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Abstract

Parkinson’s disease (PD) is a progressive neurodegenerative disease that comprises a range of motor and nonmotor
symptoms. Glial cell line-derived neurotrophic factor (GDNF) promotes the survival of dopamine neurons in vitro and
in vivo, and intracranial delivery of GDNF has been tested in six clinical trials for treating PD. However, clinical trials
with ectopic GDNF have yielded variable results, which could in part result from abnormal expression site and levels
caused by ectopic overexpression. Therefore, an important open question is whether an increase in endogenous
GDNF expression could be potent in reversing PD progression. Here, we tested the therapeutic potential of endoge-
nous GDNF using mice in which endogenous GDNF can be conditionally upregulated specifically in cells that express
GDNF naturally (conditional GDNF hypermorphic mice; GdnfcHyper). We analyzed the impact of endogenous GDNF up-
regulation in both neuroprotection and neurorestoration procedures, and for both motor and nonmotor symptoms in
the proteasome inhibitor lactacystin (LC) model of PD. Our results showed that upregulation of endogenous GDNF in
the adult striatum is not protective in LC-induced PD model in mice. Since age is the largest risk factor for PD, we
also analyzed the effect of deletion of endogenous GDNF in aged Gdnf conditional knock-out mice. We found that
GDNF deletion does not increase susceptibility to LC-induced damage. We conclude that endogenous GDNF does
not impact the outcome in the LC-induced proteasome inhibition mouse model of Parkinson’s disease.
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Significance Statement

Glial cell line-derived neurotrophic factor GDNF is a strong enhancer of dopamine neuron function and survival.
Ectopic delivery of GDNF has been tested in six clinical trials to treat Parkinson’s disease (PD) with promising but in-
conclusive results. Whether an increase in endogenous GDNF expression could be more beneficial in protecting or
restoring damaged dopamine neurons than ectopic GDNF delivery has remained unknown. Here, we use GDNF
conditional hypermorph and GDNF conditional knock-out mice to study the role of endogenous GDNF in a mouse
model of Parkinson’s disease. Our findings demonstrate that neither an increase or loss of endogenous GDNF ex-
pression impacts dopamine neuron survival and recovery in proteasome inhibitionmodel of Parkinson’s disease.
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Introduction
Parkinson’s disease (PD) is a progressive neurodegenera-

tive disease that affects .10 million people worldwide
(Meissner et al., 2011). The classical motor symptoms of PD
mostly result from a gradual degeneration of substantia
nigra pars compacta (SNpc) dopaminergic neurons and the
consequent loss of dopamine fibers in the dorsal striatum
(DeMaagd and Philip, 2015). In addition, PD patients also
display a range of nonmotor symptoms that have a signifi-
cant impact on their quality of life. Dopaminergic neuron
dysfunction and death in PD is believed to progress be-
cause of failure in mitochondria and proteostasis, which
manifests as reduced proteasomal function in the SNpc
(Bentea et al., 2017; Park et al., 2018). Current treatments
are mainly limited to symptomatic treatment of motor dys-
function. No treatment is available to halt or reverse the pro-
gression of PD.
Glial cell line-derived neurotrophic factor (GDNF) promotes

dopamine synthesis and turnover in cultured dopaminergic
neurons and induces tyrosine hydroxylase (TH)-positive fiber
outgrowth in vivo (Lin et al., 1993; Hoffer et al., 1994).
Therefore, GDNF delivery to reverse dopaminergic degener-
ation has been tested in preclinical and clinical trials. Most
preclinical studies have been performed using 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) and 6-hydroxydo-
pamine (6-OHDA) in PD animal models, where toxins enter
dopamine neurons via dopamine transporter (DAT) and
acutely kill specifically the dopamine neurons (Lotharius et
al., 1999). Based on success of those studies, six clinical tri-
als with ectopic delivery of GDNF have been performed,
with variable outcomes (Georgievska et al., 2002, 2004;
Manfredsson et al., 2009; Meissner et al., 2011; Barker et
al., 2020). Among unresolved questions is the optimal
source of GDNF (Barker et al., 2020) and how to achieve the
regrowth of dopamine neuron axons across the striatum
(Ibáñez and Andressoo, 2017; Bondarenko and Saarma,
2021). Since neurotrophic factors, including GDNF, act as
chemoattractants, ectopic GDNF delivery results in the re-
growth of dopamine neuron axons toward the GDNF appli-
cation site rather than toward their physiological innervation

targets (Georgievska et al., 2002, 2004; Rosenblad et al.,
2003; Love et al., 2005; Nagahara et al., 2009). Each dopa-
mine neuron normally forms wide arborizations in the stria-
tum and innervates up to 5% of the whole striatum volume
(Matsuda et al., 2009). Endogenous GDNF is expressed in
striatal interneurons that are sparsely located across the
whole striatum (Hidalgo-Figueroa et al., 2012; d’Anglemont
de Tassigny et al., 2015). For optimal therapeutic outcome,
it might therefore be beneficial to increase dopaminergic in-
nervation striatum-wide through enhancing chemoattraction
from naturally GDNF expressing cells. However, the therapeu-
tic potential of endogenous GDNF upregulation is unknown
because of the lack of methods allowing to specifically upreg-
ulate endogenousGDNF in the adult striatum.
We recently developed a genetic mouse model where

endogenous GDNF expression is increased at the post-
transcriptional level via 39UTR editing. This approach war-
rants expression in cells that transcribe GDNF naturally
(Kumar et al., 2015). We found that constitutive elevation
in endogenous GDNF levels protects dopaminergic neu-
rons in the proteasome inhibitor lactacystin (LC) induced
PD model (Kumar et al., 2015). However, because GDNF
is involved in dopamine neuron development (Lin et al.,
1993; Burke, 2003; Oo, 2003), this model does not allow
to address whether GDNF upregulation is beneficial be-
cause of developmental effects, and whether similar pro-
tection could be achieved in adults. Therefore, to evaluate
the therapeutic potential of endogenous GDNF, it is imper-
ative to use a system that allows the analysis of condition-
al, adult-onset increase in endogenous GDNF expression.
To that end, we developed GDNF conditional hypermor-

