Article

Dopamine Receptor D3 Induces Transient, mTORC1-Dependent
Autophagy That Becomes Persistent, AMPK-Mediated, and
Neuroprotective in Experimental Models of Huntington’s
Disease

2

Diego Luis-Ravelo !, Felipe Fumagallo-Reading (%, Alejandro Febles-Casquero (7, Jonathan Lopez-Fernandez 1207,

Daniel J. Marcellino 3 and Tomas Gonzalez-Hernandez 1-%*

Institute of Biomedical Technologies, University of La Laguna, 38200 Tenerife, Spain;

dluisrav@ull.edu.es (D.L.-R.); fumagallo.tf@gmail.com (EE-R.)

Department of Basic Medical Sciences, Faculty of Medicine, University of La Laguna, 38200 Tenerife, Spain
Department of Medical and Translational Biology, Umea University, 901 87 Umea, Sweden;

daniel. marcellino@psy.gu.se

*  Correspondence: tgonhern@ull.edu.es

Abstract: Huntington disease’s (HD) is a neurodegenerative disorder caused by the ex-
pansion of a polyglutamine region (PolyQ) within the huntingtin protein (HTT). Mu-
tated huntingtin (mHTT) is cytotoxic, particularly for striatal medium spiny neurons
(MSNs), whose degeneration is the hallmark of HD. Autophagy inducers currently avail-
able promote the clearance of toxic proteins. However, due to their low selectivity and
the possibility that prolonged autophagy hampers essential processes in unaffected cells,
researchers have questioned their benefits in neurodegenerative diseases. Since MSNs
express dopamine receptors D2 (DRD2) and D3 (DRD3) and DRD2/DRD3 agonists may
activate autophagy, here, we explored how healthy and mHTT-challenged cells respond
f,*;ﬁl,‘{;’; to prolonged DRD2/DRD3 agonist treatment. Autophagy activation and its effects on
mHTT/polyQ clearance were studied in R6/1 mice (a genetic model of HD), their wild-
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misfolding, or promote the degradation of aberrant protein conformations [1,2]. Autophagy
is a degradative process essential for neurons, as they must deal with misfolded proteins
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throughout their lifetime without the aid of cell division. Macroautophagy is a form of
autophagy activated by the mechanistic target of rapamycin kinase (mTOR)-dependent and
mTOR-independent signaling in which aggregate-prone proteins are engulfed in double-
membraned vesicles and degraded by lysosomes [3,4]. Experimental studies demonstrate
that macroautophagy (hereafter referred to as autophagy) disruption is a central factor in
the pathogenesis of neurodegenerative diseases [5,6] and that its induction protects against
degeneration and improves motor and cognitive phenotypes in various animal models
of neurodegenerative disease [7]. However, data also suggest that prolonged autophagy
activation poses risks. For example, autophagy may deplete proteins involved in cell
homeostasis, interfere with protein synthesis, and interact with the apoptotic machinery,
affecting cell viability and leading to cell death [8-10]. Therefore, as the available autophagy
inducers act non-selectively on both degeneration-affected and non-affected neurons, the
beneficial effects of autophagy on degenerating cells might be overshadowed by their
deleterious effects on non-degenerating cells.

Huntington’s disease (HD) is an autosomal-dominant, neurodegenerative disorder
characterized by psychiatric, cognitive, and motor symptoms that appear at 35-45 years of
age and lead to death in 15-20 years [11]. HD is caused by an expansion of the trinucleotide
CAG repeat (>35 repeats) in the gene that encodes huntingtin (HTT), resulting in an
abnormally long polyglutamine (polyQ) tract at the N-terminal region of the protein
(polyQ-HTT). Proteolytic fragments of polyQ-HTT are prone to misfold and aggregate into
soluble oligomers and insoluble inclusion bodies [12]. Soluble mutant huntingtin (mHTT)
oligomers can interact with key proteins, interfering with their functions and leading to cell
death [13,14]. Medium spiny neurons (MSNs) of the striatum are particularly vulnerable in
HD [15,16]. Their loss leads to motor symptoms and striatal atrophy, the two hallmarks of
the disease [16,17].

Interestingly, striatal MSNs express dopamine receptors D2 and D3 (DRD2, DRD3) [18,19],
and recent studies indicate that DRD2/DRD3 agonists can promote autophagy through
a DRD3- and mTORC1-mediated mechanism [20]. So, by acting selectively on DRD3-
expressing neurons, we might avoid the adverse effects of prolonged autophagy on other
neuronal populations. However, as HTT regulates mTORC1, and mTORC1 is constitutively
overactivated in mHTT-expressing cells [21], the response of MSNs to DRD2/DRD3 ag-
onists in HD could differ from that under normal conditions. Furthermore, since not all
DRD3-expressing neurons are equally affected by degeneration at the same stage of HD, the
final effect of prolonged autophagy may vary from one neuron to another. This study aimed
to investigate whether DRD3-induced autophagy is activated and maintained in experi-
mental models of HD and determine its effects on healthy and polyQ-HTT-challenged cells.
Using cell and animal models of HD, we found two forms of DRD3-induced autophagy: a
transient form in healthy cells activated through mTOR inhibition and a persistent form in
polyQ-HTT-challenged cells that was prolonged through AMPK activation. Considering
the absence of deleterious effects on protein synthesis [20], this autophagy form promoted
the efficient clearance of mHTT without affecting cell homeostasis.

2. Materials and Methods
2.1. Mice

The experiments were carried out on the transgenic mouse strain R6/1 (B6.Cg-
Tg(HDexon1)61Gpb /] Jackson Laboratory, Bar Harbor, ME, USA), dopamine receptor
D3 knockout mice (drd3KO; B6.12954-Drd3™!Pa¢ /T Jackson Laboratory), and their wild-
type (WT) littermates. Experimental procedures were approved by the Ethical Committee
of the University of La Laguna (reference: CEIBA2019-0352) in accordance with the AR-
RIVE guidelines and the European Communities Council Directive of 22 September 2010
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(2010/63/EU) regarding the care and use of animals for scientific purposes. Mice were
housed in groups of 4-5 animals per cage with ad libitum access to feed and water on
a 12 h dark/light cycle at a constant temperature (21-22 °C). R6/1 mice were bred in a
C57BL/6 background by mating hemizygous males (6-10 weeks) with 2-3 females per cage.
Genotype was determined by PCR [22]. The transgene contains an N-terminal fragment
of human HTT encompassing the first exon, with around 116-120 CAG repeats. Mice
inheriting the mutated allele develop most HD symptoms [23], with reduced motor activity
from 6-7 weeks onward [24]. Hemizygous R6/1 transgenic male mice and age- and body
weight-matched wild-type littermates were randomly assigned to experimental groups and
treated with pramipexole. Pramipexole (PPX) is a DRD2/DRD3 agonist with a preference
for DRD3 (DRD2 Ki 6.9 nM, DRD3 Ki 0.9 nM), which is extensively used and generally
well-tolerated in controlling motor symptoms of Parkinson’s disease and restless leg syn-
drome [25,26]. Mice received a daily dose of 0.15 mg/kg of pramipexole dihydrochloride
(Sigma-Aldrich, St. Louis, MO, USA; #A1237) or its vehicle (100 pL 0.9% sterile saline
i.p.) for 6 days (11-week-old mice) or 28 days (starting at 8 weeks old) and were sacrificed
on day seven or twenty-nine, respectively. This PPX dose is effective as a DRD2/DRD3
agonist in rodents [27,28]. It is equivalent to a human dose of 0.72 mg/d [29] within the
therapeutic range used in Parkinson’s disease patients. An additional group of R6/1 mice
was treated with the selective DRD3 antagonist NGB2904 (DRD2 Ki 217 nM, DRD3 Ki
1.4 nM; 0.5 mg/kg, i.p.; Tocris, Bristol, UK; #2635) or vehicle (2.5% w/v 2-hydroxypropyl-
-cyclodextrin; Sigma-Aldrich; #H107) 30 min before PPX. Mice were weighed weekly
and bedding was replaced twice a week. Each experimental group consisted of at least
five mice.

2.2. Cell Culture and Stable DRD2/DRD3 Transfection

Cell culture studies were performed in DRD2- and DRD3-transfected HEK 293 cells.
We used HEK293 cells because they endogenously express most proteins involved in G
protein-coupled receptor signaling but not dopamine receptors [30,31]. This prevents the
impact of other dopamine receptors present in other neuronal cell lines. HEK293 cells
were obtained from the European Collection of Cell Cultures (ECACC, Salisbury, UK),
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Biowest, Nuaillé, France; #1.104)
supplemented with 10% fetal bovine serum (FBS; Biowest; #51810-500) and 1% penicillin—
streptomycin (Biowest; #L.0018), and maintained in a humidified incubator set at 37 °C
and 5% CO,. Semiconfluent cells were transfected with pcDNA3.1+/Hygro-GFP-DRD?2 or
pCEP4-EGFP-DRD3 (a gift from Dr. Jean-Michel Arrang, Addgene, Watertown, MA, USA;
#24098 and #24099; [32]) using Lipofectamine 2000 (Thermo Fisher Scientific, Waltham,
MA, USA; #11668-027) at a ratio of 2:1. Stable cell lines expressing GFP-DRD2 or EGFP-
DRD3 were obtained by growth in selective medium containing 400 pg/mL hygromycin B
(Thermo Fisher Scientific; #1068-7010) over 8-10 days. Individual clones were expanded
in 96-well plates and examined for expression by Western blot and fluorescence for GFP
(Figure S1A,B). Positive clones were used for subsequent experiments. Cell treatments are
stated throughout the text and figure legends.

2.3. Transient Q23/Q74 Transfection

For the transient expression of polyglutamine tracts, HEK-, DRD2-HEK, and DRD3-
HEK cells were transfected with plasmid encompassing a fragment of huntingtin exon
1 containing either 23 or 74 CAG repeats cloned downstream from the tag (pEGFP-Q23
or pHM6 (HA)-Q74; gifts from Dr. David Rubinsztein, Addgene; #40261 and #40264,
respectively [33]; Figure S1C). Transfections were performed in 10 cm cell culture dishes
using DNA-PEI (Polysciences Inc, Warrington, PA, USA; #23966) at a ratio of 1:3. Since
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soluble polyQ oligomers reach their highest levels a few hours after transfection and
drop as polyQ aggregates arise [13,14] (see also Figure S1D), treatment was initiated six
hours post-transfection. Cells were split into 12-well plates and treated with PPX at the
indicated doses and times. An additional set of DRD3-HEK cells was treated with another
DRD2/DRD3 agonist, 7OH-DPAT (DRD2 Ki 61 nM, DRD3 Ki 0.78 nM; Figure S2A).

