author declares
that no funds, grants, or other support were received during the prepa-
ration of this manuscript.

Data Availability Enquiries about data availability should be directed
to the authors.

Declarations

Competing Interests The author has no relevant financial or non-finan-
cial interests to disclose.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Barker RA, Bjorklund A, Gash DM, Whone A, Van Laar A, Kordower
JH, Bankiewicz K, Kieburtz K, Saarma M, Booms S, Huttunen
HIJ, Kells AP, Fiandaca MS, Stoessl AJ, Eidelberg D, Federoff
H, Voutilainen MH, Dexter DT, Eberling J, Brundin P, Isaacs
L, Mursaleen L, Bresolin E, Carroll C, Coles A, Fiske B, Mat-
thews H, Lungu C, Wyse RK, Stott S, Lang AE (2020) GDNF
and Parkinson’s Disease: where next? A summary from a recent
workshop. J Parkinsons Dis 10:875-891

Barroso-Chinea P, Cruz-Muros I, Aymerich MS, Rodriguez-Diaz M,
Afonso-Oramas D, Lanciego JL, Gonzéilez-Hernandez T (2005)
Striatal expression of GDNF and differential vulnerability of mid-
brain dopaminergic cells. Eur J Neurosci 21:1815-1827

Béreau M, Fleury V, Bouthour W, Castrioto A, Lhommée E, Krack P
(2018) Hyperdopaminergic behavioral spectrum in Parkinson’s
disease: A review. Rev Neurol. https://doi.org/10.1016/j.neurol.
2018.07.005

Bespalov MM, Sidorova YA, Tumova S, Ahonen-Bishopp A, Magal-
haes AC, Kulesskiy E, Paveliev M, Rivera C, Rauvala H, Saarma
M (2011) Heparan sulfate proteoglycan syndecan-3 is a novel
receptor for GDNF, neurturin, and artemin. J Cell Biol. https://
doi.org/10.1083/jcb.201009136

Bourque MJ, Trudeau LE (2000) GDNF enhances the synaptic efficacy
of dopaminergic neurons in culture. Eur J Neurosci 12:3172-3180

Canty AJ, Dietze J, Harvey M, Enomoto H, Milbrandt J, Ibafiez CF
(2009) Regionalized loss of parvalbumin interneurons in the
cerebral cortex of mice with deficits in GFRalphal signaling. J
Neurosci 29:10695-10705

Cao JP, Yu JK, Li C, Sun Y, Yuan HH, Wang HJ, Gao DS (2008)
Integrin B1 is involved in the signaling of glial cell line-derived
neurotrophic factor. ] Comp Neurol 509:203-210

Chao Cc, Ma YL, Chu KY, Lee EHY (2003) Integrin av and NCAM
mediate the effects of GDNF on DA neuron survival, out-
growth, DA turnover and motor activity in rats. Neurobiol Aging
24:105-116

Cheng H-C, Ulane CM, Burke RE (2010) Clinical progression in
Parkinson Disease and the neurobiology of axons. Ann Neurol
67:715-725

Conway JA, Kramer ER (2022) Is activation of GDNF/RET signal-
ing the answer for successful treatment of Parkinson’s disease?
A discussion of data from the culture dish to the clinic. Neural
Regen Res 17:1462-1467

Conway JA, Ince S, Black S, Kramer ER (2020) GDNF/RET signaling
in dopamine neurons in vivo. Cell Tissue Res 382:135-146

d’Anglemont de Tassigny X, Pascual A, Lopez-Barneo J (2015) GDNF-
based therapies, GDNF-producing interneurons, and trophic sup-
port of the dopaminergic nigrostriatal pathway. Implications for
Parkinson’s disease. Front Neuroanat. https://doi.org/10.3389/
fnana.2015.00010

Drinkut A, Tillack K, Meka DP, Schulz JB, Kiigler S, Kramer ER
(2016) Ret is essential to mediate GDNF’s neuroprotective and
neuroregenerative effect in a Parkinson disease mouse model.
Cell Death Dis 7:¢2359-2359

Durbec P, Marcos-Gutierrez CV, Kilkenny C, Grigoriou M, Wartio-
waara K, Suvanto P, Smith D, Ponder B, Costantini F, Saarma
M, Sariola H, Pachnis V (1996) GDNF signalling through the
Ret receptor tyrosine kinase. Nature 381:789-793

Emerich D (1996) Alleviation of behavioral deficits in aged rodents
following implantation of encapsulated GDNF-producing fibro-
blasts. Brain Res 736:99-110