phic (GdnfcHyper) mice (Mätlik et al., 2022). We analyzed the
therapeutic potential of endogenous GDNF upregulation in
the striatum in the LC-inducedmodel of PD, using both neu-
roprotection and neurorestoration paradigms. Wemeasured
both motor and nonmotor symptoms with a variety of be-
havioral tests and assessed brain dopamine levels and the
number of dopamine neurons. Our results show that upreg-
ulation of endogenous GDNF in the adult striatum is not pro-
tective or neurorestorative in LC-induced PD model. Since
aging is the highest risk factor for PD, we also analyzed the
effect of endogenous GDNF deletion in aged GDNF condi-
tional knock-out mice. We found that brain-specific GDNF
deletion does not increase susceptibility of the dopamine
system to LC-induced damage. Altogether, our results
show that neither a 2–4-fold increase or deletion of GDNF
impact the outcome in the LC-induced proteasome inhibi-
tion mousemodel of PD.

Materials and Methods
Animals
The study was performed on 129Ola/ICR/C57bl6

mixed background male mice. The mice were provided
with ad libitum access to food and water at tempera-
ture-controlled conditions at 20–22°C under 12/12 h
light/dark cycle at a relative humidity of 50–60%. Bedding
material and cages (aspen chips, Tapvei Oy) were changed
weekly along with wooden tube and aspen shavings as en-
richment. Generation and genotyping of Gdnf-floxed and
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GDNF conditional hypermorphic (cHyper) mice were de-
scribed previously (Kopra et al., 2015; Mätlik et al.,
2022). A schematic of theGdnfcHyper allele is shown on Fig.
1. All animal experiments were conducted considering the
3R principles of the EU directive 2010/63/EU governing the
care and use of experimental animals and authorized by
the County Administrative Board of Southern Finland (li-
cense numbers ESAVI-2010–09011/Ym-23 and ESAVI/
11198/04.10.07/2014). All the protocols were authorized
by the National Animal Experiment Board of Finland.

Experimental design
The study consists of five experiments, named I through

V. The details of the experimental procedures are de-
scribed separately for each experiment. In all experi-
ments, baseline behavioral tests were performed before
the injections. In all experiments, we used male mice.
Sample size was determined based on previous studies
using male mice with the same triple-mixed genetic back-
ground. No statistical methods were used to predetermine
sample size. Only litters including animals from different
genotypes were included. Animals were tested in a random
order. Stereotaxic injections were administered in a ran-
dom order. Tissue isolations were performed in a random
order. All experiments were performed by researchers
blinded to the genotypes of the animals.
In Experiment I (Fig. 2A–E), adult Gdnfw/wt and

Gdnfwt/cHyper mice were injected bilaterally with AAV5-
Cre into the striatum to induce GDNF upregulation. Mice were
dissected at two days, and two, six, and eightweeks after the
AAV5-Cre injection tomeasuremRNA and protein levels.
In Experiment II (Fig. 3A–E), adult Gdnfw/wt and

Gdnfwt/cHyper mice were injected unilaterally with LC
above the right SN to induce dopaminergic cell death,
and simultaneously with AAV5-Cre into the right stria-
tum to induce GDNF upregulation. The noninjected (left)
hemisphere was considered a control. The animals were
followed with indicated behavioral tests and were dis-
sected sevenweeks after the injections.
In Experiment III (Fig. 4A–E), adult Gdnfw/wt and

Gdnfwt/cHyper mice were injected bilaterally with AAV5-
Cre into the striatum to induce GDNF upregulation. The
mice were followed with indicated behavioral tests. At
16weeks after the AAV-Cre injections, a subset of mice
were unilaterally injected with LC above the right sub-
stantia nigra, followed by behavioral tests. The animals
were dissected eightweeks after LC injection.
In Experiment IV (Figs. 5A–G, 6A–F), Gdnfw/wt,

Gdnfwt/cHyper and GdnfcHyper/cHyper mice were injected
unilaterally with LC above the right substantia nigra to
induce dopaminergic cell death and followed with be-
havioral tests as indicated in Figures 5 and 6. To induce
GDNF upregulation, AAV5-Cre was injected unilaterally
into the right striatum threeweeks after LC injection. As a
control, we also injected wild-type mice with AAV5-GDNF
to compare the outcomes after ectopic and endogenous
GDNF overexpression. The animals were followed in be-
havioral tests and were dissected 26weeks after baseline.
In Experiment V (Fig. 7A–C), GdnfcKO mice were crossed

with the Nestin-Cre line (Kopra et al., 2015) to delete GDNF

specifically in the CNS. Thirteen- to 15-month-old male
mice were unilaterally injected with LC just above the
right substantia nigra. Mice were followed with behav-
ioral tests as indicated on Figure 4 and were dissected
eightweeks after LC injection.

Behavioral tests
Behavioral tests including rotarod (RR), open field (OF),

and light-dark exploration (LD) were performed as previ-
ously described (Mätlik et al., 2018).

Amphetamine-induced rotations
Animals were injected with 1–4mg/kg amphetamine,

i.p. and placed into a bucket. Rotations were recorded
starting immediately after amphetamine injection and
were recorded for 40min. Rotations in the ipsilateral di-
rection were counted starting from 10min after the injec-
tion. In Experiments I–IV, mice were injected with 1mg/kg
amphetamine. In Experiment V, mice were injected with
4mg/kg amphetamine, i.p., at baseline and with 2mg/kg
amphetamine, i.p., in subsequent experiments.