2.4. Western Blot

Mouse striata were dissected on ice from freshly obtained brains using a brain blocker.
Samples were subjected to sonication and then lysed in M-PER buffer (Thermo Fisher Sci-
entific; #78501) supplemented with a protease and phosphatase inhibitor (Sigma-Aldrich;
#4906845001). Lysates were centrifuged at 9000x ¢ and protein-containing supernatants
were collected. HEK293 cells were harvested in ice-cold, phosphate-buffered saline (PBS;
137 mM NaCl, 2.7 mM KCI, 10 mM Nay;HPOy, 1.8 mM KH;POy4; pH 7.4). Cell suspen-
sions were centrifuged for 5 min at 1000 x g; the pellets were washed twice in PBS and
then resuspended in M-PER buffer. After sonication (3 bursts of 5 s on ice), the lysates
were centrifuged at 17,000 x g for 5 min and the supernatants were collected. Proteins
were quantified using the bicinchoninic acid (Sigma-Aldrich; #B9643) method, with bovine
serum albumin (BSA; Sigma-Aldrich; #1076192) as the standard. Protein samples were
diluted in Laemmli’s loading buffer (62.5 mM Tris-HCI, 20% glycerol, 2% sodium do-
decyl sulfate, 1.7% [-mercaptoethanol, 0.05% bromophenol blue; pH 6.8), denatured
(95 °C, 5 min), separated by electrophoresis in 10-12% SDS-polyacrylamide gel (15%
in the case of LC3 Western blot analysis), and transferred to nitrocellulose (Schleicher
& Schuell, Dassel, Germany; #1620115) or PVDF (Bio-Rad, Hercules, CA, USA; #162-
0175) membranes in the case of LC3 Western blot analysis. Blots were blocked for 1 h
at room temperature (RT) with 5% non-fat dry milk (5% BSA for blots detecting phos-
phorylated forms) in TBST (250 mM NacCl, 50 mM Tris, pH 7.4, 0.05% Tween20) and
incubated overnight at 4 °C in blocking solution (0.5% non-fat dry milk/BSA) with one
of the following antibodies: mouse monoclonal anti-polyQ (Merck-Millipore, Burlington,
MA, USA; #MAB1574, 1C2; 1:3000), rabbit polyclonal anti-DARPP-32 (Merck-Millipore;
#AB10518; 1:40,000), rat monoclonal anti-HA (Sigma-Aldrich; #11867423001; 1:2000), mouse
monoclonal anti-GFP (Roche, Basel, Swiss; #11814460001; 1:4000), rabbit polyclonal anti-
LC3 (Sigma-Aldrich; #L.7543; 1:15,000), guinea pig polyclonal anti-SQSTM1/p62 protein
(Progen, Heidelberg, Germany; #GP62-C; 1:1000), rabbit polyclonal anti-TOLLIP (EMD-
Millipore, Burlington, MA, USA; #ABF296; 1:2000), rabbit polyclonal anti-MAPK1/ERK2-
MAPK3/ERK1 (R&D Systems, Minneapolis, MN, USA; #AF1576; 1:7000), rabbit polyclonal
anti-phosphoThr202/Tyr204-MAPK1/ERK2-MAPK3/ERK1 (Cell Signaling Technology,
Danvers, MA, USA; #9101; 1:5000), rabbit monoclonal anti-mTOR (Cell Signaling Tech-
nology; #2983; 1:4000), rabbit polyclonal anti-phosphoSer2448-mTOR (Merk-Millipore;
#09213; 1:2000), rabbit polyclonal anti-PRKAA /AMPK« (Cell Signaling Technology; #2532;
1:2000), rabbit monoclonal anti-phosphoThr172-PRKAA / AMPKe (Cell Signaling Technol-
ogy; #2535; 1: 2000), rabbit polyclonal anti-RPS6KB1/p70S6K (Cell Signaling Technology;
#9202; 1:2000), mouse monoclonal anti-phosphoThr389-RPS6KB1/p70S6K (Cell Signal-
ing Technology; #9206; 1:2000), rabbit monoclonal anti-RPS6KA /p90S6K (Cell Signaling
Technology; #9355; 1:2000), rabbit monoclonal anti-phosphoSer380-RPS6KA /p90S6K (Cell
Signaling Technology; #11989; 1:2000), rabbit monoclonal anti-rpSé6 (Cell Signaling Tech-
nology; #2217; 1:3000), rabbit polyclonal anti-phosphoSer235/236-rpS6 (Cell Signaling
Technology; #2211; 1:5000), rabbit monoclonal anti-ULK1 (Cell Signaling Technology;
#8054; 1:2500), rabbit polyclonal anti-phosphoSer555-ULK1 (Cell Signaling Technology;
#5869; 1:2500), rabbit polyclonal anti-phosphoSer757-ULK1 (Cell Signaling Technology;
#14202; 1:2500), mouse anti-ACTB/ 3-Actin (Sigma-Aldrich; #A5441; 1:15,000), and anti-
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TUBA4A / x-Tubulin (Sigma-Aldrich; #T6074; 1:30,000). After several rinses in TBST-5%
milk, the membranes were incubated for 1 h in 1:50,000 horseradish peroxidase-conjugated
anti-mouse (Jackson-ImmunoResearch Laboratories, West Grove, PA, USA; #115-035-146),
anti-guinea pig (Jackson-ImmunoResearch Laboratories; #106-035-003), anti-rabbit (Jackson-
ImmunoResearch Laboratories; #111-035-144), or anti-rat (Jackson-ImmunoResearch Lab-
oratories; #112-035-062) IgGs. Immunoreactive bands were visualized using enhanced
chemiluminescence (Clarity Western Substrate; Bio-Rad; #170-5061) and a Chemi-Doc gel
documentation system (Bio-Rad; #20089). Different protein quantities, antibody dilutions,
and exposure times were tested to determine the optimal working range for each anti-
body. The labeling densities were compared using densitometry software (Image Lab 5.2,
Bio-Rad) and f3-actin or a-tubulin as housekeeping proteins, depending on the molecular
weight of the protein being tested. A rectangle of uniform size and shape was placed
over each band, and the density values were calculated by subtracting the background at
approximately 2 mm above each band. Data are presented as percentages of their respective
controls (100%).

2.5. Immunofluorescence

Mice were deeply anesthetized with an overdose of sodium pentobarbital and transcar-
dially perfused with heparinized ice-cold 0.9% saline (20 mL) followed by 4% paraformalde-
hyde (Sigma-Aldrich) in PBS (50 mL). The brains were removed and maintained overnight
in the same fixative at 4 °C. They were then cryoprotected in a 30% (w/v) sucrose-PBS
solution and stored at —80 °C until processing. Coronal sections (25 pm) were obtained
with a freezing microtome (Thermo Fisher Scientific), collected in 6-8 parallel series, and
processed for immunofluorescence. Floating sections were washed three times in PBS and
incubated for 60 min at room temperature (RT) in 4% normal donkey serum (NDS; Jackson
ImmunoResearch; #017-000-121) in PBS containing 0.05% Triton X-100 (TX-100; Sigma-
Aldrich). They were then incubated overnight in PBS containing 4% NDS and guinea pig
anti-p62 antibody (1:500) or mouse anti-huntingtin monoclonal antibody (Merck-Millipore;
Clone EM48; #MAB5374; 1:1000) in combination with rabbit anti-DARPP-32 antibody
(1:2000). After several rinses, sections were incubated for 90 min with either biotinylated
donkey anti-guinea pig antisera (Jackson ImmunoResearch; 1:200) followed by 1 h incuba-
tion with Extravidin-Cy2 (Jackson ImmunoResearch; #715-225-150; 1:1000) or Alexa Fluor
546-conjugated donkey anti-mouse (#A10036) and Alexa Fluor 488-conjugated (#A-21206)
donkey anti-rabbit antisera (Thermo Fisher Scientific; 1:200) in 1:200 NDS in PBS. Slices
were mounted using Vectashield Mounting Medium with DAPI (SouthernBiotech, Birm-
ingham, AL, USA) and analyzed under a confocal laser scanning microscopy system (Leica
TCS SP8, Wetzlar, Germany).

Untransfected and Q23- and Q74-transfected EGFP-DRD3-HEK cells were fixed in 4%
paraformaldehyde in PBS for 20 min at RT. After several rinses in PBS containing calcium
and magnesium (PBS Ca?*/Mg?*), the coverslips were permeabilized with 0.1% Triton
X-100 in PBS Ca2*/ Mg2 for 10 min at RT, washed, and blocked with 1% FBS. The cells were
then incubated overnight at 4 °C with rat anti-HA (1:200) and mouse anti-phospho-Histone
H2AX Ser139 (YH2AX, Merck-Millipore; #05-636-1; 1:350) in blocking solution. Afterward,
they were rinsed in PBS and incubated with Alexa Fluor 647-conjugated goat anti-rat
(Abcam, Cambridge, UK; #ab150159; 1:500) and biotinylated donkey anti-mouse (Jackson
Immunoresearch; #115-065-003; 1:200) antisera, followed by Cy3-conjugated streptavidin
(Jackson Immunorsearch; #016-160-084; 1:1000). After further washing, the coverslips
were mounted with Vectashield Mounting Medium with DAPL The specificity of YH2AX
immunolabeling was confirmed in DRD3-HEK cells treated overnight with the DNA
damage inducer doxorubicin (Sigma-Aldrich; #D29775000; 1 uM) and replacing the primary
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antibody with non-immune IgG in negative controls (Figure S1E). Samples were examined
under confocal laser scanning microscopy.

2.6. Quantitative and Densitometric Analysis in Immunofluorescence Material

The number and size of intranuclear inclusions and the intensity of DARPP-32 labeling
in mouse striata, as well as the number of pyknotic nuclei and intensity of polyQ and
YH2AX labeling in HEK cells, were quantified by using the Image] standard program
(RRID: SCR_003070). Four sections, 100-125 pm apart from each other, were randomly
selected at the rostrocaudal level, between Bregma 0.98 mm and 0.50 mm [34], in five mice
per experimental group. For the analysis of intranuclear inclusions, images were acquired at
60X magnification (1024 x 1024 pixels) in Z-stack mode, with a total thickness of 9 pm and
5 z-steps. Six 150 pm x 150 pum striatal fields were randomly selected from each animal. At
least 140 cells were analyzed per animal. The inclusion size was measured in single cells at
the section where the nucleus had the largest diameter (Figure S1F). The size of intranuclear
inclusions is expressed as a percentage of the average inclusion size in vehicle-treated
R6/1 mice (100%). For the analysis of DARPP-32 labeling intensity, images were acquired
at 10x magnification, and 8 fields (5 in the dorsal striatum and 3 in the ventral striatum;
400 pm x 400 um) were randomly selected from each animal. Twelve 220 pym x 220 pm
fields of 80% confluent cells were randomly selected from three different coverslips of each
experimental condition for counting pyknotic nuclei in cell cultures. For the densitometric
analysis of polyQ and yYH2AX labeling intensity, images were acquired at 60 x magnification
(1024 x 1024 pixels). Twelve 50 pum x 50 um fields were randomly selected from three
different coverslips of each experimental condition. Square areas of 5 um x 5 pm of at least
10 randomly selected cells per field were analyzed. The intensity of immunofluorescent
labeling in striatal sections and cell samples is expressed in arbitrary units (range: 0-256).
To prevent differences due to variations in protocol conditions during sample processing
and analysis, all sections and cell samples were processed simultaneously using the same
protocol and reagents, and all microscopic and computer parameters were maintained at a
constant level throughout this study.

