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Abstract.
Background: Parkinson’s disease (PD) is a progressive neurological disorder where loss of dopamine neurons in the substantia
nigra and dopamine depletion in the striatum cause characteristic motor symptoms. Currently, no treatment is able to halt the
progression of PD. Glial cell line-derived neurotrophic factor (GDNF) rescues degenerating dopamine neurons both in vitro
and in animal models of PD. When tested in PD patients, however, the outcomes from intracranial GDNF infusion paradigms
have been inconclusive, mainly due to poor pharmacokinetic properties.
Objective: We have developed drug-like small molecules, named BT compounds that activate signaling through GDNF’s
receptor, the transmembrane receptor tyrosine kinase RET, both in vitro and in vivo and are able to penetrate through the
blood-brain barrier. Here we evaluated the properties of BT44, a second generation RET agonist, in immortalized cells,
dopamine neurons and rat 6-hydroxydopamine model of PD.
Methods: We used biochemical, immunohistochemical and behavioral methods to evaluate the effects of BT44 on dopamine
system in vitro and in vivo.
Results: BT44 selectively activated RET and intracellular pro-survival AKT and MAPK signaling pathways in immortalized
cells. In primary midbrain dopamine neurons cultured in serum-deprived conditions, BT44 promoted the survival of the
neurons derived from wild-type, but not from RET knockout mice. BT44 also protected cultured wild-type dopamine neurons
from MPP+-induced toxicity. In a rat 6-hydroxydopamine model of PD, BT44 reduced motor imbalance and seemed to protect
dopaminergic fibers in the striatum.
Conclusion: BT44 holds potential for further development into a novel, possibly disease-modifying, therapy for PD.
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INTRODUCTION

More than 10 million people worldwide suffer
from Parkinson’s disease (PD), and the number is
increasing with the overall aging of the population
(Parkinson’s Foundation 2019). The crucial patho-
logical feature of PD is progressive loss of dopamine
neurons within the substantia nigra pars compacta
(SNpc) in the midbrain which leads to depletion of
dopamine in the caudate nucleus and putamen (stria-
tum) [1, 2]. The resultant impaired function of
basal ganglia-thalamocortical neural circuitry even-
tually manifests the characteristic parkinsonian mo-
tor symptoms such as bradykinesia, rigidity, resting
tremor, and postural instability [3, 4]. Although pro-
dromal non-motor symptoms such as hyposmia, sleep
disorders, depression and constipation typically pre-
cede the motor symptoms, only the onset of the latter
ones leads to the diagnosis [5, 6]. It is estimated
that approximately 30% of the nigral dopamine neu-
rons and 50–70% of the striatal dopaminergic fibers
and dopamine content is already lost at the time of
the diagnosis [7]. Currently, drug treatment of PD
is based on dopamine receptor agonists, monoamine
oxidase B (MAO-B) inhibitors and replacement of
brain dopamine with levodopa [8]. Since none of
these treatments can halt or slow down the progres-
sion of the disease, there is a great unmet medical
need for a disease-modifying therapy for PD. The
lack of efficient therapy for non-motor symptoms also
represents a significant challenge in PD management.

Neurotrophic factors (NTFs) are secretory proteins
promoting development, survival and regeneration of
the nervous system [9, 10]. Among various NTFs,
glial cell line-derived neurotrophic factor (GDNF)
and neurturin (NRTN), both belonging to GDNF
family ligands (GFLs), are considered promising
therapeutic agents for neurodegenerative disorders
such as PD. GFLs mainly signal via receptor tyrosine
kinase RET (rearranged during transfection). They
first bind to glycosyl phosphatidylinositol-anchored
co-receptor GDNF family receptor � (GFR�1 for
GDNF and GFR�2 for NRTN) and afterwards
form a complex with RET. The formation of GFL-
GFR�-RET complex leads to homodimerization and
autophosphorylation of RET intracellular tyrosine
kinase domains which subsequently activate multiple
downstream signaling cascades required for cell sur-
vival and regeneration such as AKT, MAPK-ERK,
PLC�, Src, and JNK [9]. GDNF and NRTN pro-
mote survival of cultured dopamine neurons and show
neuroprotective and restorative effects in various ani-

mal models of PD [11–32]. Although some effects of
GFLs can be mediated by alternative receptors such
as NCAM or syndecan-3 [33, 34], RET is essential
for the neuroprotective and neurorestorative effects
of GDNF in animal models of PD [35].

In two open-label phase I trials, intraputamenal
infusion of GDNF significantly improved motor fun-
ction and was associated with increased 18F-dopa
uptake in the posterior putamen of PD patients [36–
38], whereas two randomized and placebo-controlled
phase I–II trials did not meet their primary endpoints
[39, 40]. In a recent placebo-controlled phase II study
with intermittent bilateral convection-enhanced pro-
tein infusion, 43% of the patients in the GDNF group
showed a clinically significant motor improvement in
post hoc analysis, although the trial failed to reach its
primary endpoints [41, 42]. Furthermore, both GDNF
protein and adeno associated virus vector-encoded
GDNF (AAV2-GDNF) increased 18F-dopa uptake in
the putamen in recent clinical trials [41, 43] indicative
of improved presynaptic dopaminergic integrity pos-
sibly as a results of nerve fiber restoration. Similarly,
clinical trials with AAV2-NRTN failed to reach the
primary efficacy endpoints [44]. Nevertheless, post-
mortem analysis of brain samples from some of PD
patients receiving AAV2-NRTN revealed an increase
in the density of dopaminergic fibers in the areas
of putamen where a high level of NRTN expression
was also detected [45]. However, these areas covered
rather small portion of putamen and were perhaps
insufficient to result in motor function improvement
in patients. Importantly, all clinical trials with GDNF
and NRTN, except the study conducted by Nutt and
co-authors [39], reported no serious adverse effects.

Varying efficacy in the clinical trials has raised
questions about optimal initiation time of the treat-
ments, dosing and delivery methods as well as other
protein and gene therapy related challenges such
as immunogenicity, low bioavailability and tissue
penetration of the GFLs. Furthermore, protein and
gene therapy require intracranial delivery using brain
surgery that increases the costs and risks of the treat-
ment and imposes ethical restrictions for the selection
of patients in clinical trials making the treatment
available mainly to people with moderate or advanced
PD. Therefore, developing a small molecule which
mimics the function of GFLs in dopamine system by
activating the same receptors and signaling pathways
would be an appealing approach for an effective and
safe disease-modifying therapy for PD.

Previously, we discovered the first generation RET
agonist, a compound called BT13, which supports
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cultured sensory and dopamine neurons, alleviates
pain in animal models of experimental neuropathy
and enhances dopamine release in the mouse stria-
tum [46, 47]. The objective of the present study
was to investigate therapeutic potential and effects
of the second generation RET agonist BT44 on
dopamine system both in vitro and in vivo. We
describe the activation of receptor tyrosine kinase
RET and intracellular signaling pathways by BT44,
as well as its effect on the survival of cultured mid-
brain dopamine neurons from wild-type and RET
knockout mice. We also show that BT44 protects
cultured midbrain dopamine neurons from 1-methyl-
4-phenylpyridinium (MPP+)–induced toxicity. In
addition, we report the ability of BT44 to induce func-
tional recovery and protection of striatal dopamin-
ergic fibers in a unilateral 6-hydroxydopamine
(6-OHDA) induced hemiparkinsonian model of PD
in rats.

MATERIALS AND METHODS

BT44 ((4-5-((3,4-dihydroisoquinolin-2(1H)-yl)
sulfonyl)-2-methoxyphenyl)piperazin-1-yl (4-fluoro-2-
(trifluoromethyl)phenyl)methanone, MW: 577.59;
LogD pH 7.4:6.3, Fig. 1, BT stands for Baltic Tech-
nology) was ordered from EvoBlocks (Hungary,
Cat# EBR-10719615). The purity of the synthesized
compound determined by high-performance liquid
chromatography (HPLC) was 97.3%. The structure,
integrity, and purity of BT44 was verified by NMR
experiments recorded on a Bruker Avance III HD
NMR spectrometer operated at 1H frequency of
850.4 MHz equipped with a cryogenic probe head

by NMR facility at the Institute of Biotechnology,
University of Helsinki. BT44 was dissolved in cell
culture medium containing 1% of dimethyl sulfoxide
(DMSO) for the in vitro experiments, and in 100%
propylene glycol (PG) with final concentrations
of 0.0083 �g/�l and 0.025 �g/�l for the in vivo
experiment due to limited solubility in aqueous
solutions.

Proteins

Human recombinant GDNF (hrGDNF; Icosagen,
Estonia, Cat# P-103-100) and human recombinant
neurturin (hrNRTN; PeproTech, USA, Cat# 450-11)
were used for in vitro experiments. For in vivo stud-
ies, hrGDNF was purchased from PeproTech (Cat#
450-10) and dissolved in phosphate-buffered saline,
pH 7.4 (PBS) with final concentration of 0.25 �g/�l.

Experimental animals

Animals used in the experiments were housed
under a 12 h light-dark cycle and provided with stan-
dard rodent chow (Harlan, the Netherlands) and fresh
tap water ad libitum. E13.5 embryos of NMRI mice
and RET knockout mice (C57BL/6JOlaHsd) (Labo-
ratory Animal Centre, University of Helsinki) were
used for primary cultures of midbrain dopamine neu-
rons. Genotyping PCR was used to identify embryos
lacking RET [48]. Mice were housed individually or
in groups of 2–10 animals per cage. Adult male Wis-
tar rats (RccHan:WIST; Harlan), weighing 230–310
grams at the start of the experiment, were used for
testing the efficacy of BT44 in the unilateral 6-OHDA
lesion model of PD. Rats were initially housed in

Fig. 1. Chemical structure of BT44 ((4-5-((3,4-dihydroisoquinolin-2(1H)-yl)sulfonyl)-2-methoxyphenyl)piperazin-1-yl(4-fluoro-2-(tri-
fluoromethyl)phenyl)methanone) and BT13.
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groups of 4 per cage, but after implanting brain
cannulas attached to minipumps for treatment infu-
sions they were moved into individual cages until
removal of the cannulas and the minipumps. There-
after, the rats were regrouped (4 per cage) into original
cages until the end of the experiment. The wellbe-
ing of the animals was verified on a regular basis.
All experiments were carried out in accordance with
the 3R principle of the EU directive 2010/63/EU
on the care and use of experimental animals, local
laws and regulations (Finnish Act on the Protection
of Animals Used for Scientific or Educational Pur-
poses [497/2013] and the Government Decree on the
Protection of Animals Used for Scientific or Educa-
tional Purposes [564/2013]). The design of the animal
experiment was approved by the National Animal
Experiment Board of Finland (protocol approval
number: ESAVI/198/04.10.07/2014) for experiments
with living animals and the Laboratory Animal Cen-
ter of the University of Helsinki (license number:
KEK15-022) for collection of E13.5 embryos of
NMRI and C57BL/6JolaHsd RET knockout mice.