Elevated body swing test
Elevated body swing test (EBS) was performed to evalu-

ate asymmetrical motor behavior (Borlongan and Sanberg,
1995). The mouse was held by the base of the tail and lifted
20 times, allowing it to briefly rest after each trial. A swing
was counted on the movement of the head in either
direction.

Cylinder test
Cylinder test was performed to evaluate motor asym-

metry (Su et al., 2018). Mice were placed into a 20-cm di-
ameter glass cylinder for 5min, and the number of first
and total touches with each forepaw on the cylinder wall
were counted.

Spontaneous rotations
Spontaneous rotations were counted to measure motor

asymmetry. Mice were placed into a 20-cm diameter
glass cylinder for 5min, and the number of full ipsilateral
and contralateral rotations (360°) were counted.

Home cage activity
Spontaneous activity in a home cage setting was meas-

ured using the TSE InfraMot system (TSE). The mice were
single housed with nesting material and ad libitum access
to water and food. Circadian activity was recorded during
a period of 8 d. For the analysis, activity measures were
divided into 6-h blocks, 12/12 h light/dark periods, and
total circadian activity over 24 h. On the last day of the
home-cage activity test, the nesting was scored accord-
ing to a five-point scale (Deacon, 2006).

Adhesive removal test
Adhesive removal test was performed to evaluate sen-

sorimotor deficits. Mice were habituated in the testing
cage for 60 s, and a small adhesive tape was adhered to
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the underside of each forepaw. The mouse was placed
back in the testing cage and the time to touch and remove
the tape were recorded for each forepaw separately. The
cutoff time was set at 2min.

Stereotaxic surgery
Mice were anesthetized with isoflurane (4% for induc-

tion, 1.5–2% for maintenance) in 100% O2. The hair on
the top of the head was shaved and cleaned with
Desinfektol P (Berner Pro). Mice were placed on a stereo-
taxic apparatus and lidocaine (Yliopiston Apteekki) was
injected into the skin for local analgesia. The skin was cut
with a scalpel and holes were drilled into the skull.
LC injections were performed using a 10-ml Hamilton

syringe with a 26-G steel needle (A.G. Scientific/Nordic
Biosite). The needle was unilaterally inserted into the right
hemisphere of the brain just above SN (A/P �3.3; M/L �1.2
and D/V �4.6, relative to bregma). For all the experiments
(Experiments I–V), we used 2mg LC in 1ml of DPBS.
AAV5-Cre and AAV5-GDNF injections were performed

as described previously (Mätlik et al., 2022). Briefly, a 33-
G blunt NanoFil needle (World Precision Instruments) was
inserted into the brain parenchyma at a 10° angle to avoid
damaging the lateral ventricle. AAV5-Cre was injected at
A/P 1.2 and 0.2; M/L 62.2 and D/V �3.0, relative to breg-
ma. In Experiments I and III, injections were performed bi-
laterally, and in Experiments II and IV, injections were
performed unilaterally into the right striatum.
The mice received 5mg/kg Rimadyl intraperitoneally

(Yliopiston Apteekki) after the surgery for postoperative
analgesia. Mortality in each experiment was as follows: I
and III, 0%; II, 9.4%; IV, 21%; V, 3.7%.

Tissue isolation
Mice were dissected at different time points as de-

scribed above in Experimental design. Striatum and sub-
stantia nigra (SN) were dissected using a standard mouse
brain matrix and were snap-frozen on dry ice immediately
for gene expression, protein levels, and high-performance
liquid chromatography (HPLC) analyses. For histologic
analyses, tissues were under light perfusion with PBS
which allows us to analyze STR for DA and SN pars com-
pacta (SNpc) for tyrosine hydroxylase (TH)-positive cells
from the same animal. Tissues for immunohistochemistry
were fixed o/n in 4% formaldehyde for stereological analy-
ses of TH-positive cells in the SNpc.

High-performance liquid chromatography (HPLC)
Dopamine levels were measured in striatum and SN

brain samples as previously described (Valros et al.,
2015), using HPLC with electrochemical detection.

Stereological analysis of TH-positive cells
The number of TH-positive neurons was assessed in

SNpc as described previously (Kumar et al., 2015). TH-
positive cells were counted at the medial region of SNpc.
StereoInvestigator (MBF Bioscience) was used to outline
the SNpc and positively stained cells were counted within
the defined outlines.

Immunohistochemistry of IBA1 andGFAP in SN
Immunohistochemistry was performed on freely floating

40-mm coronal cryosections, stored at �20°C in cryopre-
servant containing 30% ethylene glycol and 20% glycerol
in 0.1 M phosphate buffer. IBA1 and GFAP stains were
performed on separately on different sections containing
the substantia nigra from the same animals. The primary
antibodies used were an anti-GFAP antibody raised in rab-
bit (Fisher, RB-087-A0) and an anti-IBA1 antibody raised in
rabbit (Wako, 019-19741) visualized with an AlexaFluor
594-conjugated donkey anti-rabbit secondary antibody
(Abcam, ab150064).

Image analysis
Stained mouse SN containing sections from three to four

male mice per experimental group (approximately �3.08 to
�3.64 mm AP from bregma, according to the brain atlas
from Franklin and Paxinos, 2013) were imaged at 20�
magnification using a Zeiss Axio Imager microscope outfit-
ted with a Zeiss ApoTome for optical sectioning. Eleven
successive fluorescence images were taken every 0.5mm
using the ApoTome optically sectioned with structured illu-
mination to produce a 6.5-mm-thick 3-D final image of both
the injected and noninjected substantia nigra. Only sections
in which the injection injury was readily identifiable were
used. Images were analyzed using Imaris software to quantify
the overall density within the substantia nigra of the stained
protein of interest (calculated as a ratio defined as total vol-
ume of protein stain/total volume of image) by a researcher
blind to experimental condition. The ratio of the stain density
from the injected side was then taken relative to the stain
density of the noninjected side of one to three slices and
averaged for each individual animal.