2.7. Motor Behavior

The open field test was used to evaluate motor activity. Tests were performed during
the fourth week of treatment and 20-22 h after PPX administration. ActiMot2 (TSE System:s,
Berlin, Germany) activity monitors were used to quantify the distance traveled (in cm) and
speed (in cm/s). The open field boxes (515 x 515 x 400 mm?) were in a sound-protected,
dimly illuminated room. Spontaneous activity was registered for 60 min, and all the
experiments were performed from 8:30 AM to 2:30 PM. The XY infrared beams were spaced
27 mm apart and 40 mm above the floor. The distance traveled was measured by the
sequential beam breaking of infrared light within the horizontal plane defined by the X-
and Y-axes. The average speed was calculated as the total horizontal distance divided by
the total time in motion.

2.8. Statistics

Data were plotted using GraphPad Prism 5 software (San Diego, CA, USA) and
presented as the mean + SEM. The statistical tests are described in the figure legends
throughout the text. Unless specified in the figure legend, the unpaired ¢-test or Mann-—
Whitney U test was performed for parametric or non-parametric analysis, respectively.
ANOVA followed by the Tukey/Holm-Sidak multiple comparison test was performed
for two experimental groups. Kruskal-Wallis, followed by Dunn’s multiple comparison
test, was performed when comparing more than two experimental groups. Data from
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all experiments performed were included. A p-value of less than 0.05 was considered
statistically significant.

3. Results

3.1. DRD3-Induced Autophagy Is Transient in WT Mice and Q23-Expressing Cells and Persistent
in R6/1 Mice and Q74-Expressing Cells

Considering that striatal MSNs express both DRD2 and DRD3 [18,19] and that the
high structural homology between DRD2 and DRD3 [35] has hindered the design of se-
lective DRD2 or DRD3 agonists, in the first set of experiments, WT and drd3KO mice
were treated with PPX (0.15 mg/kg i.p.) for 6 days to confirm previous data indicating
that autophagy induced by DRD2/DRD3 agonists is mediated by DRD3 [20]. The au-
tophagy markers microtubule-associated protein 1 light chain 3 (MAP1LC3/LC3) and
sequestosome 1 (SQSTM1/p62) were analyzed in striatal extracts using Western blot. LC3
exhibited two distinct bands: LC3-1, corresponding to the cytosolic fraction, and LC3-II,
corresponding to the phosphatidylethanolamine-conjugated fraction. This form is recruited
to autophagosomal membranes during autophagosome formation and is considered an
index of the number of autophagosomes [36]. LC3-II levels may be increased due to a
boost in autophagosome biogenesis or a decline in their degradation or decreased as a
result of a reduction in autophagosome biogenesis or an increase in autophagy flux [37,38].
Therefore, changes (either increases or decreases) in LC3-1I levels indicate the modulation
of autophagy. However, this is insufficient to confirm whether autophagy is induced or
inhibited, and the parallel analysis of other markers is required [38]. p62 is an autophagy
receptor widely used as an autophagy marker degraded with LC3-II and its ubiquitinated
cargos by lysosomes [38,39]. As shown in Figure 1A, after PPX treatment, LC3-1I and p62
were reduced in the striatum of WT but not in drd3KO mice, suggesting that PPX increases
autophagy flux through DRD3.

Autophagy flux was also studied in DRD3-, DRD2-, and non-transfected HEK cells
treated with PPX (0.01 uM-10 puM) for 4 h, using chloroquine (CQ, 20 uM, 1 h) as an
autophagosome-lysosome fusion blocker. As expected, CQ substantially increased LC3-I1
levels in transfected and non-transfected HEK cells (Figure 1B-D, compare lanes 1 and
2 with lanes 3 and 4). However, the addition of PPX (CQ + PPX) only induced a further
increase in LC3-II in DRD3-HEK cells. This effect was observed at PPX concentrations >
0.1 uM. (Figure 1B-D; compare lanes 3 and 4 with lanes 5 to 8). In summary, these data
indicate that PPX-induced autophagy is DRD3-dependent.

Thereafter, DRD3-induced autophagy was evaluated in the striatum of WT and R6/1
mice. The autophagy receptor TOLLIP was also assessed in these experiments because it has
a higher affinity for polyQ tracts than p62 [40,41]. Under basal conditions, the autophagy
markers LC3-II and TOLLIP showed no differences between both strains, but p62 was
significantly reduced in R6/1 mice (Figure 2A). It should be noted that p62 is sequestered
into intranuclear inclusions in the brain of HD patients and animal models (Refs. [42,43];
see also Figure 2B), which may underlie the lowering of its soluble fraction in Western
blot. WT and R6/1 mice were then treated with PPX for 6 days and 28 days. As described
in experiments in WT and drd3KO mice, after 6 days of treatment, LC3-II and p62 levels
were decreased in WT mice, but no changes were detected in TOLLIP (Figure 2C, left). In
R6/1 mice, in contrast, LC3-II levels were increased, no significant changes were detected
in p62, and TOLLIP was significantly reduced (Figure 2C, right). When PPX treatment was
prolonged for 28 days, LC3-II and p62 returned to basal levels in WT mice (Figure 2D, left).
However, the increase in LC3-II and the decrease in TOLLIP were maintained, and p62
was also reduced in R6/1 mice (Figure 2D, right). The results indicate that autophagy is
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initially induced in the striatum of both wild-type (WT) and R6/1 mice; however, when the
treatment is prolonged, it remains activated only in R6/1 mice.
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Figure 1. PPX induces autophagy through a DRD3-dependent mechanism in mouse striata and HEK
cells. (A) Western blot and densitometric analysis for LC3 and p62 in WT and drd3KO mice treated
with 0.15 mg/kg/d for six days (n = 5). PPX promotes a decline in LC3-II and p62 in WT but not in
drd3KO mice. (B-D) Autophagic flux in HEK (n = 7-8; (B)), DRD2-HEK (n = 10; (C)), and DRD3-HEK
(n = 8-19; (D)) cells treated with the autophagosome-lysosome fusion blocker chloroquine (CQ,
20 uM, 1 h; lanes 3 and 4) and 0.1 uM PPX (lanes 5 and 6) or 10 uM PPX (lanes 7 and 8) for 4 h. CQ
was added after PPX. Western blot for LC3 revealed that autophagic flux (LC3-II levels in CQ + PPX
vs. CQ) was increased after PPX treatment in DRD3-HEK cells (D) but not in HEK (B) or DRD2-HEK
cells (C). Statistical analyses were performed using the unpaired ¢-test for mice and Mann-Whitney
test for cells. 7 = number of mice per experimental group or number of experimental repeats in cells;
ns = non-significant; * p < 0.05; ** p < 0.01; *** p < 0.001.



Cells 2025, 14, 652

9 of 25

A __Wr__ Ren ns *¥x ns
- o
11‘? Il:ga ———— . _, | C3-] e 100 100
O — — o— — ~LC3-ll ° .

p62/ B-Actin (%)

SOKD2 e s s s - Tubulin

LC3-11/ a-Tubulin (%)
g 3
o OO%O o
. .h .
AT S5
|
TOLLIP / B-Actin (%)
33

B2 KDa " -

T P62 B e p62 mHTT p62 , [mHTT
32kDa emm mme esms s TOLLIP e = poe
©
A2KDa  w— w— — w— 3_Actin &
.
_ WT R6/1
PPX6d woy VT o RO
C Vehicle PPX Vehicle PPX 150

T KDA o . S c— S———————— 1 LC3-I
- eIl

SO KDE ———— i ——— (- TUDUIIN

14 KDa ——

LC3-1/ a-Tubulin (%,
g 3

o

s

2 8 8

[

* 200 ns
— o
= 100 % . 150 .
=
P — S S NS S8 D2 £
2 _} 100 S=g [E
A2KDA w—— . — —— —— 3-ACtin = 507
g H 50 .
0 (o]
ns
51509 - 1501
® N *%
3KkDa S e G- G- "= - - - TOLLIP £ %00 -l— 00
<|00— 3 s 1004 59g
g o
A2KD0 g — — — - — w— (_ACth
Q@ 50 50 H
=
P o
PPX 28d
WT R6/1 9 ns *
D Vehicle PPX Vehicle PPX = oo ¥ o*
3 100 883 150 °
16 kDa > eub e - LC3 B 8 5
14 kDa —— s & .
LC3-II = 50 o
50KDE - — — — ——— o TUbulin  §3 °
)
0
ns *

o

3
@
S

62kDa TR SRS . A Ll e “e p62

A2 KDE s - S— — — ——— B-Actin

p62/ B-Actin (%)

o
.

o
100 % | 1004 A
50 501 o [i
:
—*

o

)

ns
e
o ee
100 .o
=] P -
= o
.
50 .
.
o

Figure 2. PPX induces transient autophagy in the striatum of WT mice and persistent autophagy
in R6/1 mice. (A) Basal expression of autophagy markers in the striatum of 12-week-old WT and
R6/1 mice. Western blot showed no differences in LC3-II (1 = 9-12) or TOLLIP (1 = 5), while p62 levels
were significantly reduced in R6/1 mice (n = 5-6). (B) Immunofluorescence for mHTT (red) and p62
(green) in striatal neurons of WT and R6/1 mice showing p62 accumulation in intranuclear inclusions.
Nuclei were stained with DAPI (blue). Bar: 10 pm. (C,D) Comparative analysis of autophagy
markers in the striatum of WT and R6/1 mice after 6 days (C) and 28 days (D) of PPX treatment
(0.15 mg/Kg/d). In WT mice, LC3-II and p62 expression was reduced after 6 days of treatment
(n = 6), but no changes were detected after 28 days of treatment (1 = 5-11). In R6/1 mice, LC3-II was
increased and TOLLIP reduced after 6 days (n = 5-7) and 28 days (n = 6-13) of treatment, when p62
was also reduced. Statistical analyses were performed using the unpaired t-test. n# = number of mice
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per experimental group; ns = non-significant; * p < 0.05; ** p < 0.01; *** p < 0.001.