RET phosphorylation assay by
immunoprecipitation and western blotting

The level of RET phosphorylation in vitro in
response to BT44, GDNF and NRTN was studied
in MG87RET murine fibroblasts stably transfected
with the long isoform of RET [49] as described
previously [46, 47]. MG87RET cells were cultured
overnight and transiently transfected with full-length
human GFR�1 cDNA sub-cloned in pCDNA6 vector
(Invitrogen, USA) [50], hGFR�2 cDNA in pCR3.1
or enhanced green fluorescent protein (GFP) cDNA
in pEGFP-N1, using Lipofectamine 2000 (Invitro-
gen), as described by the manufacturer. The cells
were starved for 4 h before the treatments in serum-
free DMEM containing 1% DMSO and 15 mM
HEPES, pH 7.2. The cells were treated with dif-
ferent concentrations of BT44 (7.5, 18, 36 and
75 �M) and GDNF (200 ng/ml) or NRTN (200 ng/ml)
dissolved in starvation medium for 15 min. Then,
after washing with ice-cold PBS containing 1 mM
Na3VO4 the cells were lysed with RIPA-modified
buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl,
1 mM EDTA, 1% NP-40, 1% TX-100, 10% glyc-
erol, EDTA-free protease inhibitor cocktail (Roche,
Switzerland), 1 mM Na3VO4, 6 mM sodium deoxy-
cholate, 1 mM PMSF), 500 �l per well. The lysates
were centrifuged for 5 min (5000 rpm, 4◦C) and

supernatants were collected for immunoprecipita-
tion. To immunoprecipitate RET, the supernatants
(approx. 400 �g of total protein) were incubated
with anti-RET C-20 (2 �g/ml, Santa Cruz Biotech-
nology, USA, Cat# sc-1290) antibody and magnetic
beads coated with protein G (Dynabeads Protein G,
Life Technologies, USA) on a rotator overnight at
4◦C. The next day, after washing the beads with
Tris-buffered saline, pH 7.4 (TBS) containing 1% Tri-
ton X-100, immunoprecipitated proteins were eluted
by adding 50 �l of 2×Laemmli buffer, resolved in
7.5% sodium dodecyl sulfate–polyacrylamide gel
(SDS-PAAG) and then transferred on nitrocellu-
lose membrane. The membrane was blocked with
10% skimmed milk in TBS-T (TBS with 0.15% of
Tween 20) for 10 min and probed overnight with anti-
pan-phosphotyrosine (1:1500, clone 4G10, Merck
Millipore, Germany, Cat# 05-321) antibody in TBS-T
with 3% skimmed milk. The membrane was washed
and incubated with goat anti-mouse horseradish
peroxidase (HRP)-conjugated secondary antibody
(Agilent Dako, USA, Cat# P044701) diluted 1:3000
in TBS-T with 3% skimmed milk for 1 h at room tem-
perature. After washing, the bands were visualized
with ECL reagent (Pierce Biotechnology, USA) using
Luminescent Image Analyzer LAS-3000 (Fujifilm,
Japan). Equal loading of proteins in different wells
was confirmed by re-probing the membrane with pri-
mary anti-RET C-20 antibody (1:500, Santa Cruz
Biotechnology, Cat# sc-1290) and secondary anti-
goat antibody (1:500, Agilent Dako, Cat# P0449).

Intracellular signaling assay

To investigate whether RET phosphorylation leads
to the activation of downstream intracellular sig-
naling cascades AKT and MAPK-ERK, MG87RET
fibroblasts were transfected with hGFR�1, hGFR�2-
or GFP-expressing plasmids, treated with BT44 (7.5,
18, 36 and 75 �M) and GDNF (200 ng/ml) or NRTN
(200 ng/ml) and lysed as described above. Thereafter,
western blotting was used to semi-quantitatively eval-
uate the phosphorylation level of AKT and ERK. For
that, 100 �l of cell lysate was collected and mixed
with the same amount of 2×Laemmli buffer. The
samples were boiled for 10 min, approx. 25 �g of
total protein was resolved using 12% SDS-PAAG,
and finally proteins were transferred to nitrocellu-
lose membrane. The membrane containing ERK was
blocked with 3% skimmed milk in TBS-T for 1 h
and probed with rabbit anti-ERK antibody (1:500,
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Santa Cruz Biotechnology, Cat# sc-94) or mouse
anti-pERK antibody (1:1000, Santa Cruz Biotech-
nology, Cat# sc-7383) overnight at 4◦C. Similarly,
the membrane containing AKT was blocked with 3%
bovine serum albumin (BSA) in TBS-T for 1 h and
probed with mouse anti-AKT antibody (1:2000, Cell
Signaling Technology, USA, Cat# 2920) or rabbit
anti-pAKT antibody (1:500, Cell Signaling Tech-
nology, USA, Cat# 9271) overnight at 4◦C. The
membranes were washed with TBS-T, after which
ERK-containing membrane was incubated with
HRP-conjugated goat anti-mouse secondary anti-
body (Agilent Dako, Cat# P0447), diluted 1:3000 in
3% skimmed milk in TBS-T, and AKT-containing
membrane was incubated with HRP-conjugated
donkey anti-rabbit antibody (GE Healthcare, Cat#
NA934), diluted 1:3000 in 3% BSA in TBS-T for 1 h
at room temperature. The membrane was visualized
with ECL Plus Western Blotting Substrate (Pierce
Biotechnology) using Luminescent Image Analyzer
LAS-3000 (Fujifilm). The membrane was stripped
and re-probed with mouse antibody against glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH)
(1:4000, Merck Millipore, Cat# MAB374) in order
to confirm equal loading of the samples.

Quantification of western blots

All western blot images were quantified using
Image Studio 5.2 software (LI-COR Biosciences,
USA) as described earlier [51]. Intensities of the
bands of the phosphorylated form of RET (MW = 170
kDa) were normalized to the band intensities of RET.
Similarly, band intensities of pERK and pAKT were
normalized to band intensities of GAPDH. The area
was kept constant in all analyses. The images from 3
to 6 independent experiments were quantified.

Survival assay for primary dopamine neurons

Midbrain neurons were isolated from E13.5
embryos of NMRI mice or C57BL/6JolaHsd RET
knockout mice in Dulbecco’s medium containing 2%
of BSA as described previously [47, 52]. Dissected
tissue samples were washed 3 times with calcium
and magnesium-free Hank’s Balanced Salt Solution
(HBSS, Gibco, Life Technologies) and incubated
in 5 mg/ml trypsin solution in HBSS for 20 min at
37◦C. Enzymatic activity of trypsin was blocked
by adding FBS containing 0.1 mg/ml of DNase I
(Roche, Cat# 11284932001). Cells were triturated

with a siliconized glass Pasteur pipette to get sin-
gle cell suspension and centrifuged at 200 rcf for
5 min. The pellets were washed with primary neu-
ron culture medium [(Dulbecco’s MEM/Nut mix F12
(Invitrogen/Gibco, Cat# 21331-020), 1xN2 serum
supplement (Invitrogen/Gibco, Cat# 17502-048),
33 mM D-glucose (Sigma-Aldrich, Germany, Cat#
G-8769), 0.5 mM L-glutamine (Invitrogen/Gibco,
Cat# 25030-032), and 100 �g/ml Primocin (Invivo-
Gen, USA, Cat# ant-pm-2)] to remove any traces of
serum, and thus there was practically no neurotrophic
support in the beginning of the survival assay. The
washed pellets were resuspended in 150–200 �l of
the primary neuron culture medium, and cells were
counted using a TC20 automated cell counter (Bio-
Rad Laboratories, USA). Finally, 30 000 cells per
well were plated on a 96-well plate pre-coated
with poly-DL-ornithine (0.5 mg/ml in 0.15 M borate
buffer, pH 8.7, Sigma-Aldrich, Cat# P8638) and
cultured at 37◦C. At 1 h post plating, different con-
centrations of BT44 (0.2, 3.5, 7.5, 75, and 3500 nM)
and GDNF (10 ng/ml, Icosagen) were dissolved in
primary neuron culture medium containing 1% of
DMSO and applied on cultured primary neurons for
5 days. The half of the compound-containing solu-
tion was replaced with fresh portion at 2.5 days post
plating.

The survival of MPP + -challenged dopamine neu-
rons was performed exactly as described by us before
[47]. The cells were cultured for 5 days in pri-
mary neuron culture medium. On the 6th day, MPP +
(2 �M) together with BT44 (10 nM or 100 nM) or
GDNF (10 ng/ml �0.33 nM) was added simultane-
ously for 48 hours.