Enterria-Morales D, del Rey NL-G, Blesa J, Lopez-Lépez I, Gallet S,
Prévot V, Lopez-Barneo J, d’Anglemont de Tassigny X (2020)
Molecular targets for endogenous glial cell line-derived neuro-
trophic factor modulation in striatal parvalbumin interneurons.
Brain Commun. https://doi.org/10.1093/braincomms/fcaal05

Espinoza S, Scarpato M, Damiani D, Manago F, Mereu M, Con-
testabile A, Peruzzo O, Carninci P, Santoro C, Papaleo F, Min-
gozzi F, Ronzitti G, Zucchelli S, Gustincich S (2020) SINEUP
non-coding RNA targeting GDNF rescues motor deficits and
neurodegeneration in a mouse model of Parkinson’s Disease.
Mol Ther 28:642-652

Feng L, Wang CY, Jiang H, Oho C (1999) Differential effects of
GDNF and BDNF on cultured ventral mesencephalic neurons.
Mol Brain Res 66:62-70

Fu YH, Paxinos G, Watson C, Halliday GM (2016) The substantia
nigra and ventral tegmental dopaminergic neurons from devel-
opment to degeneration. J] Chem Neuroanat 76:98—-107

Georgievska B, Kirik D, 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 Neu-
rosci 24:6437-6445

Giros B, Jaber M, Jones SR, Wightman RM, Caron MG (1996)
Hyperlocomotion and indifference to cocaine and amphetamine
in mice lacking the dopamine transporter. Nature 379:606-612

Gomes CARYV, Vaz SH, Ribeiro JA, Sebastido AM (2006) Glial cell
line-derived neurotrophic factor (GDNF) enhances dopamine
release from striatal nerve endings in an adenosine A2A recep-
tor-dependent manner. Brain Res 1113:129-136

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.neurol.2018.07.005
https://doi.org/10.1016/j.neurol.2018.07.005
https://doi.org/10.1083/jcb.201009136
https://doi.org/10.1083/jcb.201009136
https://doi.org/10.3389/fnana.2015.00010
https://doi.org/10.3389/fnana.2015.00010
https://doi.org/10.1093/braincomms/fcaa105

3188

Cellular and Molecular Neurobiology (2023) 43:3179-3189

Grealish S, Jonsson ME, Li M, Kirik D, Bjorklund A, Thompson
LH (2010) The A9 dopamine neuron component in grafts of
ventral mesencephalon is an important determinant for recovery
of motor function in a rat model of Parkinson’s disease. Brain
133:482-495

Grondin R, Cass WA, Zhang Z, Stanford JA, Gash DM, Gerhardt GA
(2003) Glial cell line-derived neurotrophic factor increases stim-
ulus-evoked dopamine release and motor speed in aged rhesus
monkeys. J Neurosci 23(1974):1980

Grondin R, Littrell OM, Zhang Z, Ai Y, Huettl P, Pomerleau F, Quin-
tero JE, Andersen AH, Stenslik MJ, Bradley LH, Lemmon J,
O’Neill MJ, Gash DM, Gerhardt GA (2019) GDNF revisited: a
novel mammalian cell-derived variant form of GDNF increases
dopamine turnover and improves brain biodistribution. Neurop-
harmacology 147:28-36

Hadaczek P, Johnston L, Forsayeth J, Bankiewicz KS (2010) Pharma-
cokinetics and bioactivity of glial cell line-derived factor (GDNF)
and neurturin (NTN) infused into the rat brain. Neuropharmacol-
ogy 58:1114-1121

Hebert MA, Gerhardt GA (1997) Behavioral and neurochemical
effects of intranigral administration of glial cell line-derived neu-
rotrophic factor on aged Fischer 344 rats. ] Pharmacol Exp Ther
282:760-768

Hebert MA, Van Horne CG, Hoffer BJ, Gerhardt GA, VanHorne CG,
Hoffer BJ, Gerhardt GA, Van Horne CG, Hoffer BJ, Gerhardt GA
(1996) Functional effects of GDNF in normal rat striatum: presyn-
aptic studies using in vivo electrochemistry and microdialysis. J
Pharmacol Exp Ther 279:1181-1190

Hidalgo-Figueroa M, Bonilla S, Gutiérrez F, Pascual A, Lépez-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

Hudson J, Granholm A-CC, Gerhardt GA, Henry MA, Hoffman A,
Biddle P, Leela NSS, Mackerlova L, Lile JD, Collins F, Hoffer BJ
(1995) Glial cell line-derived neurotrophic factor augments mid-
brain dopaminergic circuits in vivo. Brain Res Bull 36:425-432