The relationship between HTT-polyQ expression and autophagy persistence was also
studied in HEK cells. Non-transfected DRD3-HEK cells and DRD3-HEK cells transiently
transfected with a non-pathogenic (Q23) or pathogenic (Q74) form of polyQ were treated
with 0.1 uM PPX for 4 h and 24 h. After 4 h of PPX treatment, autophagy flux was increased
in the three cell phenotypes (Figure 3A-C; compare lanes 5 and 6 with lanes 7 and 8).
However, when PPX treatment was prolonged for 24 h, autophagic flux was maintained
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in Q74-DRD3-HEK cells but not in non-transfected DRD3-HEK cells and Q23-DRD3-HEK
cells (Figure 3D-F; compare lanes 5 and 6 with lanes 7 and 8). Taken together, the results
reveal two temporal patterns of DRD3-mediated autophagy: transient in WT mice and
DRD3- and Q23-DRD3-HEK cells and persistent in R6/1 mice and Q74-DRD3- HEK cells.
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Figure 3. DRD3-induced autophagy is prolonged in cells expressing a pathogenic form of polyQ-HTT.
The effects of PPX (0.1 uM) on LC3-II levels were analyzed in the absence (lanes 3 and 4) and presence
(lanes 7 and 8) of the autophagosome-lysosome fusion blocker chloroquine (CQ, 20 uM, 1 h; lanes 5
and 6). (A-C) After 4 h of PPX treatment (n = 5-9), the autophagic flux (LC3-II levels in CQ + PPX
vs. CQ) was increased in DRD3- (A), Q23-DRD3- (B), and Q74-DRD3-HEK (C) cells. (D-F) After
24 h of PPX treatment (1 = 6), the autophagic flux remained increased in Q74-DRD3-HEK cells (D)
but not in DRD3-HEK (E) or Q23-DRD3-HEK cells (F). Statistical analyses were performed using the
Mann-Whitney test. n = number of experimental repeats; ns = non-significant; * p < 0.05.

3.2. DRD3-Induced Autophagy Promotes mHTT Clearance and Neuroprotection in the Striatum of
R6/1 Mice and Q74-DRD3-HEK Cells

Western blot and immunofluorescence analyses using 1C2 and EM48 antibodies,
respectively, demonstrated the robust expression of the soluble fraction of mHTT (Figure 4A,
lanes 3-5) and intranuclear inclusions (Figure 4B) in the striatum of R6/1 mice. After
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28 days of treatment with PPX, striatal levels of soluble mHTT significantly declined (~50%;
Figure 4A, compare lanes 3-5 with lanes 6-8). Confirming that this effect is DRD3-mediated,
mHTT lowering was prevented by treatment with the selective DRD3 antagonist NGB
2904 before PPX (Figure 4C). The quantitative analysis of intranuclear inclusions in striatal
sections revealed that the decrease in soluble mHTT was paralleled by an increase in
their size, without significant changes in their number (Figure 4B). On the other hand, the
expression of dopamine- and cAMP-regulated phosphoprotein (DARPP-32), a marker of
striatal medium spiny neurons [44] that is significantly reduced in R6/1 mice, was also
partially restored by PPX, as shown by Western blot (Figure 4D) and immunohistochemistry
(Figure 4E). Consistent with these findings, the analysis of motor activity in the open field
test revealed a significant increase in the distance traveled and speed of R6/1 mice after
PPX treatment (Figure 4F,G). PPX did not affect DARPP-32 expression or motor activity in
WT mice.
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Figure 4. PPX promotes autophagic clearance of mHTT and protects striatal neurons against its
cytotoxic effect. (A) Western blot for mHTT in WT mice (lanes 1 and 2) and R6/1 mice treated with
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vehicle (lanes 3-5) and PPX (lanes 6-8) for 28 days (n = 6). mHTT was not detected in striata of
WT mice. The densitometric analysis showed a decrease in soluble mHTT in the striatum of R6/1
mice treated with PPX (unpaired f-test). (B) Immunofluorescence for DARPP-32 (green) and mHTT
(red) and quantitative analysis of the size and number of intranuclear inclusions in striatal cells
of R6/1 mice (n = 5). Nuclei were stained with DAPI (blue). The average size of inclusions in
vehicle-treated R6/1 mice was taken as the reference value (100%). Numbers in the top right corner of
the microphotographs indicate the number of intranuclear inclusions per field in each experimental
group. Quantitative analysis revealed an increase in size (Mann-Whitney U test), without significant
changes in the number of intranuclear inclusions (unpaired t-test) after PPX treatment. Bar: 10 pm.
(C) Western blot and densitometric analysis of soluble mHTT in the striatum of R6/1 mice treated
with PPX (lanes 3 and 4) or the selective DRD3 antagonist NGB2904 and PPX (NGB + PPX, lanes
5 and 6). The blockade of DRD3 prevented the decline of soluble mHTT induced by PPX (n = 5;
Kruskal-Wallis test followed by Dunn’s multiple comparison test). (D,E,E") Western blot (D) and
immunofluorescence (E,E’) for DARPP-32 in the striatum of WT and R6/1 mice treated with PPX.
(E”) corresponds to boxed areas in (E). Densitometric analysis showed that DARPP-32 expression
was recovered after 28 days of PPX treatment in R6/1 mice. (n = 12-15 for Western blot; n = 6 for
immunofluorescence; Brown-Forsythe ANOVA followed by Tamhane’s T2 multiple comparison test).
A.U., arbitrary units. Bar: in (E): 1 mm; in (E”): 50 um. (F,G) Analysis of locomotor activity in terms
of total distance traveled (F) and speed (G). PPX improved both parameters of locomotor activity in
R6/1 mice without affecting WT mice (n = 12-15 from three different experiments; Kruskal-Wallis
followed by Dunn’s multiple comparison test). # = number of mice per experimental group; ns =
non-significant; * p < 0.05; ** p < 0.001.

In line with these results, PPX (0.1 uM and 10 uM, 24 h) also significantly reduced
Q74 levels in Q74-DRD3-HEK cells (Figure 5A, left). Still, no changes in Q74 were found
in Q74-HEK cells (Figure 5A, middle) or Q23 levels in Q23-DRD3-HEK cells (Figure 5A,
right), indicating that PPX effects depend on DRD3 and pathogenic polyQ expression. In
addition, Q74 clearance was also activated in DRD3-HEK by another DRD2/DRD3 agonist,
70OH-DPAT (0.01 uM and 1 uM, 24 h; Figure S2A). Since polyQ can cause DNA damage and
activate the DNA damage response pathway [45,46], we further investigated whether PPX
protects against the genotoxic effects of Q74. DNA damage was assessed by counting the
number of pyknotic nuclei resulting from chromatin condensation in DAPI-stained cells
and DNA damage response by the expression of the phosphorylated (activated) form of the
histone H2A variant H2AX at serine 139 (YH2AX), an early and sensitive marker of DNA re-
pair [46]. As shown in Figure 5B-E, unlike DRD3-HEK cell cultures, where pyknotic nuclei
and YH2AX immunoreactivity were virtually absent or negligible (Figure 5B(i),C(i)), some
cells (~3%) showed pyknotic nuclei (Figure 5B(ii),D) and became yYH2AX-immunoreactive
(Figure 5C(ii),E) in Q23-DRD3-HEK cell cultures, suggesting that polyQ transfection by
itself causes slight DNA damage. As expected, the number of pyknotic nuclei (13.7%) and
the intensity of yYH2AX immunolabeling in Q74-DRD3-HEK cells were significantly higher
than in Q23-DRD3-HEK cells (Figure 5B(iv),C(iv)-E). In addition, consistent with the de-
cline in Q74 expression, PPX also promoted a significant decrease in the number of pyknotic
nuclei and the intensity of YH2AX labeling (Figure 5B(v),C(v)-E). PPX did not affect DNA
damage or the DNA damage response induced by Q23 transfection (Figure 5B(iii),C(iii)-E).
These results indicate that prolonged DRD3-mediated autophagy promotes mHTT and
Q74 clearance, protecting striatal MSNs and HEK cells from their cytotoxic effects, without
affecting WT mice or Q23-DRD3-HEK cells.
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Figure 5. PPX promotes Q74 clearance and protects DRD3-HEK cells against its genotoxic effect.
(A) Western blot for polyQ in Q74-DRD3- (n = 12), Q74- (n = 7), and Q23-DRD3-HEK (1 = 7) cells
treated with PPX (6 h within 12 h after transfection). The densitometric analysis showed that PPX
promotes a significant decrease in Q74 but not Q23 in DRD3-HEK cells, nor Q74 in HEK cells (Kruskal-
Wallis followed by Dunn’s multiple comparison test). (B—E) Fluorescent labeling and quantitative
analysis of the number of pyknotic nuclei (B,D) and immunofluorescent intensity of polyQ- and
YH2AX expression in Q74-DRD3- and Q23-DRD3-HEK cells treated with PPX (C,E). PPX reduced the
number of pyknotic nuclei (B(iv,v),D) and polyQ and yYH2AX immunofluorescent intensity (C(iv,v),E)
in Q74-DRD3-HEK cells without affecting Q23-DRD3-HEK cells. Statistical analyses were performed
using ANOVA followed by Bonferroni’s (number of pyknotic nuclei and H2AXy labeling intensity)
and Brown-Forsythe tests, followed by Sidak’s (polyQ labeling intensity) multiple comparison tests.
Arrows in (B) indicate pyknotic nuclei. A.U., arbitrary units. Bar: in (B(v)) (for (B(i-v))): 50 pm; in
(C(v)) (for (C(i-v))): 10 um. n = number of experimental repeats; *** p < 0.001. ns, not significant.
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3.3. DRD3-Induced Autophagy Involves Different Signaling Pathways in Healthy and
polyQ-HTT-Challenged Cells

Previous studies have shown that DRD3-induced autophagy is mediated by mTORC1
inhibition under physiological conditions [20]. However, others also suggest that mTORC1
is constitutively overactivated in mHTT-expressing cells [21]. Confirming this idea, we
found that mMTORC1 was hyperphosphorylated in R6/1 mice and Q74-DRD3-HEK cells
compared with WT mice and Q23-DRD3-HEK cells, respectively (Figure S2B,C). This
condition may prevent mTOR from being efficiently dephosphorylated/inhibited by
DRD2/DRD3 agonists, thereby inducing autophagy in experimental models of HD, sug-
gesting that alternative signaling pathways may be activated. Since autophagy may also be
initiated by AMP-activated protein kinase (AMPK) activation [47,48], and, like mTORC1,
it is regulated by G protein-coupled receptors, including dopamine receptors [49-51], the
effects of PPX were explored in both pathways. It is worth noting that AMPK maintains
an opposing relationship with mTORCI1 in regulating cellular metabolism and autophagy.
Unlike mTORC1, AMPK is activated in response to nutrient depletion to restore energy
resources, thereby inhibiting mTORC1 activity and cell growth and directly promoting
autophagy [52,53]. The opposing effect of AMPK and mTORC1 on autophagy is associated
with their selectivity for ULK1 phosphorylation sites. AMPK phosphorylates ULK1 at
diverse residues, including Ser317, Ser555, and Ser777 and mTORC1 at Ser757, which pre-
vents AMPK-ULKT1 interaction and autophagy activation [53,54]. mTORC1 kinase activity
was assessed by monitoring the phosphorylation of mTOR at Ser2488 [55], its downstream
kinase p70S6K at Thr389, and its autophagy effector ULK1 at Ser757. AMPK signaling was
assessed by monitoring the phosphorylation of its catalytic subunit (PRKAA/AMPKo) at
Thr172 and ULKT1 at Ser555.