Immunocytochemistry

Immunocytochemical staining with tyrosine hyd-
roxylase (TH) antibody was performed in cultures of
embryonic midbrain neurons either after 5 days (for
survival assay) or 7 days (for neurotoxin assay) of
culturing. Cells were fixed with 4% paraformalde-
hyde (PFA) in PBS for 20 min, washed with PBS
and permeabilized with 0.2% Triton X-100 in PBS
for 15 min. Blocking solution (5% horse serum in
0.2% Triton X-100 in PBS) was used to block
unspecific binding sites for 1 h, followed by incu-
bation with mouse anti-TH antibody (1:500, Merck
Millipore, Cat# MAB318) overnight at 4◦C. Cells
were then washed and incubated with Alexa Fluor™

647 conjugated donkey anti-mouse secondary anti-
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body (1:500, Thermo Fisher Scientific, USA, Cat#
A-31571) for 1 h at room temperature. Finally, cells
were counterstained with 0.2 �g/ml DAPI (4’, 6-
diamidino-2-phenylindole) in PBS for 10 min at
room temperature and kept in PBS until imaging
with CellInsight (CX51110, Thermo Fisher Scien-
tific) CX5 High Content Screening (HCS) using
20×magnification. The number of TH-positive cells
and the total number of cells was quantified using
CellProfiler image analysis software [53].

Stereotaxic surgeries

In the first stereotaxic surgery, the rats received 3
unilateral 6-OHDA micro injections (each 3 �g) into
the right dorsal striatum as described previously [54].
In the second surgery two weeks later, an infusion
catheter was implanted into the right dorsal stria-
tum in order to make site specific infusions of the
compounds used in the study (Fig. 4B; for detailed
information see below).

6-Hydroxydopamine lesion
All rats received a unilateral injection of 6-OHDA

(6-hydroxydopamine hydrochloride, Sigma-Aldrich)
into 3 different sites in the right dorsal striatum
(A/P + 1.6, L/M –2.8, D/V –6.0; A/P 0.0, L/M –4.1,
D/V –5.5; and A/P –1.2, L/M –4.5, D/V –5.5,
mm relative to the bregma, according to the rat
brain atlas [55]). The dose of 6-OHDA injected
to each site was 3 �g (calculated as free base) in
1.5 �l of ice-cold, de-oxygenated, saline with 0.02%
ascorbic acid (the concentration of solution was
2 �g/�l). All surgical procedures were performed
under general isoflurane (Vetflurane® 1000 mg/g,
Virbac, France) anesthesia (4.5% during induction
and 2-3% during maintenance). Rats were placed
in a stereotaxic frame (Stoelting, USA) and a small
amount of lidocaine-adrenalin-solution (10 mg/ml;
Orion Pharma, Finland) was injected under the scalp
for local anesthesia and to prevent bleeding. The skull
was exposed and burr holes were made using a high-
speed drill. The 6-OHDA solution was injected at the
flow rate of 0.5 �l/min using an electronic injector
(Quintessential stereotactic injector, Stoelting) and a
10 �l -needle (NanoFil 33G, World Precision Instru-
ments, USA). The needle was lowered into the brain
at a 10◦ angle to avoid lateral ventricles. At the com-
pletion of each injection, the needle was kept in
place for 5 min to minimize backflow of the solution.
Desipramine (15 mg/kg i.p.; calculated as free base;

Sigma-Aldrich) was administrated 30 min before the
6-OHDA injections to prevent the uptake of 6-OHDA
into noradrenergic and serotonergic nerve terminals.
One group of animals (lesion control group, n = 4)
was sacrificed 2 weeks after the lesion. This group
served as a reference showing the extent of dopamine
neuron degeneration at the time of the treatment infu-
sion initiation.

Infusions of BT44, or GDNF, or corresponding
vehicles with osmotic pumps

Rats were assigned into equal treatment groups
according to the first amphetamine-induced rota-
tion rate at 12 days after the 6-OHDA lesion (see
below in the Materials and Methods and Fig. 4A
and C). Subsequently, osmotic infusion pumps were
implanted in the second stereotaxic surgery and
treatment infusions were started 2 weeks after the 6-
OHDA injections. The rats were anesthetized and the
skull was exposed. A brain infusion cannula (Alzet
Brain infusion kit no. 2, Durect, USA) was implanted
to coordinates relative to the bregma A/P + 0.2; L/M
–3.0; D/V –5.0 mm and secured to the skull with
3 stainless steel screws and polycarboxylate cement
(Aqualox, VOCO, Germany). The tip of the cannula
was placed in the right dorsal striatum, in the middle
of the 6-OHDA injection sites (Fig. 4B). The can-
nula was connected via a 3 cm-long catheter tubing
to an osmotic infusion pump (Alzet osmotic pump
model 2002, Durect) which was placed into a sub-
cutaneous pocket between the scapulae. The pump
constantly delivered BT44 0.1 �g/24 h (n = 10), BT44
0.3 �g/24 h (n = 10), GDNF 3 �g/24 h (n = 11, pos-
itive control), PG (n = 11, vehicle control) or PBS
(n = 9, vehicle control) at a flow rate of 0.5 �l/h for 14
days. At the end of the treatment infusions, 14 days
after the implantation of the pumps, the rats were
anesthetized and fixed in the stereotaxic frame for
the third time. The osmotic pumps, infusion cannu-
las, and screws were removed, and the incision was
cleaned, disinfected, and sutured.

Pain management
Before every stereotaxic surgery the rats rec-

eived buprenorphine 0.05 mg/kg s.c. (Temgesic®

0.3 mg/ml, Indivior UK Limited, United Kingdom)
for analgesia. Carprofen 5 mg/kg (Rimadyl Vet®

50 mg/ml, Zoetis, USA) was injected s.c. immedi-
ately after the surgeries to relieve postoperative pain.
Additional doses of buprenorphine and carprofen
were given 1 day after the surgeries.
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Behavioral tests

Rotational assay
Rotational asymmetry in response to amphetamine

injection was used to measure motor deficits arising
from the unilateral 6-OHDA lesion of the nigrostriatal
dopamine system. Amphetamine-induced rotational
behavior was monitored in a blinded manner at 2,
6, and 12 weeks post lesion in automated rotom-
eter bowls (Med Associates, USA) as described
previously in [21, 56]. After a 30 min habituation
period, rats were injected with a single dose of D-
amphetamine (2.5 mg/kg i.p.; calculated as free base;
Division of Pharmaceutical Chemistry and Technol-
ogy, University of Helsinki, Finland). The number
of full (360◦) uninterrupted clockwise and coun-
terclockwise turns was recorded for 120 min. Net
ipsilateral turns to the lesion side were calculated by
subtracting contralateral turns from ipsilateral turns.

Cylinder test
At 6- and 12-weeks post lesion, before the

amphetamine-induced rotational assay, rats under-
went a cylinder test to evaluate spontaneous limb-use
asymmetry. The cylinder test protocol is described in
detail elsewhere [57, 58]. Briefly, rats were placed in
a transparent plexiglass cylinder (diameter ∼20 cm,
height ∼30 cm) and allowed to freely explore the
novel environment in dim light. Exploratory activity
was recorded for 10 min with a video camera placed
below the cylinder. The number of individual weight-
shifting movements of ipsilateral (non-impaired) and
contralateral (impaired) forelimbs against the wall
were scored by an observer blind to the treatments.
During a rear, the first forepaw contact on the wall
was scored as an independent contact for that limb.
Simultaneous placement of both forepaws on the wall
was scored as “both limb contact”. Lateral explo-
ration along the wall by alternating right and left
forepaw placements (wall stepping) was scored as
a series of “both limb contacts” (one combination of
the right and left forepaws equaled to one “both limb
contact”). Hopping along the wall using only one
limb was scored as individual forepaw contacts for
that limb. After a full rear, the first weight-receiving
contact to the ground was scored as a landing con-
tact for the forepaw used for landing. If both paws
contacted the ground simultaneously, “both limb con-
tact” for landing was scored. Ambiguous contacts
were not included in the analysis. Percentual limb-use
asymmetry score was calculated separately for wall
exploration and landing using the following formula:

ipsilateral contacts + 0.5 × both limb contacts

ipsilateral + contralateral + both limb contacts
× 100%

Scores > 50% indicate greater reliance on the ipsi-
lateral (non-impaired) forelimb, and < 50% on the
contralateral (impaired) forelimb.

Tissue collection
After the last behavioral tests at 12 weeks post

lesion, rats were deeply anesthetized with sodium
pentobarbital (90 mg/kg, i.p.; Mebunat Vet® 60 mg/
ml, Orion Pharma) and transcardially perfused first
with PBS for 5 min followed by 4% PFA in PBS for
10 min. The brains were removed and immersed in
4% PFA overnight at 4◦C for post-fixation, and then
stored in 20% sucrose in PBS at 4◦C until snap freez-
ing in dry ice-cooled isopentane and sectioning with
a cryostat (Leica CM3050, Leica Biosystems, Ger-
many). The lesion control rats were perfused at 2
weeks post lesion, and the brains were collected for
histology.

Immunohistochemistry

A series of free-floating coronal sections (40 �m)
were collected from the striatum and midbrain, and
stained for TH and dopamine transporter (DAT)
to assess the number of dopamine neurons in the
SNpc and the density of dopaminergic fibers in the
striatum essentially as described elsewhere [59, 60].
Endogenous peroxidase activity was quenched with
3% H2O2 (in 10% methanol in PBS). For DAT
staining, antigen retrieval was performed by incu-
bating the sections in 10 mM citrate buffer (pH 6)
for 30 min at 80◦C followed by blocking in 5%
normal goat serum, 2% BSA and 0.3% Triton X-
100 in PBS for 1 h. For TH staining, the sections
were blocked in 3% BSA and 0.3% Triton X-100
in PBS for 1 h. The sections were then probed with
rabbit anti-TH antibody (1:2000, Merck Millipore,
Cat# AB152) or rabbit anti-DAT antibody (1:500,
Abcam, Cat# ab184451) overnight at 4◦C. After
rinsing in PBS, TH-probed sections were incubated
for 1 h at room temperature in biotinylated protein
A solution [1:100, prepared using protein A (MP
Biomedicals, USA) and N-hydroxysuccinimido-
biotin (Sigma-Aldrich)] in place of the secondary
antibody. DAT-probed sections were similarly incu-
bated in biotinylated goat anti-rabbit secondary
antibody (1:500, Vector Laboratories, Cat# BA-
1000). Finally, the staining was reinforced with
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avidin-biotin-HRP complex (Vectastain Elite ABC
HRP Kit, Cat# PK-6100, Vector Laboratories,
USA) and visualized using 3,3′-diaminobenzidine-
tetrahydrochloride-dihydrate (DAB; 0.5 mg/ml in
0.03% H2O2 in PBS; Cat# 32750, Sigma-Aldrich)
as a chromogen. Stained sections were placed on
gelatin/chrome coated glass slides, dehydrated with
increasing concentrations of ethanol solutions (70,
96 and 99%, respectively), cleared in xylene and
mounted using DePeX® mounting medium (VWR
International).