Gene expression analyses
RNA was isolated using TRIzol reagent (Thermo Fisher

Scientific) according to the manufacturer’s protocol. cDNA
was synthesized from 500ng of total DNaseI-treated RNA
using random hexamer primers and RevertAid Reverse
Transcriptase (Thermo Fisher Scientific). Real-time quantita-
tive PCR (qPCR) was conducted with the LightCycler 480 in-
strument using SYBR Green I Master (Roche Diagnostics).
PCR reaction was run in duplicate in a total volume of 10mL
containing 0.25 mM primers and cDNA equivalent to 0.25ng
of RNA in a 384-well plate. Mouse Actb was used as a refer-
ence gene.
The quantification cycle (Cq) values were obtained from

LightCycler 480 Software Release 1.5.0 SP1 using the
Absolute Quantification/second Derivative Max option.
Gdnf relative expression was analyzed as described pre-
viously (Varendi et al., 2014). Primer sequences were as
follows: b-actin-F: CTAAGGCCAACCGTGAAAAG, b-actin-
R:ACCAGAGGCATACAGGGACA, Gdnf-F: CGCTGACCAGT
GACTCCAATATGC and Gdnf-R: TGCCGCTTGTTTATCTGG
TGACC.

Analysis of protein levels
GDNF Emax Immunoassay System (G7620, Promega)

was used to measure GDNF protein levels, according to
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the manufacturer’s protocol. Mouse striatum samples
were homogenized in a lysis buffer recommended by the
manufacturer and the homogenate was centrifuged at
5000 rpm for 15min at 4°C. The supernatant was acid-
treated using HCl, and GDNF protein levels and total
protein level were measured and analyzed as described
previously previously (Kumar et al., 2015). Striatal sam-
ples from GdnfcKO x Nestin-Cre mice were used as
control.

Quantification and statistical analysis
All values are shown as mean 6 SEM. Research sub-

jects correspond to measurements from individual ani-
mals. Statistical comparisons were performed using
an unpaired Student’s t test with two-tailed distribution, or
one-way or two-way ANOVA, followed by Tukey’s or
Sidak’s post hoc test, where appropriate. qPCR data were
analyzed as described previously (Varendi et al., 2014). The
level of statistical significance was set at p,0.05.

Results
Analysis of GDNF expression dynamics inGdnfcHyper

mice
The principle of Gdnf cHyper allele and the effect of

conditional 39UTR replacement on Gdnf expression are
shown in Figure 1. First, to evaluate the extent and time-
line of endogenous GDNF upregulation in the adult stria-
tum, we performed bilateral AAV-Cre injections into the
striatum of Gdnfwt/Hyper mice (Experiment I; Fig. 2A) and
analyzed striatal Gdnf mRNA and protein levels at differ-
ent time points (Fig. 2B–E). We found that Gdnf mRNA
levels were upregulated in striatum of Gdnfwt/cHyper 1Cre
compared with control mice six and 26weeks after AAV-

Cre injection (Fig. 2B,C). We subsequently measured
GDNF protein levels 2 d and two and eightweeks after
AAV-Cre injection and found that GDNF protein levels
were;2–3-fold increased two and eightweeks after AAV-
Cre delivery (Fig. 2D,E).

Elevation of endogenous GDNF expression transiently
improves motor function but does not protect
dopamine system if induced simultaneously with LC
injection
To gain insight into how endogenous GDNF levels

modulate dopaminergic function on inhibition of pro-
teasome function via supranigral LC delivery, we per-
formed unilateral AAV-Cre injection into the right
striatum, followed by LC injection into the right SN on
the same day (Experiment II; Fig. 3A). The mice were
monitored over a period of seven weeks using the ac-
celerating rotarod and cylinder tests to evaluate motor
function and the extent of unilateral damage. Baseline
tests were performed one week before injection. We
found that in the accelerating rotarod test, Gdnfwt/Hyper

mice performed significantly better compared with
wild-type littermates starting from oneweek after AAV-
Cre/LC injection (Fig. 3B).
Since LC induced unilateral damage, we also evaluated

the number of spontaneous contralateral rotations and
found that the number of rotations was significantly small-
er in Gdnfwt/cHyper mice compared with controls (Fig. 3C),
suggesting a possible reduction in the extent of SN dam-
age. However, the ratio of left-to-total (right hemisphere of
the brain was injected) number of forepaw touches in the
cylinder test revealed no differences between the genotypes
(Extended Data Fig. 3-1A). We did not observe a significant
difference in body weight (Extended Data Fig. 3-1B).

Figure 1. Schematic of endogenous GDNF overexpression. A, Comparison between endogenous GDNF overexpression and ectopic
Gdnf delivery. B, Schematic of the GdnfcHyper allele. A FLEx cassette containing loxP sites flanking a short 39UTR that includes the bovine
growth hormone polyadenylation sequence (bGHpA) in an inverted orientation was inserted immediately downstream of Gdnf stop codon
(top panel). Upon Cre-mediated recombination, the FLEx cassette is inverted (middle panel) and the resulting Gdnf transcript contains a
short 39UTR devoid of microRNA (miR) sites (lower panel).