Firstly, we found that PPX induced dephosphorylation of the mTORC1 downstream
kinase p70S6K at Thr389 (pThr389-p70S6K/p70S6K ratio) and its autophagy effector ULK1
at Ser757 (pSer757-ULK1/ULK1 ratio) in the striatum of WT mice without affecting Thr172-
AMPKoa and Ser555-ULK phosphorylation. No changes were detected in drd3KO mice
(Figure 6). In addition, paralleling the temporary activation of autophagy markers in WT
mice (see Figure 2C,D), the phosphorylation of mTOR and its downstream targets p70S6K
and ULK1 at Ser757 returned to basal levels after 28 days of treatment (Figure 7, left; see
also Figure S3). This indicates that under healthy conditions, DRD3-induced autophagy
is transient and mTOR-dependent without significantly affecting AMPK signaling. Inter-
estingly, both mTOR and AMPK pathways were altered by prolonged PPX treatment in
R6/1. As shown in Figure 7, mTOR signaling was partially inhibited, as indicated by the
dephosphorylation of mTOR and p70S6K at Ser2488 and Thr389, respectively, but not ULK1
at Ser757. In addition, unlike WT mice, the phosphorylation of both Thr172-AMPKa and
Ser555-ULK1 was increased (Figure 7A,D), suggesting that in R6/1 mice, DRD3-induced
autophagy is mediated by AMPK activation rather than mTOR inhibition.

To test the relevance of AMPK in the autophagic clearance of polyQ-HTT induced
by PPX, Q74-DRD3-HEK cells were treated with PPX alone or in combination with the
AMPK inhibitor compound C (CC, 2 uM, 6 h). As expected, PPX induced an increase in
Thr172-AMPKo phosphorylation and partially rescued AMPK«x phosphorylation from the
loss caused by CC (Figure 8A). Likewise, AMPK inhibition provoked a rise in Q74 levels
(Figure 8B, compare lanes 2 and 3 with lanes 6 and 7) that was mitigated by PPX (Figure 8B,
compare lanes 6 and 7 with lanes 8 and 9), indicating that AMPK mediates the autophagy
clearance of polyQ-HTT induced by PPX.
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Figure 6. Short treatment with PPX (0.15 mg/kg, 6 days) induces mTORC1 inhibition through a DRD3-
dependent mechanism. Western blot and densitometric analysis for the total and phosphorylated
forms of p70S6K at Thr389 (A), AMPK«x at Thr172 (B), and ULK1 at Ser at 757 and Ser555 (C) in
striatal extracts of WT and drd3KO mice. PPX promoted a decrease in Thr389-p7056K and Ser757-ULK
phosphorylation in WT mice without affecting Thr172-AMPKa and Ser555-ULK phosphorylation.
No phosphorylation changes were detected in drd3KO mice. n = 5-9 mice per experimental group,

unpaired t-test; ns = non-significant; * p < 0.05; ** p < 0.01.
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Figure 7. Prolonged treatment with PPX (0.15 mg/kg, 28 days) promotes AMPK activation and the
partial inhibition of mTORC]1 in the striatum of R6/1 mice but not in WT mice. Western blot and
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densitometric analysis for the total and phosphorylated forms of AMPKa at Thr172 (A), mTOR at
Ser2488 (B), p70S6K at Thr389 (C), and ULK1 at Ser757 and Ser555 (D). PPX induces phosphorylation
of Thr172-AMPKa (A) and Ser555-ULK1 (D), and dephosphorylation of Ser2488-mTOR (B) and
Thr389-p70S6K (C) in the striatum of R6/1 mice without changes in Ser757-ULK1. No changes were
detected in WT mice. n = 6-11 mice per experimental group; unpaired t-test. ns = non-significant;
*p <0.05 **p <0.01.
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Figure 8. DRD3 promotes Q74 clearance through AMPK. Western blot and densitometric analysis
of the total and phosphorylated forms of AMPK« at Thr172 (A) and Q74 in Q74-DRD3-HEK cells
(B). PPX (0.1 uM, 6 h) induces Thr172-AMPK«x phosphorylation ((A), lanes 3 and 4), rescues Thr172-
AMPK« dephosphorylation induced by the AMPK inhibitor compound C (CC; 2 uM, 6 h; (A), lanes
7 and 8), and reduces Q74 levels in Q74-DRD3-HEK cells ((B), lanes 4 and 5) and Q74-DRD3-HEK
cells treated with CC ((B), lanes 8 and 9). Lane 1 in (B), polyQ-untransfected DRD3-HEK cells.
n = 6-8 experimental repeats. Statistical analyses were performed using ANOVA followed by the
Fisher LSD test in the study of AMPKa phosphorylation and ANOVA followed by the Holm-Sidak
multicomparison test in the study of Q74 levels. * p < 0.05. Analysis of S2488-mTOR was inconclusive
since no differences among treatments resulted from either mTOR-independent AMPK activation or
the recovery of transient mTOR inhibition in non-Q74 transfected cells.

Although AMPK mediates autophagy, mTORC1-p70S6K signaling remains inhibited
in mHTT-expressing cells, which could be a worrying aspect of DRD3-induced autophagy
given the pivotal role of this pathway in protein synthesis. However, despite mTORC1-
p70S6K inhibition, the phosphorylation of Ser235/236-rpS6, the mTORC1-p70S6K target
in the signaling cascade of protein synthesis, was not affected in R6/1 mice (Figure 9A),
suggesting that alternative pathways may maintain rpS6 activity. Considering the crosstalk
between mTORC1 and MAPK1/3 (mitogen-activated protein kinase) to preserve rpSé6
activity [56,57], MAPK1/3-p90S6K signaling was also analyzed. As shown in Figure 9B,C,
the phosphorylation of MAPK1/3 at Thr202/Tyr204 and p90S6K at Ser380 was increased,
indicating that PPX also activates mTOR-MAPK1/3 crosstalk in the striatum of R6/1 mice.
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Figure 9. rpS6 activity is preserved and MAPK1/3 and p90S6K are activated in the striatum of
R6/1 mice after prolonged treatment with PPX. Western blot for the total and phosphorylated forms
of rpS6 at Ser235/236 (A), MAPK1/3 at Thr222/Tyr204 (B), and p90S6K at Ser380 (C) in WT and
R6/1 mice. The densitometric analysis showed that Ser235/236-rpS6 phosphorylation was unaffected
(A) and that PPX induced phosphorylations of Thr202/Tyr204-MAPK1/3 (B) and Ser380-p90S6K
(C) in R6/1 mice. No changes were detected in WT mice. n = 6-12 mice per experimental group,
unpaired t-test; ns = non-significant; * p < 0.05; ** p < 0.01.

4. Discussion

The results show that DRD3 activation can induce two forms of autophagy: a transient
one in WT mice and Q23-DRD3-HEK cells and a persistent one in R6/1 mice and Q74-DRD3-
HEK cells, which promotes the efficient clearance of mHTT/polyQ and protects striatal
medium neurons and HEK cells from its cytotoxic effects without affecting healthy cells.

Unlike unselective autophagy, which sequesters and degrades bulky portions of the
cytoplasm to maintain cell energy resources, selective autophagy aims to keep organelles
functional and protect cells against toxic aggressions, including misfolded proteins. In
selective autophagy, cargos are tagged by autophagy receptors that interact with the au-
tophagosome marker LC3-II at the phagophore membrane, facilitating cargo sequestration
and degradation [58,59]. p62 and TOLLIP are two receptors involved in several forms of
selective autophagy [60,61] that recognize polyubiquitinated cargos via a UBA or CUE do-
main, respectively [41,58]. Although both receptors work cooperatively in the autophagic
clearance of polyQ-proteins, TOLLIP is particularly involved and more efficient than p62
in removing ubiquitinated polyQs [40,41,62]. In parallel with LC3-II modulation, cargo
receptors were reduced in both WT and R6/1 mice, indicating that selective autophagy was
activated by PPX in both conditions, albeit with distinct temporal activation patterns. In
WT mice, p62 and LC3-II were only transiently reduced, indicating a temporary reinforce-
ment of basal autophagy not perpetuated by prolonged DRD3 stimulation. In R6/1 mice,
p62 and TOLLIP were persistently reduced and LC3-II levels were persistently increased,
indicating that in the presence of mHTT, DRD3-induced autophagy becomes a long-lasting
phenomenon. The DRD3 dependence of PPX-induced autophagy and its prolongation
only in cells expressing a pathogenic form of polyQ were corroborated in HEK cells. Au-
tophagic flux was induced in DRD3- but not in untransfected or DRD2-transfected cells,
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and it became persistent in DRD3-cells expressing the pathogenic Q74-polyQ but not those
expressing Q23-polyQ.