Assessment of dopamine neurons in the SNpc

TH-immunoreactive (TH-ir) cell bodies in the
SNpc were counted using an automated convo-
lutional neural networks (CNN) algorithm and
cloud-embedded AiforiaTM platform (Aiforia Tech-
nologies Oy, Finland). This computer-assisted cell
counting method based on supervised machine learn-
ing and automated image recognition is described
in detail and validated by Penttinen and co-authors
[61]. Briefly, TH-immunostained coronal midbrain
sections were digitized using Pannoramic P250 Flash
II whole slide scanner (3DHistech, Hungary) with
extended focus at a resolution of 0.22 �m/pixel. A
total of five focal layers were acquired with 2 �m
intervals. The digitized images were uploaded to
Aiforia™ image processing platform. In order to
encompass the full rostro-caudal extent of the SNpc,
the dorsal tier of the SNpc was demarcated bilaterally
in every sixth section approximately between levels
A/P –4.8 and –6.0 mm relative to the bregma [55]
by an observer blind to the treatment groups. Sub-
sequently, the number of TH-ir neurons within the
demarcated areas was analyzed using the CNN algo-
rithm that was trained to recognize dopaminergic cell
bodies from the digital images. The algorithm con-
sisted of two layers: the first layer segmented the
TH-ir cell bodies and the second layer counted the
individual cell bodies in the first layer. The number of
detected TH-ir neurons was summed up from the six
sections separately for both hemispheres. The data
are presented as percentage of the lesioned side as
compared to the intact side.

Additionally, the performance of the CNN algo-
rithm was confirmed against stereological analysis
of TH-ir cell body counts in 20 randomly selected
brains from the present study. The number of TH-
ir cells was counted with the CNN algorithm from
6 sections per brain as described above, and from
the same brains, using unbiased optical fractionator

counting method with Olympus BX51 microscope
(Olympus Corporation, Japan) and Stereo Investi-
gator platform (v11.06.2; MBF Bioscience, USA)
from 3 sections per brain as described earlier [62,
63] (Supplementary Table 1). When comparing the
data obtained with the CNN algorithm and the opti-
cal fractionator method, we observed a strong positive
correlation of the results across the 20 brains (Pear-
son’s r = 0.83, p < 0.001) (Supplementary Figure 8),
an observation which is in line with the earlier
results by Penttinen and co-authors [61]. The num-
ber of DAT-immunoreactive (DAT-ir) cell bodies in
the SNpc were measured similarly as described above
for TH-ir cell bodies.

Assessment of fiber density in the striatum

Optical density of the TH-ir and DAT-ir fibers in
the dorsal striatum was measured bilaterally from
3 different rostro-caudal levels through the striatum
(approximately A/P + 1.2, + 0.48, and –0.26, mm rel-
ative to the bregma [55]). The total magnitude of
striatal denervation was analyzed as an average reduc-
tion in the optical density at the three levels measured.
Digital images of the TH or DAT-immunostained sec-
tions were acquired with Pannoramic P250 Flash
II whole slide scanner (3DHistech). The images
were converted to 8-bit gray scale, and colors were
inverted. The dorsal part of caudate putamen limiting
to the ventral edge of external capsule of corpus callo-
sum was outlined. From this outlined area, integrated
optical density divided by the size of the area was
measured with Fiji ImageJ software (Media Cyber-
netics, USA) by a blinded observer. Optical density of
nonspecific background staining was measured from
corpus callosum and subtracted from the striatal opti-
cal densities. The data are presented as percentage
of the lesioned striatum as compared to the intact
striatum.

Pharmacokinetics and blood-brain barrier
penetration of BT44

The main pharmacokinetic parameters and blood-
brain barrier penetration after a single intravenous
injection of BT44 at a dose of 10 mg/kg were evalu-
ated in rats. Blood samples and brains were collected
0.5, 1, and 3 h after dosing of BT44 (n = 3 rats
per group). Before the collection of brain sam-
ples animals were transcardially perfused with PBS.
The concentration of BT44 in plasma and brain
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homogenates was measured using ultra HPLC cou-
pled with time-of-flight mass spectrometry.

Experimental design and statistical analysis

Experiments in cultured cells were repeated 3–6
times. Experimental design of the in vivo study with
6-OHDA lesioned hemiparkinsonian rats is illus-
trated in Fig. 4A. The group sizes and the dose used
for GDNF treated rats were selected on the basis of
our previous experiments [21, 63, 64]. The doses for
the efficacy assessment of BT44 were chosen based
on the potency of the compound in neuronal survival
in vitro assay and available biological activity data
for the parent compound BT13 in a 6-OHDA model
of PD [47, 65]. Pre-treatment rotational behavior at 2
weeks post lesion was used to verify proper develop-
ment of the nigrostriatal lesion before the initiation of
the treatment infusions. Only rats rotating more than
120 net ipsilateral turns in 120 min were included
in the experiment. In the cylinder test, rats with less
than 10 forepaw contacts upon wall explorations and
landings during the 10 min test period were excluded
from the analysis. In addition, Grubbs’ test (� = 0.05)
was used to detect outliers in the behavioral tests and
histological analyses. One outlier was excluded from
PBS group at 6 weeks post-lesion and one outlier
from GDNF 3 �g/24 h and BT44 0.3 �g/24 h groups
at 12 weeks post-lesion in amphetamine-induced
rotational asymmetry analyses. In TH-ir fiber density
analysis, one outlier was identified in PBS, GDNF
3 �g/24 h and BT44 0.1 �g/24 h groups, and in TH-ir
cell count analysis one outlier in PG group. In DAT-
ir fiber density analysis, one outlier was identified
in PG, PBS, GDNF 3 �g/24 h and BT44 0.1 �g/24 h
groups, and in DAT-ir cell count analysis one out-
lier in PG, GDNF 3 �g/24 h and BT44 0.1 �g/24 h
groups. In total, 11 rats died during the surgeries or
behavioral follow-up, and one rat had to be sacrificed
due to reaching a humane endpoint. The data from
those rats were excluded from the analyses.

Results were statistically analyzed using paired t-
test or one-way ANOVA followed by a Dunnett’s or
Tukey HSD post hoc test. Pearson correlation coef-
ficient was used to assess the strength of the linear
relationship between amphetamine-induced turning
behavior at 12 weeks post lesion and histological
measurements. GraphPad Prism 6 (GraphPad, USA)
or SPSS® Statistics 22 (IBM SPSS, USA) softwares
were used for all statistical analyses. Results are
expressed as mean ± SEM and considered statisti-
cally significant at p < 0.05.

RESULTS

BT44 stimulates RET phosphorylation and
activates intracellular signaling pathways

To evaluate the ability of BT44 to activate RET
and its downstream signaling pathways, we used
MG87RET fibroblasts transfected with GDNF co-
receptor GFR�1 and NRTN co-receptor GFR�2.
Both GFR�1 and GFR�2 proteins were expressed
in MG87RET cells (Supplementary Figure 1). We
also used GFP-transfected cells in order to assess
the direct activation of RET and its intracellular tar-
gets. BT44 was able to induce RET phosphorylation
in both GFR�1 and GFR�2 transfected MG87RET
cells (Fig. 2A, B). BT44 also induced the activa-
tion of RET receptor in GFP transfected MG87RET
cells (Fig. 2C). Repeated measures (RM) ANOVA
revealed statistically significant differences between
the treatments in GFR�1-RET (F5,20 = 35.67;
p < 0.0001), GFR�2-RET (F5,15 = 24.04; p < 0.0001)
and GFP-RET (F4,20 = 6.175; p = 0.0021) express-
ing cells. The level of RET phosphorylation became
higher in response to 36 �M (1.25 ± 0.29) and 75 �M
(1.26 ± 0.31) of BT44 (p = 0.0092 and p = 0.0085,
respectively; Dunnett’s post hoc) as compared with
the vehicle (0.66 ± 0.22) in the cells expressing
GFR�1-RET (Fig. 2D). Similarly, in GFR�2-RET
expressing cells both 36 �M (1.52 ± 0.12) and 75 �M
(1.97 ± 0.22) of BT44 increased the level of RET
phosphorylation compared to vehicle (0.86 ± 0.15;
p = 0.037 and p = 0.0005, respectively; Dunnett’s post
hoc) (Fig. 2E). The level of RET phosphorylation
also increased in response to 18 �M (0.58 ± 0.12),
36 �M (0.64 ± 0.16), and 75 �M (0.65 ± 0.20) of
BT44 (p = 0.024, p = 0.0044, and p = 0.0032, respec-
tively; Dunnett’s post hoc) compared to vehicle
(0.32 ± 0.06) in GFP-RET expressing cells (Fig. 2F).
Both GDNF (2.59 ± 0.33) and NRTN (3.34 ± 0.41)
at 200 ng/ml elevated the RET phosphorylation level
when they were applied to GFR�1 and GFR�2 trans-
fected MG87RET cells, respectively (p < 0.0001;
Dunnett’s post hoc), but as expected, GDNF did
not activate RET in the absence of GFR�1 (Sup-
plementary Figure 2). To further characterize which
intracellular tyrosine residues of RET become phos-
phorylated in response to BT44, we used specific
antibodies raised against pY905Ret, pY1015Ret,
pY1062Ret, and pY1096Ret, which are shown to be
involved in intracellular signaling activation by GFLs
[66]. RET phosphorylation by BT44 seemed to occur
mainly at Tyr1062 which has been reported to be one
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Fig. 2. BT44 induces RET phosphorylation and activation of AKT and ERK signaling pathways. Phosphorylation of RET (A-F) and
its downstream signaling targets (G-O) analyzed by western blotting. Quantification of RET phosphorylation level (D-F) and AKT/ERK
phosphorylation levels (J-O) based on corresponding western blots. GDNF (200 ng/ml, � 6.6 nM) and NTRN (200 ng/ml, �4.2 nM) were
used as positive controls in MG87RET fibroblasts transfected with GFR�1 and GFR�2 and their concentrations are provided in ng/ml.
VEH, vehicle; IP, immunoprecipitation; WB, western blotting; GAPDH, glyceraldehyde 3-phosphate dehydrogenase as a loading control.
∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001, RM ANOVA with Dunnett’s post hoc test. Mean ± SEM, n = 3–6.
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of the main docking sites for the intracellular adaptor
proteins FRS2 and SHC leading to the activation of
AKT and ERK pathways [67] (Supplementary Fig-
ure 3).