Ibafiez CF, Paratcha G, Ledda F (2020) RET-independent signaling by
GDNF ligands and GFRa receptors. Cell Tissue Res 382:71-82

Jain S, Golden JP, Wozniak D, Pehek E, Johnson EM Jr, Milbrandt J
(2006) RET is dispensable for maintenance of midbrain dopamin-
ergic neurons in adult mice. J Neurosci 26:11230-11238

Jing SQ, Wen DZ, Yu YB, Holst PL, Luo Y, Fang M, Tamir R, Anto-
nio L, Hu Z, Cupples R, Louis JC, Hu S, Altrock BW, Fox GM
(1996) GDNF-induced activation of the ret protein tyrosine kinase
is mediated by GDNFR-alpha, a novel receptor for GDNF. Cell
85:1113-1124

Kholodilov N, Yarygina O, Oo TF, Zhang H, Sulzer D, Dauer W,
Burke RE (2004) Regulation of the development of mesence-
phalic dopaminergic systems by the selective expression of glial
cell line-derived neurotrophic factor in their targets. J Neurosci
24:3136-3146

Kobayashi S, Ogren SO, Hoffer BJ, Olson L (1998) Dopamine D1 and
D2 receptor-mediated acute and long-lasting behavioral effects of
glial cell line-derived neurotrophic factor administered into the
striatum. Exp Neurol 154:302-314

Kobori N, Waymire JC, Haycock JW, Clifton GL (2004) Enhancement
of tyrosine hydroxylase phosphorylation and activity by glial cell
line-derived neurotrophic factor. J Biol Chem 279:2182-2191

Koos T, Tepper JM (1999) Inhibitory control of neostriatal projection
neurons by GABAergic interneurons. Nat Neurosci 2:467-472

Kopra J, Vilenius C, Grealish S, Hirma M-A, Varendi K, Lindholm
J, Castrén E, Voikar V, Bjorklund A, Piepponen TP, Saarma M,
Andressoo J-O (2015) GDNF is not required for catecholaminer-
gic neuron survival in vivo. Nat Neurosci 18:319-322

Kopra J, Villarta-Aguilera M, Savolainen M, Weingerl S, Mythédnen
TT, Rannanpédi S, Salvatore MF, Andressoo J-O, Piepponen TP

@ Springer

(2018) Constitutive Ret signaling leads to long-lasting expression
of amphetamine-induced place conditioning via elevation of mes-
olimbic dopamine. Neuropharmacology 128:221-230

Kramer ER, Liss B (2015) GDNF-Ret signaling in midbrain dopamin-
ergic neurons and its implication for Parkinson disease. FEBS
Lett 589:3760-3772

Kumar A, Kopra J, Varendi K, Porokuokka LL, Panhelainen A, Kuure
S, Marshall P, Karalija N, Hirma MA, Vilenius C, Lillevili K,
Tekko T, Mijatovic J, Pulkkinen N, Jakobson MM, Jakobson MM,
Ola R, Palm E, Lindahl M, Stromberg I, Vdikar V, Piepponen
TP, Saarma M, Andressoo JO (2015) GDNF overexpression from
the native locus reveals its role in the nigrostriatal dopaminergic
system function. PLoS Genet 11:1-24

Lalive AL, Munoz MB, Bellone C, Slesinger PA, Liischer C, Tan KR
(2014) Firing modes of dopamine neurons drive bidirectional
GIRK channel plasticity. J Neurosci 34:5107-5114

Li H, Jiang H, Li H, Li L, Yan Z, Feng J (2022) Generation of human
A9 dopaminergic pacemakers from induced pluripotent stem cells.
Mol Psychiatry. https://doi.org/10.1038/s41380-022-01628-1

Lin LF, Doherty DH, Lile JD, Bektesh S, Collins F (1993) GDNF: a
glial cell line-derived neurotrophic factor for midbrain dopamin-
ergic neurons. Science 260:1130-1132

Lindgren N, Francardo V, Quintino L, Lundberg C, Cenci MA (2012)
A model of GDNF gene therapy in mice with 6-Hydroxydopa-
mine lesions: time course of neurorestorative effects and ERK1/2
activation. J Parkinsons Dis 2:333-348

Luz M, Mohr E, Fibiger HC (2016) GDNF-induced cerebellar toxicity:
a brief review. Neurotoxicology 52:46-56