While p62 and LC3-II were reduced in WT mice, a sustained decrease in p62 and
TOLLIP was paralleled by an increase in LC3-II in R6/1 mice. This suggests that under
healthy conditions, both the flux and degradation of autophagosomes are transiently in-
creased, but, in R6/1 mice, the rate of autophagosome synthesis exceeds that of degradation.
Autophagosomes are synthesized at axon terminals and retrogradely transported to the
soma, where they fuse with lysosomes to degrade their cargo [58,63]. Cargo recognition
and autophagosome transport are regulated by endogenous HTT [64], which enhances
their trafficking and degradation; in contrast, its mutated forms hinder this process [65-67].
Therefore, when autophagosome synthesis is enhanced in R6/1 mice, the response of
autophagosome trafficking may be insufficient to meet the increased demand, resulting
in autophagosome accumulation. A consequence of this deficit could be an increase in
the size of intranuclear inclusions. While a large body of evidence supports the toxicity of
soluble mHTT oligomers, the pathogenic significance of intracellular inclusions remains a
matter of debate. The toxic effect of soluble mHTT oligomers comes from the complexity of
their interactome. They can interact with proteins involved in critical cellular processes,
including ribosome biogenesis, translation, transcription, and vesicle transport, interfering
with these functions [68]. Regarding mHTT aggregates, studies from the first decade of
the 2000s suggested a neuroprotective role, as the enlargement of inclusion bodies was
associated with reduced soluble mHTT levels and improved proteasome function and
cell survival [13,69]. More recent reports indicate that the protective or toxic potential of
intracellular aggregates depends on their conformation and protein composition and that
the composition of intranuclear inclusions differs from that of cytoplasmic inclusions [70].
Thus, although intranuclear inclusions maintain a fibrillary conformation that can induce
the deformities of nuclear membranes, unlike cytoplasmic inclusions, they do not contain
membranous structures of disrupted organelles, such as the endoplasmic reticulum and
mitochondria [71]. Interestingly, these studies also show that the progressive increase in
the size of intranuclear inclusions is not associated with an increase in toxicity or cell death,
suggesting a lack of correlation between intranuclear inclusion size and toxicity. In line
with these data, the enlargement of intranuclear inclusions in R6/1 mice did not hinder
the achievement of a substantial decline in soluble mHTT and the recovery of DARPP-32
striatal expression and motor behavior. These findings, together with the decrease in
Q74-polyQ and the consequent reversal of its genotoxic damage in HEK cells, suggest that
DRD3 activation may be an effective way to induce autophagic clearance of mHTT /polyQ.

A further difference between DRD3-induced autophagy in WT and R6/1 mice is
the signaling pathway underlying its activation (Figure 10). In WT mice, autophagy was
coupled with transient mTORC1 inhibition, as indicated by the dephosphorylation of
Thr389-p70S6K and Ser757-ULK1 after 6 days but not after 28 days of treatment. Previous
cell studies indicate that classical autophagy, induced by starvation and rapamycin treat-
ment, is also transient and mediated by mTORC1 inhibition, with subsequent mTORC1
reactivation, signaling autophagy termination, and protein synthesis recovery [72,73]. So,
we can say that under non-pathological conditions, treatment with DRD2/DRD3 agonists
promotes a form of transient classical/mTORC1-mediated autophagy. In R6/1 mice, where
mTORC1 is constitutively hyperphosphorylated, PPX also provoked a persistent inhibition
of mMTORC1-p70S6K signaling, as indicated by the dephosphorylation of their Ser2488 and
Thr389 residues, respectively. Still, the treatment did not affect the phosphorylation of its
autophagic target Ser757-ULK1. In contrast, AMPK, the catalytic subunit of AMPK, and
ULK1 were phosphorylated at Thr172 and Ser555, respectively. Therefore, although the
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p70S6K limb of mTORC1 was inhibited, autophagy was maintained by the direct activation
of AMPK-ULK1 signaling rather than by mTORC1 inhibition.

Persistent autophagy

et (R6/1)
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Figure 10. Schematic view of signaling pathways involved in transient and persistent DRD3-medited
autophagy in WT and R6/1 mice, respectively. In WT mice (left), autophagy is transiently induced
by mTORC1 inhibition with the subsequent inhibition of p70S6K and the activation of ULK1. In
R6/1 mice (right), where mTORCI is hyperphosphorylated, autophagy is persistently activated
through AMPK with the direct activation of ULK1, promoting an effective clearance of soluble mHTT.
In persistent autophagy, the mTORC1-p70S6K branch of mTORC1 signaling is also inhibited, but
mTORC1-ULKT1 signaling is not activated. In addition, the crosstalk between mTORC1-p70S6K
and MAPK-p90S6K pathways is activated and rpS6 activity is preserved. Blue arrows and blocked
red lines indicate the activation or inhibition of downstream targets, respectively. Dashed red lines
indicate putative pathways of mMTORCI1 inhibition in persistent autophagy.

The meaning of AMPK in neurodegenerative diseases has long been controversial.
Whereas some studies in experimental models of Parkinson’s and Alzheimer’s disease sug-
gest that it can contribute to dopaminergic degeneration and Tau phosphorylation [74,75],
others advocate neuroprotection through different mechanisms [76,77]. In the case of HD,
AMPK activation has also been associated with either a higher vulnerability of striatal
cells [78,79] or a decrease in soluble mHTT, an improvement in motor behavior, and an
increase in survival time in R6/2 mice [80,81]. These discrepancies may be due to differ-
ences in the experimental approach and possible AMPK-independent effects of compounds
used as activators [82,83]. Our experiments in mice indicate that AMPK activation is a
downstream signaling effect of DRD3 associated with mHTT clearance and neuroprotection.
Furthermore, PPX induced Thr172-AMPKo phosphorylation and a reduction in Q74-polyQ,
as well as its toxic effects, in HEK cells, whereas AMPK inhibition led to Q74-polyQ accu-
mulation. Therefore, we can conclude that AMPK plays a central role in the DRD3-induced
autophagic clearance of mHTT /polyQ.
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The coexistence of AMPK activation and mTORC1 inhibition suggests that PPX pro-
motes crosstalk between both signaling pathways in the striatum of R6/1 mice. AMPK-
mTORCI crosstalk is usually activated in healthy cells in response to nutrient demands.
Both pathways maintain a dynamic interplay, activating either protein synthesis or au-
tophagy through negative feedback at different levels of their signaling cascade. For
instance, ULK1 can inhibit mTORC1 activity by dephosphorylating Thr389-p70S6K [84,85].
Additionally, ULK1, p70S6K, and mTORC1 can also inhibit AMPK through inhibitory
phosphorylations in their respective subunits [86,87]. Our results indicate that crosstalk
between AMPK and mTORC1 is also activated and maintained for an extended period in
mHTT-challenged cells by engaging a G protein-coupled receptor. The phosphorylation
pattern suggests that AMPK may inhibit mTORC1-p70S6K while simultaneously activating
ULKI1. However, given the complexity of their possible interactions, elucidation of the
underlying mechanisms requires further study.

Since the mTORC1-p70S6K pathway regulates essential functions in the adult brain,
including neurotransmission, synaptic plasticity, cognition, and stress response [88], its
prolonged inhibition may have detrimental consequences for brain functions, counteracting
the beneficial effects of the autophagic clearance of misfolded proteins. Interestingly,
mTORC1-p70S6K inhibition was accompanied by further crosstalk between mTORC1
and MAPK, leading to the activation of p90S6K and the preservation of rpS6 activity.
mTORC1-MAPK cross-inhibition was initially described in healthy and cancer cells treated
with rapamycin [89]. Both pathways interact through positive and negative feedback to
control cell metabolism and survival in response to different cues [90]. The activation of
p90S6K resulting from mTORC1-p70S6K inhibition maintains rpS6 activity and protein
synthesis, with the subsequent loss of antiproliferative effects of rapamycin if MAPK-
p90S6K signaling is not simultaneously inhibited [91]. The evidence of this crosstalk
means that, despite mTORCI inhibition, protein synthesis is preserved in the striatum of
R6/1 mice, contributing to the neuroprotective effect of DRD3-induced autophagy.

Given the central role of mHTT in the pathogenesis of HD, therapeutic approaches are
focused on reducing mHTT levels in the brain of HD patients. Prompted by striking results
in preclinical studies, gene therapy is considered the most promising strategy. Several
clinical trials have been initiated in the last decade, mainly using antisense oligonucleotides
and microRNAs. Some data allow us to be optimistic about their future. Still, most of
these trials have been terminated due to the lack of therapeutic efficacy and the emergence
of relevant side effects, highlighting the need to investigate alternative treatments. Our
results suggest that DRD2/DRD3 agonists can be an effective disease-modifying therapy in
HD, activating selective autophagy through DRD3. The fact that when acting on a specific
neuronal population, healthy cells are only transiently affected, and that polyQ-challenged
cells activate compensatory crosstalk to maintain rpS6 activity, minimizes potential risks
of prolonged autophagy, suggesting that DRD3-induced autophagy is an efficient and
safe way of removing mHTT from striatal neurons. DRD2/DRD3 agonists are currently
used in clinical neurology as symptomatic treatment for neurological conditions such as
Parkinson’s disease and restless leg syndrome [25]. Their pharmacokinetics, dosage, side
effects, and brain concentration after oral administration are well known. These data can
simplify the design of clinical trials, reducing the costs of verifying the benefit of these
compounds in HD patients.

5. Conclusions

Our studies in cell and animal models of HD show that DRD2/DRD3 agonists pro-
mote two forms of autophagy through a DRD3-dependent mechanism. One, in WT mice
and healthy cells, is transiently activated via mTORC1 inhibition, resembling classical
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autophagy induced by starvation and rapamycin. The other, in R6/1 mice and polyQ-
expressing cells, is persistent and mediated by direct AMPK-ULKT1 activation, also involv-
ing regulatory cross-talks between AMPK, mTORC1, and MAPK with the preservation of
rpS6 activity. Furthermore, DRD3-induced autophagy promotes a substantial decrease in
soluble mHTT /PolyQ, thereby protecting striatal neurons and HEK cells from its cytotoxic
effect, as indicated by the recovery of striatal DARPP-32 expression and motor behavior in
mice and the reversal of genotoxic damage in HEK cells. Bearing in mind the central role of
striatal MSN degeneration in HD, these findings suggest that DRD3-induced autophagy
may have disease-modifying potential in HD.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/cells14090652 /s1: Figure S1: Stable expression of DRD2 and
DRD3 and transient expression of GFP-Q23 and HA-Q74 in HEK cells; Figure S2: Effects of 7OH-DPAT
on Q74 expression (A) and mTOR hyperphosphorylation in R6/1 mice (B) and Q74-expressing cells;
Figure S3. Summary of changes in kinase phosphorylation and autophagy markers in mice and
transfected HEK cells

Author Contributions: Conceptualization, T.G.-H. and D.L.-R.; methodology, FE-R., A.E-C. and
J.L.-F; validation, D.L.-R.; formal analysis, D.L-R. and D.J.M.; writing-original draft preparation,
T.G.-H. and D.L.-R,; writing-review and editing, T.G.-H. and D.].M.; funding acquisition, T.G.-H. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Spanish Ministry of Science, Innovation and Universities,
grant numbers PID2019-105795RB-100 and PID2023-1479590B-100, to T.G.-H.; EER. and A.F.C. were
supported by the program “Ayudas para contratos predoctorales para la formacién de doctores”
from the Spanish Ministry of Economy and Competitiveness, grant numbers BES-2014-067781 and

BES-2017-079923, respectively.

Institutional Review Board Statement: The animal study protocol was approved by the Ethical
Committee of the University of La Laguna (reference: CEIBA2019-0352).

Informed Consent Statement: Not applicable.