Research Article: Negative Results 5 of 15

February 2023, 10(2) ENEURO.0097-22.2023 eNeuro.org

https://doi.org/10.1523/ENEURO.0097-22.2023.f3-1
https://doi.org/10.1523/ENEURO.0097-22.2023.f3-1


Next, we asked how endogenous GDNF upregulation
in the striatum affects dopamine levels in LC-injected
mice. We found that while LC injection significantly re-
duced dopamine levels in both genotypes, there were
no significant differences between the genotypes (Fig.
3D). In line with these findings, the number of TH1
cells in the SNpc after LC injection was reduced by

;50% in both groups, but there was no difference
between the genotypes (Fig. 3E). Altogether, these
results indicated that upregulation of endogenous
GDNF, when induced simultaneously with LC injec-
tion, may transiently improve motor function, but does
not preserve dopamine levels in the striatum or TH1 cells
in the SNpc.

Figure 2. Analysis of endogenous GDNF mRNA and protein expression in the striatum after striatal AAV5-Cre delivery. A,
Schematic of experimental design to evaluate GDNF expression levels after striatal AAV-Cre delivery in GdnfcHyper mice. B,
Striatal Gdnf mRNA levels measured with qPCR six weeks after bilateral AAV-Cre injection into the STR in GdnfcHyper mice.
Unpaired t test. p = 0.0078. C, Striatal Gdnf mRNA levels 26 weeks after bilateral AAV-Cre injection into STR, measured
with qPCR. Unpaired t test. p = 0.02. D, Striatal GDNF protein levels in GdnfcHyper mice 2 d and twoweeks after striatal
AAV-Cre injection, measured with ELISA. Two-way repeated measures ANOVA, Sidak’s multiple comparisons test.
p = 0.0003. E, GDNF protein levels in GdnfcHyper mice striatum eight weeks after baseline, measured with ELISA. Unpaired t
test. p = 0.0001.
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Figure 3. Assessment of GDNF effects with simultaneous LC injection in GdnfcHyper mice. A, Schematic of experiment for AAV-Cre and LC si-
multaneous injection. B, Latency to fall in the accelerating rotarod test. Two-way repeated measures ANOVA, Sidak’s multiple comparisons
test. p=0.0108 genotype effect. C, Number of contralateral rotations one, two, three, and sixweeks after simultaneous LC and AAV-Cre injec-
tions. Two-way repeated measures ANOVA, Sidak’s multiple comparisons test. p=0.0103 genotype effect. #p, 0.0001 (WT/WT1Cre);
p=0.05 (WT/cHyper1Cre) between oneweek and twoweeks after LC and AAV-Cre injection. D, Total tissue dopamine levels in the injected
and noninjected STR, measured with HPLC. Two-way repeated measures ANOVA, Tukey’s multiple comparisons test. p=0.0009; p=0.0013.
E, The number of TH-positive cells indicating the number of dopaminergic neurons in the SNpc. Two-way repeated measures ANOVA,
Tukey’s multiple comparisons test. p=0.0001; p = 0.0013 between injected and noninjected side. LC, lactacystin; cHyper, conditional hyper-
morphic; WT, wild type; STR, striatum; SNpc, substantia nigra pars compacta; RR, rotarod; CR, contralateral rotations; DA, dopamine; TH, ty-
rosine hydroxylase. *p, 0.05, **p, 0.01, ***p, 0.001. See Extended Data Figure 3-1 for cylinder test and body weight data.
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Analysis of endogenous GDNF upregulation in
neuroprotection paradigm in LC induced PDmodel
The above results suggested that endogenous GDNF

upregulation does not protect dopaminergic neurons in a
LC model when induced simultaneously with LC delivery.
We next asked whether elevation of endogenous GDNF
could be neuroprotective if induced before LC delivery
and cell death. To address this, we injected AAV-Cre bi-
laterally into the striatum of Gdnfwt/cHyper and Gdnfw/w
mice, and injected LC into the right SN 16weeks later
(Fig. 4A). First, to study the degree of unilateral damage,
we quantified amphetamine-induced rotations one and
threeweeks after LC injection. Amphetamine-induced ro-
tations reflect the difference in dopamine release between
the lesioned and the nonlesioned striata. This test is com-
monly used to monitor the extent of motor impairment in-
duced by unilateral lesion in the dopaminergic system
(Björklund and Dunnett, 2019). We observed a signifi-
cant reduction in the number of net ipsilateral rotations
one week after LC injections, demonstrating a unilat-
eral lesion, but there were no significant differences
between the genotypes (Fig. 4B). Similarly, the accel-
erating rotarod test did not reveal any differences be-
tween the genotypes neither at baseline, nor after LC
injection (Fig. 4C). Moreover, the number of touches in
the cylinder test was not different between the geno-
types (Extended Data Fig. 4-1). In line with the previ-
ous experiment, there was a significant reduction in
striatal dopamine levels and TH1 cells in the SNpc in
both groups, but no differences between the geno-
types (Fig. 4D,E). Collectively, these data demonstrate
that a 2–3-fold upregulation of endogenous GDNF in
the striatum is not neuroprotective in a LC-induced PD
model.

Analysis of endogenous GDNF upregulation in
neurorestoration paradigm in LC induced PDmodel
for motor and nonmotor symptoms
Our results suggested that elevation of endogenous