Mahato AK, Kopra J, Renko JM, Visnapuu T, Korhonen I, Pulkkinen
N, Bespalov MM, Domanskyi A, Ronken E, Piepponen TP, Vou-
tilainen MH, Tuominen RK, Karelson M, Sidorova YA, Saarma
M (2020) Glial cell line-derived neurotrophic factor receptor
rearranged during transfection agonist supports dopamine neu-
rons in vitro and enhances dopamine release in vivo. Mov Disord
35:245-255

Manfredsson FP, Polinski NK, Subramanian T, Boulis N, Wakeman
DR, Mandel RJ (2020) The Future of GDNF in Parkinson’s dis-
ease. Front Aging Neurosci 12:1-6

Marshall P, Garton DR, Taira T, Voikar V, Vilenius C, Kulesskaya N,
Rivera C, Andressoo JO (2021) Elevated expression of endog-
enous glial cell line-derived neurotrophic factor impairs spatial
memory performance and raises inhibitory tone in the hippocam-
pus. Eur J Neurosci 53:2469-2482

Martin D, Miller G, Cullen T, Fischer N, Dix D, Russell D (1996)
Intranigral or intrastriatal injections of GDNF: effects on mono-
amine levels and behavior in rats. Eur J Pharmacol 317:247-256

Mitlik K, Voikar V, Vilenius C, Kulesskaya N, Andressoo J (2018)
Two-fold elevation of endogenous GDNF levels in mice improves
motor coordination without causing side-effects. Sci Rep 8:11861

Mitlik K, Garton DR, Montafio-Rodriguez AR, Olfat S, Eren F, Cas-
serly L, Damdimopoulos A, Panhelainen A, Porokuokka LL,
Kopra JJ, Turconi G, Schweizer N, Bereczki E, Piehl F, Engberg
G, Cervenka S, Piepponen TP, Zhang F-P, Sipild P, Jakobsson J,
Sellgren CM, Erhardt S, Andressoo J-O (2022) Elevated endog-
enous GDNF induces altered dopamine signalling in mice and
correlates with clinical severity in schizophrenia. Mol Psychiatry.
https://doi.org/10.1038/s41380-022-01554-2

Mesa-Infante V, Afonso-Oramas D, Salas-Hernandez J, Rodriguez-
Nuiiez J, Barroso-Chinea P (2022) Long-term exposure to GDNF
induces dephosphorylation of Ret, AKT, and ERK1/2, and is inef-
fective at protecting midbrain dopaminergic neurons in cellular
models of Parkinson’s disease. Mol Cell Neurosci. https://doi.org/
10.1016/j.mcn.2021.103684

Mijatovic J, Airavaara M, Planken A, Auvinen P, Raasmaja A, Piep-
ponen TP, Costantini F, Ahtee L, Saarma M (2007) Constitutive
Ret activity in knock-in multiple endocrine neoplasia type B mice


https://doi.org/10.1038/s41380-022-01628-1
https://doi.org/10.1038/s41380-022-01554-2
https://doi.org/10.1016/j.mcn.2021.103684
https://doi.org/10.1016/j.mcn.2021.103684

Cellular and Molecular Neurobiology (2023) 43:3179-3189

3189

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

Mijatovic J, Patrikainen O, Yavich L, Airavaara M, Ahtee L, Saarma
M, Piepponen TP (2008) Characterization of the striatal dopamin-
ergic neurotransmission in MEN2B mice with elevated cerebral
tissue dopamine. J Neurochem 105:1716-1725

Moaddab M, McDannald MA (2021) Retrorubral field is a hub for
diverse threat and aversive outcome signals. Curr Biol 31:2099-
2110.e5

Paratcha G, Ledda F, Ibanez CF (2003) The neural cell adhesion mol-
ecule NCAM is an alternative signaling receptor for GDNF family
ligands. Cell 113:867-879

Pothos EN, Davila V, Sulzer D (1998) Presynaptic recording of quanta
from midbrain dopamine neurons and modulation of the quantal
size. J Neurosci 18:4106—4118

Pozas E, Ibanez CF (2005) GDNF and GFR alpha 1 promote differen-
tiation and tangential migration of cortical GABAergic neurons.
Neuron 45:701-713

Rosenblad C, Georgievska B, Kirik D (2003) Long-term striatal over-
expression of GDNF selectively downregulates tyrosine hydroxy-
lase in the intact nigrostriatal dopamine system. Eur J Neurosci
17:260-270

Salvatore MF, Zhang J-L, Large DM, Wilson PE (2004) Striatal GDNF
administration increases tyrosine hydroxylase phosphorylation in
the rat striatum and substantia nigra. ] Neurochem 90:245-254