Data Availability Statement: Raw data associated with this study, including uncropped Western blots,
are available from the University of La Laguna (https://data.mendeley.com/datasets/x26v2kk2bk /3
(accessed on 10 April 2025)). Further details about procedures are available from the corresponding
author upon request.

Acknowledgments: We thank Josmar Salas Hernandez for her expert technical assistance and the
personnel at the Laboratory Animal Centre of the University of La Laguna for animal care and
facility support.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

AMPK, AMP-activated protein kinase; CQ, chloroquine; DARPP-32, dopamine- and cAMP-
regulated phosphoprotein; DRD2, dopamine receptor D2; DRD3, dopamine receptor D3; EGFP,
enhanced green fluorescent protein; GFP, green fluorescent protein; HD, Huntington’s disease; HEK,
human embryonic kidney; MAP1LC3/LC3, microtubule-associated protein 1 light chain 3; MAPK1/3,
mitogen-activated protein kinase 1/3; mHTT, mutated huntingtin; MSNs, medium spiny neurons;
mTOR, mechanistic target of rapamycin kinase; mTORC1, mTOR complex 1; PPX, pramipexole;
PRKAA/AMPK, « (catalytic) subunit of AMPK; 1pS6, ribosomal protein S6; RPS6KA /p90S6K,
ribosomal protein S6 kinase A; RPS6KB/p70S6K, ribosomal protein S6 kinase B1; SQSTM1/p62,
sequestosome 1; TOLLIP, Toll-interacting protein; ULK1, unc-51 like autophagy activating kinase 1;
WT, wild type; YH2AX: phosphorylated H2AX at Ser139.


https://www.mdpi.com/article/10.3390/cells14090652/s1
https://www.mdpi.com/article/10.3390/cells14090652/s1
https://data.mendeley.com/datasets/x26v2kk2bk/3

Cells 2025, 14, 652 22 of 25

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Sweeney, P; Park, H.; Baumann, M.; Dunlop, J.; Frydman, J.; Kopito, R.; McCampbell, A.; Leblanc, G.; Venkateswaran, A.; Nurmi,
A; et al. Protein misfolding in neurodegenerative diseases: Implications and strategies. Transl. Neurodegener. 2017, 6, 6. [CrossRef]
[PubMed]

Scannevin, R.H. Therapeutic strategies for targeting neurodegenerative protein misfolding Chem disorders. Curr. Opin. Chem.
Biol. 2018, 44, 66-74. [CrossRef] [PubMed]

Mizushima, N.; Komatsu, M. Autophagy: Renovation of cells and tissues. Cell 2011, 147, 728-741. [CrossRef] [PubMed]

Lei, Y.; Klionsky, D.]J. The emerging roles of autophagy in Human diseases. Biomedicines 2021, 9, 1651. [CrossRef]

Hara, T.; Nakamura, K.; Matsui, M.; Yamamoto, A.; Nakahara, Y.; Suzuki-Migishima, R.; Yokoyama, M.; Mishima, K.; Saito, I,
Okano, H.; et al. Suppression of basal autophagy in neuronal cells causes degenerative disease in mice. Nature 2006, 441, 885-889.
[CrossRef]

Komatsu, M.; Waguri, S.; Chiba, T.; Murata, S.; Iwata, J.; Tanida, I.; Ueno, T.; Koike, M.; Uchiyama, Y.; Kominami, E.; et al. Loss of
autophagy in the central nervous system causes neurodegeneration in mice. Nature 2006, 441, 880-884. [CrossRef]

Dijajadikerta, A.; Keshri, S.; Pavel, M.; Prestil, R.; Ryan, L.; Rubinsztein, D.C. Autophagy Induction as a Therapeutic Strategy for
Neurodegenerative Diseases. ]. Mol. Biol. 2020, 432, 2799-2821. [CrossRef]

Gao, C.; Cao, W,; Bao, L.; Zuo, W,; Xie, Q.; Cai, T.; Fu, W.; Zhang, J.; Wu, W.; Zhang, X,; et al. Autophagy negatively regulates Wnt
signalling by promoting Dishevelled degradation. Nat. Cell Biol. 2010, 12, 781-790. [CrossRef]

Yousefi, S.; Perozzo, R.; Schmid, I.; Ziemiecki, A.; Schaffer, T.; Scapozza, L.; Brunner, T.; Simon, H.-S. Calpain-mediated cleavage
of Atg switches autophagy to apoptosis. Nat. Cell Biol. 2006, 8, 1124-1132. [CrossRef]

Booth, L.A.; Tavallai, S.; Hamed, H.A.; Cruickshanks, N.; Dent, P. The role of cell signalling in the crosstalk between autophagy
and apoptosis. Cell. Signal. 2014, 26, 549-555. [CrossRef]

Tabrizi, S.J.; Scahill, RIL; Owen, G.; Durr, A.; Leavitt, B.R.; Ross, R.A.; Borowsky, B.; Landwehrmeyer, B.; Frost, C.; Johnson,
H.; et al. Predictors of phenotypic progression and disease onset in premanifest and early-stage Huntington’s disease in the
TRACK-HD study: Analysis of 36-month observational data. Lancet Neurol. 2013, 12, 637-649. [CrossRef] [PubMed]

Hoffner, G.; Soués, S.; Djian, P. Aggregation of expanded huntingtin in the brains of patients with Huntington disease. Prion 2007,
1,26-31. [CrossRef] [PubMed]

Arrasate, M.; Mitra, S.; Schweitzer, E.S.; Segal, M.R.; Finkbeiner, S. Inclusion body formation reduces levels of mutant huntingtin
and the risk of neuronal death. Nature 2004, 431, 805-810. [CrossRef]

Leitman, J.; Ulrich Hartl, F.; Lederkremer, G.Z. Soluble forms of polyQ-expanded huntingtin rather than large aggregates cause
endoplasmic reticulum stress. Nat. Commun. 2013, 4, 2753. [CrossRef]

Ehrlich, M.E. Huntington’s disease and the striatal medium spiny neuron: Cell-autonomous and non-cell-autonomous mecha-
nisms of disease. Neurotherapeutics 2012, 9, 270-284. [CrossRef]

McColgan, P; Tabrizi, S.J. Huntington’s disease: A clinical review. Eur. J. Neurol. 2018, 25, 24-34. [CrossRef]

Hobbs, N.Z.; Barnes, J.; Frost, C.; Henley, S.M.D.; Wild, E.J.; Macdonald, K.; Barker, R.A.; Scahill, RI; Fox, N.C.; Tabrizi, S.]. Onset
and progression of pathologic atrophy in Huntington disease: A longitudinal MR imaging study. Am. J. Neuroradiol. 2010, 31,
1036-1041. [CrossRef]

Meador-Woodruff, ].H.; Damask, S.P.; Wang, J.; Haroutanian, H.; Davis, K.L.; Watson, S.J. Dopamine receptor mRNA expression
in human striatum and neocortex. Neuropsychopharmacology 1996, 15, 17-29. [CrossRef]

Araki, K.Y; Sims, ].R.; Bhide, P.G. Dopamine receptor mRNA and protein expression in the mouse corpus striatum and cerebral
cortex during pre- and postnatal development. Brain Res. 2007, 1156, 31-45. [CrossRef]

Barroso-Chinea, P.; Luis-Ravelo, D.; Fumagallo-Reading, F.; Castro-Hernandez, J.; Salas-Hernandez, J.; Rodriguez-Nufez, J.;
Febles-Casquero, A.; Cruz-Muros, I.; Afonso-Oranmas, D.; Abreu-Gonzalez, P; et al. DRD3 (dopamine receptor D3) but not
DRD2 activates autophagy through MTORC]1 inhibition preserving protein synthesis. Autophagy 2020, 16, 1279-1295. [CrossRef]
Pryor, WM,; Biagioli, M.; Shahani, N.; Swarnkar, S.; Huang, W.C.; Page, D.T.; MacDonald, M.E.; Subramaniam, S. Huntingtin
promotes mTORC1 signaling in the pathogenesis of Huntington’s disease. Sci. Signal. 2014, 7, ral03. [CrossRef] [PubMed]
Luis-Ravelo, D.; Estévez-Silva, H.; Barroso-Chinea, P.; Afonso-Oramas, D.; Salas-Hernandez, J.; Rodriguez-Nuiiez, J.; Acevedo-
Arocena, A.; Marcellino, D.; Gonzalez-Hernandez, T. Pramipexole reduces soluble mutant huntingtin and protects striatal neurons
through dopamine D3 receptors in a genetic model of Huntington’s disease. Exp. Neurol. 2018, 299, 137-147. [CrossRef] [PubMed]
Mangiarini, L.; Sathasivam, K.; Seller, M.; Cozens, B.; Harper, A.; Hetherington, C.; Lawton, M.; Trottier, Y.; Lehrach, H.; Davies,
S.W.; et al. Exon 1 of the HD gene with an expanded CAG repeat is sufficient to cause a progressive neurological phenotype in
transgenic mice. Cell 1996, 87, 493-506. [CrossRef]

Bolivar, V.J.; Manley, K.; Messer, A. Early exploratory behavior abnormalities in R6/1 Huntington’s disease transgenic mice. Brain
Res. 2004, 1005, 29-35. [CrossRef]

Wilson, S.M.; Wurst, M.G.; Whatley, M.E; Daniels, R.N. Classics in Chemical Neuroscience: Pramipexole. ACS Chem. Neurosci.
2020, 11, 2506-2512. [CrossRef]


https://doi.org/10.1186/s40035-017-0077-5
https://www.ncbi.nlm.nih.gov/pubmed/28293421
https://doi.org/10.1016/j.cbpa.2018.05.018
https://www.ncbi.nlm.nih.gov/pubmed/29902695
https://doi.org/10.1016/j.cell.2011.10.026
https://www.ncbi.nlm.nih.gov/pubmed/22078875
https://doi.org/10.3390/biomedicines9111651
https://doi.org/10.1038/nature04724
https://doi.org/10.1038/nature04723
https://doi.org/10.1016/j.jmb.2019.12.035
https://doi.org/10.1038/ncb2082
https://doi.org/10.1038/ncb1482
https://doi.org/10.1016/j.cellsig.2013.11.028
https://doi.org/10.1016/S1474-4422(13)70088-7
https://www.ncbi.nlm.nih.gov/pubmed/23664844
https://doi.org/10.4161/pri.1.1.4056
https://www.ncbi.nlm.nih.gov/pubmed/19172113
https://doi.org/10.1038/nature02998
https://doi.org/10.1038/ncomms3753
https://doi.org/10.1007/s13311-012-0112-2
https://doi.org/10.1111/ene.13413
https://doi.org/10.3174/ajnr.A2018
https://doi.org/10.1016/0893-133X(95)00150-C
https://doi.org/10.1016/j.brainres.2007.04.043
https://doi.org/10.1080/15548627.2019.1668606
https://doi.org/10.1126/scisignal.2005633
https://www.ncbi.nlm.nih.gov/pubmed/25351248
https://doi.org/10.1016/j.expneurol.2017.10.019
https://www.ncbi.nlm.nih.gov/pubmed/29056363
https://doi.org/10.1016/S0092-8674(00)81369-0
https://doi.org/10.1016/j.brainres.2004.01.021
https://doi.org/10.1021/acschemneuro.0c00332