GDNF is not neuroprotective in a LC-induced PD model.
However, since earlier studies have shown that ectopic
GDNF promotes dopamine synthesis and turnover in cul-
tured dopaminergic neurons and induces TH1 fiber out-
growth in vivo (Lin et al., 1993; Hoffer et al., 1994), we
asked whether endogenous GDNF could be neurorestor-
ative if given at a time when substantial LC-induced neu-
rodegeneration has already occurred. To address this
possibility, we first performed unilateral LC injections
into the SN and subsequently injected the mice with
AAV-Cre or AAV5-GDNF to in parallel assess the effect
of ectopic GDNF expression into the right striatum
threeweeks later (Experiment IV; Fig. 5A). In addition, to
address the possibility that the increase in endogenous
GDNF in heterozygous Gdnfwt/cHyper mice was not suffi-
cient to confer neuroprotection and/or neurorestoration,
we included the homozygous GdnfcHyper/cHyper mice in
this experiment. At the endpoint of 26weeks after LC in-
jection, Gdnf mRNA levels were allele-dose-dependently
increased in the striatum of GdnfcHyper mice (Fig. 5B). Mice
were analyzed with a comprehensive set of behavioral

tests commonly used to evaluate both the motor and non-
motor symptoms in PD models. To evaluate the extent of
unilateral motor damage, we used the elevated body swing
test and found that LC significantly increased the swing
activity to the direction contralateral to the lesioned
side twoweeks after the injections (Fig. 5C). However,
there were no differences between the genotypes at
any of the time points tested (Fig. 5D). Similarly, the ac-
celerating rotarod test revealed no significant difference
in motor behavior of the mice between the groups (Fig.
5E). When sensorimotor deficits were evaluated with
the adhesive removal test, we found no differences in
the time to contact or the time to remove the adhesive
from the paw at any of the tested time points (Fig. 5F,
G). For motor symptoms, the open field test did not re-
veal differences in the distance traveled, vertical activ-
ity, average velocity, or the resting time between the
genotypes (Fig. 6C,D; Extended Data Fig. 5-1A,B,D).
We then performed the light-dark test to evaluate anxi-
ety-related behavior but did not observe differences in
the time and distance traveled in the light compartment
(Fig. 6A,B). Similarly, anxiety-related behavior was un-
altered as evaluated by time spent in the center in the
open field test (Extended Data Fig. 5-1C). We also did
not observe differences in spontaneous activity during
light and dark period in the home cage activity test
(Extended Data Fig. 5-1E,F), or in nesting behavior
(Extended Data Fig. 5-1G), altogether suggesting no
change between genotypes for nonmotor symptoms.
Finally, at the endpoint of 26weeks after LC injection,
the mice were analyzed for brain dopamine levels in the
striatum and SN. As in previous experiments, although
LC treatment significantly reduced dopamine levels in
the striatum and SN in all genotypes, there were no sig-
nificant differences between the genotypes (Fig. 6E,F).
Moreover, while there was a clear trend toward increased
IBA1 immunoreactivity in WT animals on the injected side,
we did not see any changes in GFAP (Extended Data Fig.
5-2A–D). This is in line with previous work which similarly re-
ported a significant increase in IBA1 and a trend towards in-
creased GFAP immunoreactivity in the SN in LC PD model
(Savolainen et al., 2017). Similarly, research from another
study focusing on neuroinflammation, through acute or
repeated LPS injection found changes in IBA1 immunore-
activity but not GFAP immunoreactivity (Norden et al.,
2016). Altogether, Experiments II–IV show that AAV-Cre-
induced upregulation of endogenous GDNF in the adult
striatum is not neuroprotective or neurorestorative in a
LC-induced PD model.

Analysis of endogenous GDNF deletion in the LC PD
model
Next, we used Gdnf conditional knock-out (GdnfcKO)

mice crossed with Nestin-Cre mice (GdnfcKO x Nestin-
Cre) to study how CNS-specific deletion of endogenous
GDNF affects sensitivity to LC-induced dopaminergic
system damage. Because age is a predominant risk factor
of PD and proteasome dysfunction (McNaught et al.,
2002, 2003; Bentea et al., 2017; Pang et al., 2019), we
tested the impact of loss of GDNF in 13- to 15-month-old
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(aged) mice. The mice were injected with LC into the right
SN and monitored with behavioral tests for eightweeks
(Experiment V; Fig. 7A). To be able to detect increased vul-
nerability to LC, and to prevent increased mortality in aged

mice, we used a smaller dose of LC in this experiment.
We found that the deletion of endogenous GDNF did not
affect the severity of dopaminergic system lesion, as evi-
dent from a lack of difference between the number of

Figure 4. Neuroprotection analysis, GdnfcHyper mice injected with AAV-Cre into the striatum, followed by LC injection 16weeks
later. A, Schematic of experiment for AAV-Cre bilateral injection into the STR and unilateral LC injection above the SN 16weeks
later. B, The number of contralateral rotations after intraperitoneal amphetamine administration one and threeweeks after LC. Two-
way repeated measures ANOVA, Sidak’s multiple comparisons test. p, 0.0001 significant difference in both genotypes compared
with the baseline. C, Latency to fall in accelerating rotarod test two, five, seven, and 21weeks after AAV-Cre injection. Two-way re-
peated measures ANOVA, Sidak’s multiple comparisons test. D, Total tissue dopamine levels in the STR, measured with HPLC.
Two-way repeated measures ANOVA, Tukey’s multiple comparisons test. p=0.0008 (WT/WT1Cre); p = 0.0002 (WT/cHyper1Cre)
between injected and noninjected side in both genotypes. E, The number of TH-positive cells indicating the number of dopaminer-
gic neurons in the SNpc. Two-way repeated measures ANOVA, Tukey’s multiple comparisons test. p=0.0180; p=0.0002 between
injected and noninjected side. LC, lactacystin; cHyper, conditional hypermorphic; WT, wild type; STR, striatum; SNpc, substantia
nigra pars compacta; AR, amphetamine rotations; RR, rotarod; DA, dopamine; TH, tyrosine hydroxylase. *p, 0.05, **p, 0.01,
***p, 0.001. See Extended Data Figure 4-1 for cylinder test data.