GDNF- and NRTN-dependent RET phosphory-
lation activates the intracellular targets AKT and
ERK which are imperative for the neuronal survi-
val and neurite outgrowth. Therefore, we tested
whether BT44 could also induce the phosphorylation
of these downstream signaling targets in GFR�1-
RET, GFR�2-RET and GFP-RET expressing cells
(Fig. 2G-O). Indeed, BT44 and the GFLs increa-
sed the phosphorylation of AKT in GFR�1 (F5,10 =
63.1; p < 0.0001; RM ANOVA), and GFR�2 (F5,15 =
40.09; p < 0.0001; RM ANOVA) transfected MG87
RET cells. The level of AKT phosphorylation incr-
eased in response to both 36 �M (1.89 ± 0.41) and
75 �M (2.31 ± 0.19) of BT44 compared to vehicle
(0.91 ± 0.20; p = 0.0099 and p = 0.0008, respec-
tively; Dunnett’s post hoc) in the cells expressing
GFR�1-RET (Fig. 2J). Similarly, in cells express-
ing GFR�2-RET, the phosphorylation of AKT was
increased in response to 75 �M (0.98 ± 0.039) of
BT44 (p = 0.0098; Dunnett’s post hoc) compared to
vehicle (0.63 ± 0.02) (Fig. 2K). BT44 did not have
significant effects on AKT phosphorylation in GFP-
RET expressing cells (Fig. 2L). As expected, GDNF
(4.77 ± 0.43) and NRTN (1.72 ± 0.13) increased the
level of AKT phosphorylation in GFR�1 and GFR�2
transfected cells, respectively (p < 0.0001; Dunnett’s
post hoc). Importantly, in GFR�1-RET expressing
cells, the protein levels of AKT and ERK did not
change in response to BT44 or GDNF (Supplemen-
tary Figure 4).

BT44 also induced the phosphorylation of ERK
in GFR�1-RET (F5,20 = 20.55; p < 0.0001; RM
ANOVA), GFR�2-RET (F5,20 = 15.02; p < 0.0001;
RM ANOVA), and GFP-RET (F4,12 = 3.439; p =
0.043; RM ANOVA) expressing cells. Both 36 �M
(1.43 ± 0.11) and 75 �M (1.48 ± 0.12) of BT44 inc-
reased the level of ERK phosphorylation in the cells
expressing GFR�1-RET (p = 0.0083 and p = 0.0054,
respectively; Dunnett’s post hoc) compared to vehicle
(0.56 ± 0.13) (Fig. 2M). In GFR�2 transfected cells,
the level of ERK phosphorylation was increased in
response to 7.5 �M (0.49 ± 0.14, p = 0.048), 18 �M
(0.57 ± 0.089, p = 0.010), 36 �M (0.50 ± 0.077,
p = 0.044), and 75 �M (0.60 ± 0.058, p = 0.0061) of
BT44 compared to vehicle (0.18 ± 0.04) (Fig. 2N).
In addition, BT44 18 �M (0.45 ± 0.074) and
BT44 75 �M (0.47 ± 0.15) increased the level of
ERK phosphorylation in GFP-RET expressing cells

compared to vehicle (0.22 ± 0.03; p = 0.039 and
p = 0.025, respectively; Dunnett’s post hoc) (Fig. 2O).
The level of ERK phosphorylation was elevated
in GFR�1 and in GFR�2 transfected cells treated
with GDNF (2.76 ± 0.37) and NRTN (1.14 ± 0.15)
at a concentration of 200 ng/ml (p < 0.0001; Dun-
nett’s post hoc). The data presented above for both
the phosphorylated AKT and ERK were normal-
ized to GAPDH). We also saw statistically significant
increase in the level of phosphorylated AKT and ERK
when normalized to pan-AKT and pan-ERK, respec-
tively, with the amplitude of response (fold increase in
the level of pAKT and pERK) comparable to the data
normalized to GAPDH (Supplementary Figure 4).

We also investigated if the effects of BT44
were RET specific by stimulating reporter cells
expressing the signaling receptor for brain-derived
neurotrophic factor (BDNF), tropomyosin-related
kinase B (TrkB), with BT44 and measuring lumi-
nescence. BT44 did not activate TrkB receptor. As
expected, BDNF increased the luciferase activity in
reporter cells expressing TrkB receptor (Supplemen-
tary Figure 5).

BT44 promotes the survival of cultured midbrain
dopamine neurons

GDNF and NRTN are well-known survival-
promoting NTFs for dopamine neurons [11, 68].
Therefore, we assessed whether BT44 is also able
to promote the survival of cultured mouse mid-
brain embryonic dopamine neurons by quantifying
the number of cells expressing TH, the key enzyme
of dopamine synthesis. BT44 and GDNF signifi-
cantly increased the survival of cultured wild-type
dopamine neurons (F6,18 = 5.734; p = 0.0018, RM
ANOVA). After 5 days in vitro, the number of TH-
ir cells was increased in wells treated with 7.5 nM
(386.6 ± 15.0), 75 nM (355.6 ± 36.7), and 3.5 �M
(361.8 ± 23.9) of BT44 (226.3 ± 6.6; p = 0.0008,
p = 0.0061, and p = 0.0040, respectively; Dunnett’s
post hoc) as compared with the vehicle-treated wells
(Fig. 3A). As expected, GDNF (10 ng/ml, 0.33 nM)
significantly increased the number of wild-type TH-ir
cells (384.0 ± 35.2; p = 0.0009; Dunnett’s post hoc).
Representative images of mouse embryonic E13.5
wild-type dopamine neuron cultures treated with
vehicle, BT44, and GDNF are provided in Supple-
mentary Figure 6.

In order to confirm that the effect of BT44 on the
survival of dopamine neurons was RET dependent,
we assessed the survival of RET knockout TH-ir mid-
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Fig. 3. BT44 promotes the survival of cultured wild-type primary
dopamine neurons, but not RET knockout dopamine neurons and
protects cultured dopamine neurons against MPP + induced cell
death. A) Effect of BT44 and GDNF on the number of TH-ir cells
in wild-type midbrain cultures after 5 days in vitro (5 DIV). B)
The number of TH-ir cells in RET knockout midbrain cultures
on the 5th day in vitro (5 DIV). C) The number of TH-ir cells
in wild-type midbrain cultures exposed to MPP + . The number
of TH-ir cells is normalized to the total number of cells in the
culture. Concentration of GDNF used as a positive control is pro-
vided in ng/ml (10 ng/ml, �0.33 nM). VEH, Vehicle. ∗p < 0.05,
∗∗p < 0.01, ∗∗∗p < 0.001, RM ANOVA with Dunnett’s post hoc test.
Mean ± SEM, Number of independent repeats (n) = 4 for wild-type
and (n) = 2 for RET knockout dopamine neuron cultures. Neu-
roprotection experiment was repeated 5 times with reproducible
results and N is the number of wells from one experiment, N = 6.

brain neurons treated with BT44 and GDNF. We did
not observe survival promoting effect of BT44 (7.5 or
75 nM) or GDNF (10 ng/ml, �0.33 nM) in cultured
RET knockout dopamine neurons on the 5th day in
vitro (Fig. 3B).

We further tested the neuroprotective ability
of BT44 in cultured midbrain dopamine neurons
when applied together with MPP + neurotoxin. BT44
protected dopamine neurons from MPP + -induced
cell death (F3,15 = 5.410; p = 0.01, RM ANOVA)
(Fig. 3C). The number of TH-ir neurons was
higher in wells treated with 75 nM of BT44
(334.8 ± 20.3) compared to vehicle (267.7 ± 20.4;
p = 0.0160; Dunnett’s post hoc). As expected, GDNF
(10 ng/ml �0.33 nM) also significantly protected
TH-ir cells from MPP + toxicity as compared to
vehicle (333.0 ± 12.6 vs. 267.7 ± 20.4; p = 0.0191;
Dunnett’s post hoc). These data demonstrate sig-
nificant increase in the potency of BT44 compared
to the parent compound BT13: BT13 promoted the
survival of naı̈ve dopamine neurons at concentra-
tions 0.1-1 �M and showed neuroprotective effect
on MPP + challenged dopamine neurons at a concen-
tration of 1 �M [47]. Therefore, we chose BT44 for
further studies.