Salvatore MF, Gerhardt GA, Dayton RD, Klein RL, Stanford JA (2009)
Bilateral effects of unilateral GDNF administration on dopamine-
and GABA-regulating proteins in the rat nigrostriatal system. Exp
Neurol 219:197-207

Schaar DG, Sieber BA, Dreyfus CF, Black IB (1993) Regional and
cell-specific expression of GDNF in rat brain. Exp Neurol
124:368-371

Sotoyama H, Iwakura Y, Oda K, Sasaoka T, Takei N, Kakita A, Enom-
oto H, Nawa H (2017) Striatal hypodopamine phenotypes found
in transgenic mice that overexpress glial cell line-derived neuro-
trophic factor. Neurosci Lett 654:99-106

Stanford JA, Salvatore MF, Joyce BM, Zhang H (2007) Bilateral effects
of unilateral intrastriatal GDNF on locomotor-excited and non-
locomotor-related striatal neurons in aged F344 rats. Neurobiol
Aging 28:156-165

Authors and Affiliations

Pepin Marshall'2

P4 Pepin Marshall
pepin.marshall @helsinki.fi

1" Neuroscience Center, University of Helsinki,

00014 Helsinki, Finland

Stromberg I, Bjorklund L, Johansson M, Tomac A, Collins F, Olson L,
Hofter B, Humpel C (1993) Glial cell line-derived neurotrophic
factor is expressed in the developing but not adult striatum and
stimulates developing dopamine neurons in vivo. Exp Neurol
124:401-412

Tepper JM, Tecuapetla F, Kods T, Ibafiez-Sandoval O (2010) Hetero-
geneity and diversity of striatal GABAergic interneurons. Front
Neuroanat 4:150

Thompson L, Barraud P, Andersson E, Kirik D, Bjorklund A (2005)
Identification of dopaminergic neurons of nigral and ventral teg-
mental area subtypes in grafts of fetal ventral mesencephalon
based on cell morphology, protein expression, and efferent pro-
jections. J Neurosci 25:6467-6477

Tomac A, Widenfalk J, Lin LF, Kohno T, Ebendal T, Hoffer BJ, Olson
L (1995) Retrograde axonal transport of glial cell line-derived
neurotrophic factor in the adult nigrostriatal system suggests a
trophic role in the adult. PNAS 92:8274-8278

Treanor JJS, Goodman L, DeSauvage F, Stone DM, Poulsen KT,
Beck CD, Gray C, Armanini MP, Pollock RA, Hefti F, Phillips
HS, Goddard A, Moore MW, BujBello A, Davies AM, Asai N,
Takahashi M, Vandlen R, Henderson CE, Rosenthal A (1996)
Characterization of a multicomponent receptor for GDNF. Nature
382:80-83

Turconi G, Kopra J, Véikar V, Kulesskaya N, Vilenius C, Piepponen
TP, Andressoo JO (2020) Chronic 2-fold elevation of endogenous
GDNEF levels is safe and enhances motor and dopaminergic func-
tion in aged mice. Mol Ther - Methods Clin Dev 17:831-842

Wang J, Chen G, Lu B, Wu CP (2003) GDNF acutely potentiates Ca’*
channels and excitatory synaptic transmission in midbrain dopa-
minergic neurons. Neurosignals 12:78-88

Yang F, Feng L, Zheng F, Johnson SW, Du J, Shen L, Wu CP, Lu
B (2001) GDNF acutely modulates excitability and A-type K*
channels in midbrain dopaminergic neurons. Nat Neurosci
4:1071-1078

Zuo T, Qin JY, Chen J, Shi Z, Liu M, Gao X, Gao D (2013) Involve-
ment 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

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

2 Institute of Pharmacology, Toxicology and Pharmacy, Ludwi

g-Maximilians-University, Munich, Germany

@ Springer


http://orcid.org/0000-0002-3620-1889

	Finding an Optimal Level of GDNF Overexpression: Insights from Dopamine Cycling
	Abstract
	Graphical Abstract

	Introduction
	GDNF Promotes Dopaminergic Phenotype, Dopamine Turnover, and is Excitatory in Cultured Midbrains Cells
	Exogenous GDNF and Constitutive RET Activation Produce Behavioural Hyperactivity
	Dopamine Turnover is Increased by Exogenous GDNF or RET Agonist Application In Vivo
	Dopamine Turnover is Increased by GDNF Overexpression or Constitutive RET Activation In Vivo Yet Hypodopaminergia may be Seen at High Levels
	Behavioural Responses to Endogenous GDNF Upregulation In Vivo are Dose-Dependent
	Outside GDNF-GFRa1-RET
	Conclusion and Open Questions
	Acknowledgements 
	References