Research Article: Negative Results 9 of 15

February 2023, 10(2) ENEURO.0097-22.2023 eNeuro.org

https://doi.org/10.1523/ENEURO.0097-22.2023.f4-1


Figure 5. Neurorestoration analysis – GdnfcHyper and WT mice injected with LC followed by AAV-Cre and AAV5-GDNF injection
threeweeks later. A, Schematic of experiment depicting unilateral injections of LC just above the SN and AAV-Cre or AAV5-GDNF
into the STR threeweeks later. B, Striatal Gdnf mRNA levels measured with qPCR at the endpoint (26W). One-way ANOVA, Tukey’s
multiple comparisons test. p = 0.0203, p = 0.0001, p, 0.0001. C, Number of net contralateral turns (contralateral minus ipsilateral)
in the elevated body swing test twoweeks after LC injection (out of 20 turns). Unpaired t test. p = 0.0001. D, Number of contralateral
turns (left-biased turns) in the elevated body swing test after LC and AAV-Cre injections. Two-way repeated measures ANOVA,
Tukey’s multiple comparisons test. E, Latency to fall in the accelerating rotarod test. Two-way repeated measures ANOVA, Tukey’s
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amphetamine-induced ipsilateral rotations between the
genotypes (Fig. 7B). In line with this observation, GDNF
deletion in GdnfcKO x Nestin-Cre mice had no effect on
striatal dopamine levels after LC injection (Fig. 7C).
Together, these results show that Gdnf deletion in the
CNS does not increase the sensitivity of the dopaminer-
gic system to LC-induced damage.

Discussion
Rodent and nonhuman primate models of PD, which

mostly include neurotoxins MPTP and 6-OHDA, have
shown that ectopic GDNF alleviates motor symptoms,
enhances dopamine levels in the brain, and protects do-
pamine neurons from degeneration (Hoffer et al., 1994;
Kearns and Gash, 1995; Gash et al., 1996; Kearns et al.,
1997; Oiwa et al., 2002; Kordower et al., 2006). Available
data suggest that in the dopaminergic neurons of the mid-
brain RET receptor is essential to mediate GDNF neuropro-
tective and neurorestorative effects in MPTP-induced animal
models (Kowsky et al., 2007; Drinkut et al., 2016; Conway et
al., 2020; Conway and Kramer, 2022). Similarly, GDNF pro-
tected midbrain dopamine neurons from proteasome inhibi-
tor lactacystin induced degeneration in vitro (Li et al., 2007)
and in vivo (Du et al., 2008, 2013). Moreover, recent results
from placebo-controlled clinical studies suggest that at least
some patients benefit from ectopic GDNF delivery (Barker et
al., 2020), providing rationale for further work in that direction.
Our previous analysis of Gdnfwt/Hyper mice constitutively

overexpressing endogenous GDNF in a proteasome in-
hibitor LC induced PD model and on aging revealed that a
2-fold increase in endogenous GDNF enhances motor co-
ordination and brain dopamine levels without side-effects
(Kumar et al., 2015; Mätlik et al., 2018; Turconi et al.,
2020). However, constitutively increased endogenous
GDNF levels in these mice are also accompanied by de-
velopmental increase in the number of dopaminergic ter-
minals in the striatum and dopamine cells in the SNpc
(Kumar et al., 2015). Thus, it remained impossible to de-
termine whether GDNF’s impact on dopaminergic system
development contributed to the beneficial outcome and
hence the therapeutic potential of adult-onset increase in
endogenous GDNF remained unknown. Here, we asked
whether adult-onset elevation of endogenous GDNF has
therapeutic potential in PD treatment. To address this
possibility and to bypass the developmental effects of en-
dogenous GDNF overexpression, we used the conditional
GDNF hypermorphic (GdnfcHyper) mice (Mätlik et al.,
2022).
We find that 2–4-fold adult onset increase in striatal en-

dogenous GDNF levels does not protect or restore striatal
dopamine levels or protect dopaminergic neurons in
SNpc neither in the neuroprotection nor neurorestoration

procedures in the LC-induced PD model. In addition, we
find no gross differences between the genotypes in be-
havioral tests evaluating PD-related motor functions and
nonmotor symptoms. Since age is the highest risk factor
for PD (Pang et al., 2019) we next used LC in aged mice
lacking GDNF specifically in the CNS (GdnfcKO x Nestin-
Cre). We find that CNS-specific deletion of endogenous
GDNF does not make aged mice more vulnerable to LC-
induced dopaminergic cell death.
The results of this study are in contrast with the body of lit-

erature on the effects of ectopic GDNF in various toxin mod-
els, predominantly MPTP and 6-OHDA, as well as some
genetic models of PD (Barker et al., 2020; Chmielarz et al.,
2020). Therefore, we would like to discuss possible explana-
tions for the perceived discrepancy. In this study, we used
the proteosome inhibitor LC to model PD. Administration of
LC above the SNpc results in an accumulation of unfolded
proteins and dopaminergic neuron degeneration (Bentea et
al., 2015, 2017). We used LC instead of other commonly
used toxins, such as MPTP and 6-OHDA for mainly two rea-
sons. First, based on recent evidence, reduction in protea-
some function is believed to cause or at least contribute to
PD pathology, therefore LC targets a disease-relevant pro-
cess (McNaught et al., 2002, 2003; Bentea et al., 2017).
Second, it has been shown that both an increase and a de-
crease in endogenous GDNF levels in the striatum increase
DAT activity, resulting in increased vulnerability of dopami-
nergic neurons to these toxins (Kumar et al., 2015; J.J.
Kopra et al., 2017). Thus, using DAT-dependent toxins such
as MPTP and 6-OHDA to model PD and simultaneously
evaluate the effect of endogenous GDNF is not possible.
Finally, a potential explanation to differences observed