BT44 shows no off-target activities, penetrates
the blood-brain barrier, and is rapidly eliminated
from the blood circulation

To further address the selectivity of BT44 towards
RET and its potential safety-related off-target effects,
we tested BT44 in a panel of in vitro assays by
Eurofins CEREP company (Eurofins Scientific
2019). We evaluated direct effects of 1 �M BT44
on a set of ion channels, G-protein coupled recep-
tors, transporters, kinases and enzymes metabolizing
dopamine (Supplementary Table 2). The concen-
tration of BT44 for profiling assays was chosen
based on its biological activity in dopamine neu-
rons and in such a way to exceed expected maximal
concentration in in vivo tests after systemic or
intracranial delivery. BT44 did not affect the activ-
ity of the selected proteins: in all performed assays,
we observed less than 25% of target inhibition or
stimulation which, according to Eurofins CEREP’s
results interpretation guidelines, reflects assay vari-
ability and indicates the lack of significant effects
of a test compound. In automated patch-clamp assay
0.1–10 �M BT44 inhibited human Ether-à-go-go-
Related Gene (hERG) by less than 20% indicative
of relative cardiac safety of the compound.
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Table 1
Intravenously injected BT44 (10 mg/kg) penetrates the blood-brain
barrier and is rapidly eliminated from the circulation. Concen-
tration of BT44 in the brain and plasma 0.5–3 hours after an
intravenous injection. Data are presented as Mean ± SEM, n = 3

rats per group

Time, h BT44 concentration

Plasma, ng/ml Brain, ng/g

0.5 963 ± 313 250 ± 31.4
1 449 ± 79.1 80.6 ± 10.2
3 77.9 ± 29.4 5.6 ± 2.1

Finally, BT44 (10 mg/kg) was intravenously inj-
ected to rats to assess its pharmacokinetics and the
ability to cross the blood-brain barrier. BT44 was
rapidly eliminated from the circulation (half-life
(t1/2) = 0.72 h) and brain (t1/2 = 0.47 h) and penetr-
ated the blood-brain barrier (13–26 % of serum con-
centration was detected in the brain) (Table 1). The
main pharmacokinetic parameters of BT44 were as
follows: maximal concentration (Cmax) = 963 ng/ml;
area under the plasma concentration time curve
from the beginning to infinity (AUC0-∞) = 1717
ng∗h/ml; mean residence time (MRT) = 0.72 h; clear-
ance (Cl) = 97.1 ml/min/kg; volume of distribution
(Vd) = 4.6 l/kg.

BT44 reverses amphetamine-induced motor
imbalance in 6-OHDA rat model of PD

Due to promising survival-promoting effects on
cultured dopamine neurons, we studied the ability of
BT44 to produce functional recovery in a rat model of
PD with progressive unilateral 6-OHDA lesion [54].
The effects of BT44 (0.1 �g/24 h and 0.3 �g/24 h)
and GDNF (3 �g/24 h) were tested on amphetamine-
induced rotational behavior and limb-use asymmetry
assays. BT44, GDNF, or vehicles (PBS for GDNF and
PG for BT44) were infused for 14 days into the right
dorsal striatum starting 2 weeks after the ipsilateral
6-OHDA lesion (Fig. 4A, B).

The 6-OHDA administration produced a substan-
tial lesion on dopaminergic neurons as indicated
by strong amphetamine-induced turning behavior
in vehicle treated rats at 2–12 weeks post-lesion
(Fig. 4C-E). Statistically significant differences in
motor function between the treatment groups were
detected at 6 weeks (F4,45 = 3.638; p = 0.012; one-
way ANOVA) (Fig. 4D) and 12 weeks following
the toxin administration (F4,44 = 11.365; p < 0.001;
one-way ANOVA) (Fig. 4E). BT44 0.3 �g/24h
(658.6 ± 101.3) was able to significantly reduce the
number of net ipsilateral turns as compared to PBS

(1363.2 ± 193.2) and PG (1467.0 ± 199.8) treated
rats (p = 0.046 and p = 0.010, respectively; Tukey
HSD post hoc) only at 12 weeks after the 6-OHDA
lesion (Fig. 4E), although a trend to reduction was
observed already at 6 weeks. GDNF reduced rota-
tional asymmetry both at 6 weeks and 12 weeks
post lesion. The number of ipsilateral turns in GDNF
treated group was 862.6 ± 136.4 at 6 weeks, which
was significantly less than in PBS (1691.4 ± 58.9)
and PG (1562.1 ± 147.0) treated groups (p = 0.025
and p = 0.046, respectively; Tukey HSD post hoc). At
12 weeks post lesion, the turning behavior was fur-
ther reduced in GDNF treated animals (149.1 ± 47.9)
and they rotated significantly less (p < 0.001; Tukey
HSD post hoc) than PBS (1363.2 ± 193.2) and PG
(1467.0 ± 199.8) treated rats. Also, BT44 0.1 �g/24h
(1193.9 ± 205.6) infused rats rotated significantly
more than GDNF infused rats (p < 0.001; Tukey HSD
post hoc). When we analyzed the rotation rate per 5
min at 12 weeks post lesion, we detected significant
difference in the time-dependence of turning behav-
ior of BT44 0.3 �g/24 h treated rats as compared to
the other treatment groups (Fig. 4F). In the begin-
ning of the experiment, the rats seemed to respond
to the amphetamine challenge in a similar manner
as vehicle treated rats or those treated with BT44
0.1 �g/24 h. BT44 0.3 �g/24 h infused rats, however,
recovered faster and more completely from the strong
turning response. From 60 min time point onwards,
BT44 0.3 �g/24 h showed its significant effect in alle-
viating the rotational asymmetry as compared to PBS
and PG (p = 0.029 and p = 0.003, respectively; Tukey
HSD after RM ANOVA 60–120 min: F4,44 = 8.491;
p < 0.001). Although the effect of GDNF was more
pronounced, similar profile as compared with BT44
0.3 �g/24h was seen for GDNF: at first, we observed
a higher number of ipsilateral rotations followed by
a long-lasting decrease in the number of ipsilateral
turns. Neither of the treatments had a significant effect
on spontaneous limb-use asymmetry in the cylinder
test (data not shown) which is in line with previously
published data for GDNF [22, 69, 70].

BT44 seems to protect dopaminergic fibers in the
striatum but is not able to protect dopamine
neurons in the SNpc of 6-OHDA lesioned rats

The ability of BT44 to protect and restore
nigrostriatal dopamine neurons was assessed by
immunohistochemical analysis of the nigral and stri-
atal sections probed with anti-TH and anti-DAT
antibodies at 12 weeks post lesion. In line with
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Fig. 4. BT44 (0.3 �g/24h) and GDNF (3 �g/24h) alleviate amphetamine-induced rotational asymmetry in 6-OHDA lesioned rats. Design of
the in vivo experiment with 6-OHDA lesioned hemiparkinsonian rats (A). Unilateral striatal 6-OHDA injections, striatal drug delivery with
osmotic pumps, time points for amphetamine-induced turning behavior (Amph I-III) and cylinder (Cylinder I and II) tests, and perfusion time
points are depicted on the timeline. Schematic illustration of 6-OHDA injection sites and treatment infusion site in the dorsal striatum (B).
All rats received 3 deposits of 6-OHDA (3 �g/deposit) along the rostrocaudal axis of the right striatum. The syringes indicate the 6-OHDA
injection sites and the vertical cannula the treatment infusion site. Amphetamine-induced rotational asymmetry (cumulative data for 120 min)
at 2 weeks (C), 6 weeks (D), and 12 weeks (E) after 6-OHDA lesion. Rotation rate per 5 min at 12 weeks post lesion (F). PBS, phosphate
buffered saline; PG, propylene glycol. ∗p < 0.05, ∗∗∗p < 0.001 vs. PG; #p < 0.05, ###p < 0.001 vs. PBS; †††p < 0.001 vs. GDNF, Tukey HSD
after one-way ANOVA (D, E). ∗∗p < 0.01 BT44 0.3 �g/24 h vs. PG; #p < 0.05 BT44 0.3 �g/24 h vs. PBS, Tukey HSD after RM ANOVA (F).
Mean ± SEM, n = 8–11 per group.

previously published results [54], 6-OHDA deliv-
ery paradigm employed in this study resulted in a
severe and progressive retrograde degeneration of the
nigrostriatal dopamine neurons (Fig. 5). At 2 weeks
post lesion, the density of TH-ir fibers in the striatum
was reduced by 91.7 ± 3.4% and the number of TH-ir
cell bodies in the SNpc by 77.2 ± 2.6% in comparison

to the intact side. The density of DAT-ir fibers in the
striatum was reduced by 94.8 ± 3.5% and the number
of DAT-ir cell bodies in the SNpc by 83.9 ± 6.6% in
comparison to the intact side (lesion control group).

The decrease in the number of TH-ir cells in the
SNpc of PBS and PG treated animals at 12 weeks
post lesion constituted 88.5 ± 0.9% and 87.4 ± 0.9%
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Fig. 5. Effect of BT44 and GDNF on the density of TH and DAT-immunoreactive fibers in the striatum and the number of TH and DAT-
immunoreactive cells in the SNpc in 6-OHDA lesioned rats. A) Densitometric quantification of TH-ir fibers in the dorsal striatum. B) Number
of TH-ir cells in the SNpc. C) Densitometric quantification of DAT-ir fibers in the dorsal striatum. D) Number of DAT-ir cells in the SNpc.
All values are presented as percentage of the intact side. PBS, phosphate buffered saline; PG, propylene glycol. ∗∗p < 0.01, ∗∗∗p < 0.001 vs.
PG; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. PBS; †p < 0.05, ††p < 0.01 vs. GDNF, Tukey HSD after one-way ANOVA. Mean ± SEM, lesion
control group n = 4, other groups n = 8–11.

in comparison to the intact side, respectively. The
number of DAT-ir cells in the SNpc of PBS and
PG treated animals at 12 weeks post lesion was
reduced by 90.5 ± 1.4% and 88.4 ± 1.3% in compar-
ison to the intact side, respectively. Representative
images of TH-immunostained coronal sections from
the striatum and the ventral midbrain are presented
in Supplementary Figure 7.