using ectopic and endogenous GDNF overexpression could
relate to the achieved levels of overexpression. In contrast to
studies using ectopic GDNF delivery, which usually results
in .10-fold or even .100-fold increase in striatal GDNF
concentration (Tenenbaum and Humbert-Claude, 2017), en-
dogenous GDNF upregulation in GdnfcHyper mice is around
2–4-fold. A 3-fold overexpression of recombinant GDNF has
been shown to be neuroprotective in a single study using 6-
OHDA in monkeys (Eslamboli et al., 2005), and a 2-fold in-
crease in GDNF protein expression from endogenous Gdnf
mRNA results in similar rescue in 6-OHDA model mice
(Espinoza et al., 2020). We show that a 2–4-fold increase in
endogenous GDNF has little influence on LC-induced dam-
age of the dopamine system. We observed a transient im-
provement in motor function on simultaneous injection of
LC and GDNF upregulating AAV encoding for Cre recombi-
nase, but no changes in dopamine or dopamine neuron
numbers. These results suggest that on LC-mediated pro-
teasome inhibition, 2–4-fold increase in endogenous GDNF
may have transient neuroprotective effect but may not be

continued
multiple comparisons test. F, Time to touch the adhesive in the left forepaw in the adhesive removal test. Two-way repeated meas-
ures ANOVA, Tukey’s multiple comparisons test. G, Time to remove the adhesive from the left forepaw in the adhesive removal test.
Two-way repeated measures ANOVA, Tukey’s multiple comparisons test. LC, lactacystin; cHyper, conditional hypermorphic; WT,
wild type; STR, striatum; SN, substantia nigra; EBS, elevated body swing; RR, rotarod; ART, adhesive removal test. *p,0.05,
**p, 0.01, ***p, 0.001. see Extended Data Figure 5-1 for open field, home-cage activity, nesting score, and body weight data and
Extended Data Figure 5-2 for IBA1 and GFAP immunohistochemistry data.

Research Article: Negative Results 11 of 15

February 2023, 10(2) ENEURO.0097-22.2023 eNeuro.org

https://doi.org/10.1523/ENEURO.0097-22.2023.f5-1
https://doi.org/10.1523/ENEURO.0097-22.2023.f5-2


Figure 6. Neurorestoration analysis: GdnfcHyper and WT mice injected with LC, followed by AAV-Cre and AAV5-GDNF injection
threeweeks later (continues from Fig. 3). A, Time spent in the light compartment in the light-dark test. Two-way repeated measures
ANOVA, Tukey’s multiple comparisons test. B, Distance traveled in the light compartment in the light-dark test. Two-way repeated
measures ANOVA, Tukey’s multiple comparisons test. C, Total distance traveled in the open field over 30min. Two-way repeated
measures ANOVA, Tukey’s multiple comparisons test. D, Number of rearings indicating vertical activity in the open field. Two-way
repeated measures ANOVA, Tukey’s multiple comparisons test. E, Total tissue dopamine levels in the STR, measured with HPLC.
Two-way repeated measures ANOVA, Tukey’s multiple comparisons test. p=0.0005, p=0.02, p=0.002, p=0.00001 between in-
jected and noninjected side. F, Total tissue dopamine levels in the SN, measured with HPLC. Two-way repeated measures ANOVA,
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sufficient to protect dopamine neurons from degeneration.
We also assessed the effect of striatal ectopic GDNF deliv-
ery at levels exceeding endogenous GDNF expression
;7–9-fold but similar to results from heterozygous and ho-
mozygous GDNF cHyper animals observed no effect in LC
PD model. This suggests that in LC PD model GDNF levels
are critical, as it has been shown that ectopic GDNF in high
amounts (infused GDNF and AAV2-GDNF) is neuroprotec-
tive for SN dopaminergic neurons in lactacystin-treated
mice (Du et al., 2008, 2013; d’Anglemont de Tassigny et al.,
2015).
These results are in line with the lack of genetic connec-

tion between GDNF or its receptors and Parkinson’s

disease and the observation that mice lacking GDNF and
its receptors do not develop overt PD phenotypes (J.
Kopra et al., 2015; Kumar et al., 2015). Furthermore, mice
bearing the Met918Thr mutation in RET which yields con-
stitutively active RET tyrosine kinase have robustly in-
creased striatal dopamine and tyrosine hydroxylase levels
but are not protected from 6-OHDA or MPTP induced PD
(Mijatovic et al., 2007, 2008, 2011).
We conclude that modulation of endogenous GDNF at

levels tested in this study does not impact dopamine neu-
ron survival or function in a LC induced PD model.
However, given that existing mouse models do not phe-
nocopy the slow progression of PD, future studies

continued
Tukey’s multiple comparisons test. p = 0.03, p=0.002, p=0.004 between injected and noninjected side. LC, lactacystin; cHyper,
conditional hypermorphic; WT, wild type; LD, light-dark; OF, open filed; STR, striatum; SN, substantia nigra; DA, dopamine.
*p,0.05, **p, 0.01, ***p, 0.001.

Figure 7. Neuroprotection analysis, removal of endogenous GDNF using conditional knock-out (cKO) allele. A, Schematic of experi-
ment for GdnfcKO;Nestin-Cre mice injected with LC just above the right SN. B, The number of contralateral rotations, indicating the
severity of the lesion after intraperitoneal amphetamine administration two, four, and eightweeks after LC injection. Two-way re-
peated measures ANOVA, Tukey’s multiple comparisons test. #p=0.002 (WT/WT1Cre), p=0.03 (WT/cKO1Cre), p=0.005 (cKO/
cKO1Cre) between baseline and eightweeks after LC injection. C, Total tissue dopamine levels in the STR at the endpoint (8w),
measured with HPLC. Two-way repeated measures ANOVA, Tukey’s multiple comparisons test. LC, lactacystin; WT, wild type; SN,
substantia nigra; STR, striatum; AR, amphetamine rotation; DA, dopamine. *p, 0.05, **p, 0.01, ***p, 0.001.
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pending on the generation of such models will be essen-
tial to definitively conclude on the therapeutic potential of
endogenous GDNF in PD.
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