At 12 weeks post lesion, the density of remain-
ing TH-ir fibers in the striatum of rats treated with
BT44 0.3 �g/24 h was 2.5 times higher (15.0 ± 2.8%
of the intact side) as compared with PBS treated
animals (6.1 ± 1.2% of the intact side, p = 0.025;
Tukey HSD post hoc test after one-way ANOVA F5,46
= 3.671; p = 0.007) (Fig. 5A). Also, BT44 0.1 �g/24 h
showed a tendency (p = 0.065; Tukey HSD post hoc)
to similar neuroprotective effect on TH-ir fibers
(14.1 ± 1.3% of the intact side). In GDNF 3 �g/24 h

infused rats, the TH-ir fiber density was 2.6 times
higher (15.8 ± 1.6% of the intact side) as compared
to PBS treated rats (p = 0.010; Tukey HSD post hoc).
No statistically significant differences in the density
of striatal TH-ir fibers were detected between PBS
and PG treated rats. We also assessed the effect of
BT44 and GDNF on TH-ir neurite number in the
striatum of 6-OHDA lesioned rats using an automated
CNN algorithm and cloud-embedded AiforiaTM plat-
form. No statistically significant differences in the
number of TH-ir fibers were detected in BT44 and
GDNF treated rats, although this parameter was
slightly higher in the striata of rats treated with BT44
0.1 �g/24 h. These results were obtained using a
newly developed algorithm and should be interpreted
cautiously as the algorithm needs to be vali-
dated with a proper positive control (Supplementary
Figure 9).
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In accordance with the TH-ir fiber density results,
the density of DAT-ir fibers in the striatum of BT44
0.3 �g/24h treated rats was 6.1 and 2.3 times higher
(6.1 ± 1.8% of the intact side) as compared with PBS
(1.0 ± 0.5% of the intact side) and PG (2.6 ± 0.6% of
the intact side) treated animals, respectively (Fig. 5C),
but these differences did not reach statistical signif-
icance. In GDNF 3 �g/24 h infused rats, the DAT-ir
fiber density was 9.9 times higher (9.9 ± 1.7% of the
intact side, p = 0.001; Tukey HSD post hoc test after
one-way ANOVA F5,45 = 4.746; p = 0.001) as com-
pared with PBS infused rats. DAT-ir fiber density in
GDNF group was also significantly higher than in PG
(p = 0.006) and BT44 0.1 �g/24 h (3.9 ± 1.2% of the
intact side, p = 0.046) groups.

In the SNpc, GDNF infusion was clearly able to
prevent the loss of dopamine neurons. The number
of TH-ir cell bodies on the 6-OHDA lesioned side in
GDNF treated rats (29.1 ± 2.8% of the intact side)
was 2.5 times higher than in PBS (11.5 ± 0.9% of the
intact side, p < 0.001), and 2.3 times higher than in
PG (12.6 ± 0.9% of the intact side, p < 0.001) treated
animals (Tukey HSD post hoc test after one-way
ANOVA F5,48 = 8.898; p < 0.001) (Fig. 5B, Sup-
plementary Table 3). The number of TH-ir cells in
GDNF group differed significantly also from BT44
0.1 �g/24 h (17.2 ± 3.3% of the intact side) and BT44
0.3 �g/24 h (15.4 ± 1.9% of the intact side) (p = 0.004
and p = 0.001, respectively; Tukey HSD post hoc)
groups. The number of DAT-ir cell bodies in GDNF
treated rats (20.7 ± 2.9% of the intact side) was 2.2
times higher than in PBS treated animals (9.5 ± 1.4%
of the intact side, p = 0.012; Tukey HSD post hoc
test after one-way ANOVA F5,46 = 3.752; p = 0.006)
(Fig. 5D). The number of DAT-ir cells was also
significantly higher in GDNF group than in BT44
0.1 �g/24h group (9.1 ± 1.7% of the intact side,
p = 0.008). Statistically significant differences in the
number of DAT-ir cell bodies on the lesioned side
between GDNF and PG (11.6 ± 1.3% of the intact
side) or BT44 0.3 �g/24h (13.2 ± 2.1% of the intact
side) treated animals were not detected. Intrastriatal
infusion of BT44 was unable to prevent the loss of
dopaminergic cell bodies in the SNpc as compared to
vehicle infusion.

Amphetamine-induced rotational behavior
poorly correlates with TH immunohistological
measures

Due to discrepancies between amphetamine-
induced turning behavior and immunohistochemical

Fig. 6. Correlations between TH immunohistochemical measures
and amphetamine-induced turning rate. A) Amphetamine-induced
turning behavior at 12 weeks post lesion plotted against TH-ir fiber
density in the lesioned striatum for each experimental animal. B)
Amphetamine-induced turning behavior at 12 weeks post lesion
plotted against TH-ir cell number in the SNpc on the lesion side
for each experimental animal. (C) TH-ir cell numbers in the SNpc
plotted against TH-ir fiber densities in the striatum. r, Pearson
correlation coefficient, all treatment groups analyzed together.
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measures at 12 weeks post lesion, we analyzed how
well rotational asymmetry correlates with TH-ir fiber
density in the striatum and cells counts in the SNpc.
Amphetamine-induced rotations showed only low,
but significant, negative correlation with TH-ir fiber
density in the striatum (Pearson’s r = –0.43, p < 0.01),
and moderate negative correlation with TH-ir cell
number in the SNpc (Pearson’s r = –0.64, p < 0.001)
when data from all treatment groups were pooled
together (Fig. 6A, B). We also evaluated the corre-
lation between the striatal fiber density and nigral
cell numbers and found a low correlation between
these two histological read-outs when data from all
treatment groups were analyzed together (Pearson’s
r = 0.45, p < 0.01) (Fig. 6C). Notably, GDNF-treated
rats rotated significantly less as compared to the other
rats, but this behavioral improvement was not accom-
panied by axonal regeneration in the striatum to the
same extent (Figs. 4E, 5A). This is visualized in
Fig. 6A as a grouping of GDNF-treated rats (black
squares) close to the y-axis.

DISCUSSION

PD patients await disease-modifying therapies that
would slow down the progression of the disorder.
Neurotrophic factors GDNF and NRTN have been
tested in clinical trials in PD patients, but conclu-
sive results are yet to be obtained. These NTFs have
been delivered into the brain tissue either as a pro-
tein or gene therapy using a technically challenging
stereotaxic surgery, which may constrain their clini-
cal availability to the late-stage patients. At the same
time, early-stage patients seem to be the proper target
group for GFL-related treatments [71]. Both GDNF
and NRTN activate intracellular signaling through
receptor tyrosine kinase RET which therefore is an
apparent target for a small molecule compound. Our
novel small molecule compound BT44 activates RET
and its intracellular signaling pathways. It also alle-
viates amphetamine-induced motor dysfunction in
the 6-OHDA induced neurotoxin model of PD in
rats at 12 weeks post lesion. In addition, BT44 may
have protective effects on dopaminergic fibers in the
striatum of 6-OHDA lesioned rats. Safety profiling
raised no concerns regarding off-target effects of
BT44.

Our results indicate that BT44 activates RET
and RET-dependent intracellular signaling both in
the presence and absence of co-receptors (GFR�1
and GFR�2) which is in line with previously pub-

lished data for the parent compound BT13 [46, 47].
Interestingly, however, the intracellular signaling
induced by BT44 can be modified by the co-receptors.
In cells expressing the co-receptors GFR�1 and
GFR�2 together with RET, BT44 activates both ERK
and AKT pathways, but only ERK pathway is acti-
vated in the absence of the co-receptors. It has been
shown that phosphotyrosine 1062 (predominantly
phosphorylated in response to BT44) in RET pro-
vides a docking site for adaptor proteins FRS2 and
SHC necessary for both ERK and AKT activation,
respectively [72]. These adaptor proteins compete
for binding to phosphorylated tyrosine 1062 and this
can affect the pattern of activation of intracellular
signaling cascades. Recent molecular docking and
molecular dynamic simulations suggest that the pos-
sible binding site for compounds belonging to BT
scaffold is located on the interface of GFR�1 and
RET [51]. It can be speculated that in the absence
of GFR�1, activated RET has a conformation favor-
ing the binding of FRS2 and subsequent activation of
ERK signaling cascades. In the presence of GFR�1,
the GFR�1/RET complex is promiscuous to both
FRS2 and SHC, thus providing mechanistic basis for
biased effect of BT44 observed in the present study in
MG87RET cells. Further extensive experiments are
needed to confirm this speculation.

The pattern of phosphorylated tyrosine residues in
RET differed in the BT44 treated cells compared with
GFL treated cells. In contrast to GFLs, BT44 stimu-
lated the phosphorylation of Y905 only weakly and
failed to phosphorylate Y1096. This can provide fur-
ther evidence for biased agonism observed in the cell
signaling in response to BT44. As Y905 is possi-
bly important for the activation of JNK [73–75], a
signaling pathway leading to cell death, the reduced
ability of BT44 to increase pY905 level can be ben-
eficial for supporting neuronal survival and axonal
regeneration.

Although BT44 is indiscriminate to GFR� co-re-
ceptors and can elicit signaling even in their absence,
it is selective to RET. In addition to RET, dopamine
neurons express several other receptor tyrosine
kinases including BDNF receptor TrkB [76, 77] and
vascular endothelial growth factor (VEGF) recep-
tors 1-2 (VEGFR 1–2) [78], the activation of which
promotes the survival of cultured dopamine neurons
[78–80]. Our data show that BT44 only supports
the survival of RET-expressing wild-type dopamine
neurons similarly to GDNF, whereas RET knockout
neurons do not respond to BT44. In accordance with
these data, BT44 also failed to activate ERK-related
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signaling in TrkB-expressing cells. Additionally, no
interaction with other proteins was observed in
CEREP screening, further supporting the notice of
BT44 selectivity towards RET.

In cultured dopamine neurons, BT44 not only sup-
ported the survival of naı̈ve serum-deprived cells,
but also showed significant neuroprotection against
MPP + induced toxicity similarly to GDNF. Both
BT44 and GDNF promoted the survival of cultured
dopamine neurons at much lower concentrations as
compared to those required to elicit RET phospho-
rylation in cultured cells. Although we did not study
concentration-dependence of GDNF effects in RET
phosphorylation assay and dopamine neuron survival
assay in this study, we usually see reproducible and
detectible increase in the level of phosphorylated
RET upon the treatment with ≥ 50 ng/ml of GDNF
[81]. At the same time, the effects of GDNF on
neuronal survival are detected at much lower con-
centration of 5 ng/ml [81] or even at 1 ng/ml with
somewhat increase detectable already at 0.1 ng/ml
of GDNF [52]. RET phosphorylation assay reflects
the number of phosphorylated RET residues after a
short-term (15 min) treatment with the growth factor
compared to the control, while dopamine neuron sur-
vival assay represents an integral result of prolonged
(5 days) RET activation. Therefore, a low concen-
tration of the ligand is sufficient to elicit biological
response in the second case. GDNF concentrations
for in vitro tests were chosen on the basis of previous
results to reproducibly produce robust effects [81].

In PD, dopamine neuron cell death occurs in a
‘dying back’ manner where striatal nerve terminals
degenerate before the death of nigral cell bodies [7].
The disease is diagnosed mainly based on the onset of
characteristic motor symptoms, which appear when
the neuronal damage of the nigrostriatal pathway is
already pronounced. Therefore, in the present study
we used the neurorestoration paradigm with pro-
gressive retrograde degeneration of the nigrostriatal
dopamine neurons [54]. This paradigm may reflect
the status of patients with moderate to advanced
PD, i.e., a few years after the diagnosis. Both BT44
and GDNF were able to induce functional recovery
assessed with amphetamine-induced rotational asym-
metry test. GDNF also clearly restored dopaminergic
processes in the striatum. BT44 stimulated some
increase in the density of dopamine nerve termi-
nals in the striatum although these changes were
smaller as compared to the ones elicited by GDNF
and not always statistically significant. Our obser-
vations of robust reduction in amphetamine-induced

turning behavior in GDNF treated rats, together with
significant sparing of nigrostriatal dopamine neurons,
are consistent with earlier reports of GDNF induced
potentiation of dopaminergic activity and restoration
of motor behavior in unilateral lesion models. Thera-
peutic intervention with GDNF or BT44 at an earlier
stage of the neurodegenerative process could possibly
have produced more pronounced effects on striatal
innervation and motor performance.

Pharmacokinetic profiling of BT44 suggests its
ability to cross the blood-brain barrier when injected
intravenously to rats. Here, however, we wanted to
investigate local effects of BT44 after infusing into
the dorsal striatum, which allowed us to make direct
comparisons with the effects of GDNF. After lead
optimization, RET agonists could be administered
systemically to avoid risky intracranial administra-
tion and overcome the problematic question about
the most effective delivery site in the brain. Indeed,
our study shows proof of principle for a RET agonist
having similar, but less potent, effect as GDNF in an
experimental animal model of PD.

Interestingly, at 12 weeks post lesion BT44
0.3 �g/24 h treatment resulted in a divergent time-
dependence of rotational behavior (analyzed as turns
per 5 min) as compared to the other treatment groups.
The rats treated with BT44 (0.3 �g/24 h) initially
showed strong turning behavior but recovered faster
from the amphetamine challenge. A similar profile
with considerably smaller initial increase in the turn-
ing rate was observed also in GDNF treated animals.
It can be speculated, that BT44 at 0.3 �g/24 h has
an effect on dopamine dynamics. In this respect
changes in DAT activity or dopamine metabolizing
enzymes, for example, are possible. RET signaling
is suggested to negatively regulate the cell surface
trafficking and activity of DAT [82–84]. In addition,
the parent compound BT13 was shown to acutely
enhance dopamine release in vivo [47] which may
reflect the ability of BT compounds to modify striatal
dopamine dynamics. We cannot exclude the possi-
bility that as a lipophilic compound BT44 is able
to diffuse to the non-lesioned hemisphere during the
14-day infusion period which may compromise the
results of amphetamine challenge. Further experi-
ments are needed to clarify these possible effects of
BT44.

As discussed above, in vitro experiments revealed
that BT44 agonism is somewhat biased towards ERK
signaling cascade which is predominantly respon-
sible for the promotion of neurite outgrowth and
regeneration in neurons [9]. Neuronal survival is
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controlled mainly by PI3 kinase-AKT signaling
cascade, which is activated by BT44 only when both
a GFR� co-receptor and RET are expressed by the
cells. In addition, in GFR�2/RET expressing cells
higher concentration of BT44 was necessary to acti-
vate AKT as compared to ERK. These data can exp-
lain why BT44 may have some protective effect on
dopamine fibers in the striatum rather than increase
the number of dopamine cell bodies in the SNpc.
In addition, BT44 is rapidly degraded in the tissues.
Since it was infused to the striatum, its concentra-
tion was higher there than in the SNpc. Therefore,
BT44 may have elicited more pronounced effects on
dopaminergic fibers in the striatum as compared to
the cell bodies in the SNpc.

In agreement with earlier reports, amphetamine-
induced rotational behavior poorly correlated with
the histological measures of TH-ir cells in the SNpc
and TH-ir fibers in the striatum [63, 85–88]. BT44
may regulate the cell surface expression or activity of
DAT as it was shown for GDNF [82, 89]. Also, other
neural circuits than nigrostriatal dopaminergic path-
way may be responsible for the functional recovery
of the rats and provide an explanation for the dis-
crepancy in the read-outs. For example, amphetamine
induces dopamine release also from dendritic vesi-
cles in the substantia nigra pars reticulata (SNr) [90,
91]. In the SNr, dopamine acts primarily at presy-
naptic D1 receptors of the GABAergic striatonigral
medium spiny neurons (i.e., direct pathway) facili-
tating GABA transmission in the SNr. This reduces
the overactive firing of GABAergic SNr neurons pro-
jecting to the ventromedial nucleus of thalamus that is
characteristic to PD. In consequence, amphetamine-
induced dendritic dopamine release in the SNr may
have been elevated in GDNF treated rats whose
dopaminergic cell bodies in the SNpc were more
preserved as compared to the other treatments. This
might explain why rotational asymmetry was bal-
anced more than could be expected from the striatal
fiber restoration in GDNF treated rats and why the
efficacy of BT44 in the behavioral assay was lower
than that of GDNF.

Important to note, that in addition to the motor
symptoms, PD patients suffer from a number of
non-motor symptoms such as olfaction deficit, consti-
pation, depression, sleep disturbances and cognitive
impairments. Many of these symptoms are caused by
neuronal dysfunction and degeneration in different
organs (e.g., bowel) and brain regions (e.g., olfactory
bulb). GDNF signaling is important for olfactory [92]
and enteric neurons [93, 94] and its role in memory

and learning has also been described [95]. The effects
of GFL proteins on non-motor symptoms have not
been evaluated, because they have limited bioavail-
ability and biodistribution failing to target multiple
organs. Systemically acting small molecules stimu-
lating GFL receptors may, however, overcome these
limitations and relieve both motor and non-motor
symptoms of PD.

Some adverse effects, e.g., weight loss, were
reported in one of phase II clinical trials with GDNF
protein [39]. Indeed, RET signaling was recently
shown to be important for appetite control by the pro-
tein called GDF15. GDF15 activates RET in complex
with its co-receptor GFRAL expressed in chemore-
ceptor trigger zone in the brain in stress and disease
conditions [96]. It is unclear if compounds belong-
ing to BT scaffold can activate GFRAL/RET, but we
saw no effects on weight gain in rats treated subcu-
taneously with relatively high doses of either BT13
[46] or BT44 [97]. It is possible that GFRAL blocks
BT compound binding site on RET interface and,
therefore, they do not influence weight, or 6-OHDA
treatment fails to produce stress in the brainstem
involved in weight control. Also, concerns regard-
ing oncogenic potential of RET activation might
have been raised by some researchers based on the
gain-of-function mutations in RET gene constitu-
tively activating RET as seen in multiple endocrine
neoplasia type 2 (MEN2) and familial medullary thy-
roid cancer (FMTC) syndromes. Here, we would like
to stress, that mice overexpressing GDNF did not
to develop tumors during their lifespan [98]. There-
fore, it is unlikely that RET agonists of relatively low
potency and efficacy such as BT44 would be onco-
genic. Indeed, we observed no tumors in rats treated
with BT13 or BT44 for 2–6 weeks [46, 97]. An attrac-
tive avenue for further development in this field is
the design of selective positive allosteric modulators
of GDNF signaling. The first compound possessing
such biological activity has been described [99, 100],
but it has not been tested in PD models thus far.
Such compounds can reduce the risk of known or
potential side-effects caused by GFL proteins and
prevent the disruption of endogenous GFL signal-
ing.

Taken together, the functional and histological
effects of BT44 observed in the animal model of PD
are in alignment with those of GDNF but the effi-
cacy of BT44 is considerably lower. With further
optimization this promising lead compound could
be developed into a novel and efficacious disease-
modifying therapy for PD.
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CONCLUSIONS

BT44 is a small molecule RET agonist with
drug-like properties. It activates RET and its down-
stream signaling pathways AKT and ERK, promotes
the survival of RET-expressing cultured midbrain
dopamine neurons and protects them from the neu-
rotoxin induced cell death. In rats modelling an
advanced stage of PD, BT44 is the first-in-class small
molecule capable of promoting functional recovery
of the nigrostriatal dopamine system and alleviating
motor deficits. The functional improvements seem to
be accompanied by protection of dopaminergic pro-
cesses innervating the striatum. Consequently, BT44
serves as a valuable lead compound that paves the way
to develop disease-modifying treatments for PD.
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cher P, Hantraye P (2004) Encapsulated GDNF-producing
C2C12 cells for Parkinson’s disease: A pre-clinical study
in chronic MPTP-treated baboons. Neurobiol Dis 16,
428-439.

[29] Gash DM, Zhang Z, Ai Y, Grondin R, Coffey R, Gerhardt
GA (2005) Trophic factor distribution predicts functional
recovery in parkinsonian monkeys. Ann Neurol 58, 224-
233.

[30] Emborg ME, Moirano J, Raschke J, Bondarenko V, Zuf-
ferey R, Peng S, Ebert AD, Joers V, Roitberg B, Holden
JE, Koprich J, Lipton J, Kordower JH, Aebischer P (2009)
Response of aged parkinsonian monkeys to in vivo gene
transfer of GDNF. Neurobiol Dis 36, 303-311.

[31] Kirik D, Georgievska B, Björklund A (2004) Localized
striatal delivery of GDNF as a treatment for Parkinson
disease. Nat Neurosci 7, 105-110.

[32] Kirik D, Georgievska B, Rosenblad C, Björklund A (2001)
Delayed infusion of GDNF promotes recovery of motor
function in the partial lesion model of Parkinson’s disease.
Eur J Neurosci 13, 1589-1599.

[33] Bespalov MM, Sidorova YA, Tumova S, Ahonen-Bishopp
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