Cells 2025, 14, 652 23 of 25

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

Li, T.; Zou, S.; Zhang, Z.; Liu, M.; Liang, Z. Efficacy of pramipexole on quality of life in patients with Parkinson’s disease: A
systematic review and meta-analysis. BMIC Neurol. 2022, 22, 320. [CrossRef]

Collins, G.T.; Newman, A.H.; Grundt, P; Rice, K.C.; Husbands, S.; Chauvignac, C.; Chen, J.; Wang, S.; Woods, ].H. Yawning and
hypothermia in rats: Effects of dopamine D3 and D2 agonists and antagonists. Psychopharmacology 2007, 193, 159-170. [CrossRef]
Castro-Hernandez, J.; Afonso-Oramas, D.; Cruz-Muros, 1.; Salas-Hernandez, J.; Barroso-Chinea, P.; Moratalla, R.; Millan,
J.M.; Gonzalez-Hernandez, T. Prolonged treatment with pramipexole promotes physical interaction of striatal dopamine D3
autoreceptors with dopamine transporters to reduce dopamine uptake. Neurobiol. Dis. 2015, 74, 325-335. [CrossRef]

Nair, A.B.; Jacob, S. A simple practice guide for dose conversion between animals and humans. J. Basic Clin. Pharm. 2016, 7, 27-31.
[CrossRef]

Atwook, B.K,; Lopez, J.; Wager-Miller, J.; Mackie, K.; Straiker, A. Expression of G protein coupled receptors and related proteins
in HEK293, AtT20, BV2, and N18 cell lines as revealed by microarray analysis. BMC Genom. 2011, 12, 14. [CrossRef]

Wenk, D.; Khan, S.; Ignatchenko, V.; Hiibner, H.; Gmeiner, P.; Weikert, D.; Pischetsrieder, M.; Kislinger, T. Phosphoproteomic
Analysis of Dopamine D2 Receptor Signaling Reveals Interplay of G-Protein- and 3-Arrestin-Mediated Effects. J. Proteome Res.
2023, 22, 259-271. [CrossRef] [PubMed]

Jeanneteau, E; Diaz, J.; Sokoloff, P.; Griffon, N. Interactions of GIPC with dopamine D2, D3 but not D4 receptors define a novel
mode of regulation of G protein-coupled receptors. Mol. Biol. Cell 2004, 15, 696-705. [CrossRef] [PubMed]

Narain, Y.; Wyttenbach, A.; Rankin, J.; Furlong, R.A.; Rubinsztein, D.C. A molecular investigation of true dominance in
Huntington’s disease. . Med. Genet. 1999, 36, 739-746. [CrossRef] [PubMed]

Paxinos, G.; Franklin, B.].K. The Mouse Brain in Stereotaxic Coordinates, Compact, 2nd ed.; Elsevier: Amsterdam, The Netherlands,
2004.

Leggio, G.M.; Bucolo, C.; Platania, C.B.; Salomone, S.; Drago, F. Current drug treatments targeting dopamine D3 receptor.
Pharmacol. Ther. 2016, 165, 164-177. [CrossRef]

Tanida, I.; Ueno, T.; Kominami, E. LC3 and Autophagy. Methods Mol. Biol. 2008, 455, 77-88. [CrossRef]

Mizushima, N.; Yoshimori, T. How to interpret LC3 immunoblotting. Autophagy 2007, 3, 542-545. [CrossRef]

Klionsky, D.; Abdel-Aziz, A K.; Abdelfatah, S.; Abdellatif, M.; Abdoli, A.; Abel, S.; Abeliovich, H.; Abildgaard, M.H.; Abudu, Y.P;
Acevedo-Arozena, A. Guidelines for the use and interpretation of assays for monitoring autophagy (4th Edition). Autophagy 2021,
17,1-382. [CrossRef]

Lamark, T.; Svenning, S.; Johansen, T. Regulation of selective autophagy: The p62/SQSTM1 paradigm. Essays Biochem. 2017, 61,
609-624. [CrossRef]

Oguro, A.; Kubota, H.; Shimizu, M.; Ishiura, S.; Atomi, Y. Protective role of the ubiquitin binding protein Tollip against the
toxicity of polyglutamine-expansion proteins. Neurosci. Lett. 2011, 503, 234-239. [CrossRef]

Lu, K; Psakhye, I.; Jentsch, S. Autophagic clearance of polyQ proteins mediated by ubiquitin-Atg8 adaptors of the conserved
CUET protein family. Cell 2014, 158, 549-563. [CrossRef]

Nagaoka, U.; Kim, K.; Jana, N.R.; Doi, H.; Maruyama, M.; Mitsui, K.; Oyama, F; Nukina, N. Increased expression of p62 in
expanded polyglutamine-expressing cells and its association with polyglutamine inclusions. J. Neurochem. 2004, 91, 57-68.
[CrossRef] [PubMed]

Rib, U,; Seidel, K.; Heinsen, H.; Vonsattel, ].P.; den Dunnen, W.E,; Korf, H.W. Huntington’s disease (HD): The neuropathology of
a multisystem neurodegenerative disorder of the human brain. Brain Pathol. 2016, 26, 726-740. [CrossRef]

Girault, J.A.; Nairn, A.C. DARPP-32 40 years later. Adv. Pharmacol. 2021, 90, 67-87. [CrossRef] [PubMed]

Giuliano, P;; De Cristofaro, T.; Affaitati, A.; Pizzulo, G.M.; Feliciello, A.; Criscuolo, C.; De Michele, G.; Filla, A.; Avvedimento,
E.V,; Varrone, S. DNA damage induced by polyglutamine-expanded proteins. Hum. Mol. Genet. 2003, 12, 2301-2309. [CrossRef]
[PubMed]

Sharma, A.; Singh, K.; Almasan, A. Histone H2AX phosphorylation: A marker for DNA damage. Methods Mol. Biol. 2012, 920,
613-626. [CrossRef]

Sarkar, S. Regulation of autophagy by mTOR-dependent and mTOR-independent pathways: Autophagy dysfunction in neurode-
generative diseases and therapeutic application of autophagy enhancers. Biochem. Soc. Trans. 2013, 41, 1103-1130. [CrossRef]
Li, Y,; Chen, Y. AMPK and Autophagy. Adv. Exp. Med. Biol. 2019, 1206, 85-108. [CrossRef]

Sutton, L.P.; Caron, M.G. Essential role of D1R in the regulation of mTOR complex1 signaling induced by cocaine. Neuropharma-
cology 2015, 99, 610-619. [CrossRef]

Xu, S.; Kang, U.G. Region-specific activation of the AMPK system by cocaine: The role of D1 and D2 receptors. Pharmacol. Biochem.
Behav. 2016, 146—-147, 28-34. [CrossRef]

Melick, C.H.; Lama-Sherpa, T.D.; Curukovic, A.; Jewell, J.L. G-Protein Coupled Receptor Signaling and Mammalian Target of
Rapamycin Complex 1 Regulation. Mol. Pharmacol. 2022, 101, 181-190. [CrossRef]

Inoki, K.; Kim, J.; Guan, K.L. AMPK and mTOR in cellular energy homeostasis and drug targets. Annu. Rev. Pharmacol. Toxicol.
2012, 52, 381-400. [CrossRef] [PubMed]


https://doi.org/10.1186/s12883-022-02830-y
https://doi.org/10.1007/s00213-007-0766-3
https://doi.org/10.1016/j.nbd.2014.12.007
https://doi.org/10.4103/0976-0105.177703
https://doi.org/10.1186/1471-2164-12-14
https://doi.org/10.1021/acs.jproteome.2c00707
https://www.ncbi.nlm.nih.gov/pubmed/36508580
https://doi.org/10.1091/mbc.e03-05-0293
https://www.ncbi.nlm.nih.gov/pubmed/14617818
https://doi.org/10.1136/jmg.36.10.739
https://www.ncbi.nlm.nih.gov/pubmed/10528852
https://doi.org/10.1016/j.pharmthera.2016.06.007
https://doi.org/10.1007/978-1-59745-157-4_4
https://doi.org/10.4161/auto.4600
https://doi.org/10.1080/15548627.2020.1797280
https://doi.org/10.1042/EBC20170035
https://doi.org/10.1016/j.neulet.2011.08.043
https://doi.org/10.1016/j.cell.2014.05.048
https://doi.org/10.1111/j.1471-4159.2004.02692.x
https://www.ncbi.nlm.nih.gov/pubmed/15379887
https://doi.org/10.1111/bpa.12426
https://doi.org/10.1016/bs.apha.2020.09.004
https://www.ncbi.nlm.nih.gov/pubmed/33706939
https://doi.org/10.1093/hmg/ddg242
https://www.ncbi.nlm.nih.gov/pubmed/12915485
https://doi.org/10.1007/978-1-61779-998-3_40
https://doi.org/10.1042/BST20130134
https://doi.org/10.1007/978-981-15-0602-4_4
https://doi.org/10.1016/j.neuropharm.2015.08.024
https://doi.org/10.1016/j.pbb.2016.04.006
https://doi.org/10.1124/molpharm.121.000302
https://doi.org/10.1146/annurev-pharmtox-010611-134537
https://www.ncbi.nlm.nih.gov/pubmed/22017684

Cells 2025, 14, 652 24 of 25

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Gonzalez, A.; Hall, M.N,; Lin, S.C.; Hardy, D.G. AMPK and TOR: The Yin and Yang of Cellular Nutrient Sensing and Growth
Control. Cell Metab. 2020, 31, 472-492. [CrossRef] [PubMed]

Egan, D.; Kim, J.; Shaw, R.J.; Guam, K.L. The autophagy initiating kinase ULK1 is regulated via opposing phosphorylation by
AMPK and mTOR. Autophagy 2011, 7, 643-644. [CrossRef]

Copp, J.; Manning, G.; Hunter, T. TORC-specific phosphorylation of mammalian target of rapamycin (mTOR): Phospho-Ser2481
is a marker for intact mTOR signaling complex 2. Cancer Res. 2009, 69, 1821-1827. [CrossRef]

Pearson, R.B.; Dennis, P.B.; Han, ].W.; Williamson, N.A.; Kozma, S.C.; Wettenhall, R.E.; Thomas, G. The principal target of
rapamycin-induced p70s6k inactivation is a novel phosphorylation site within a conserved hydrophobic domain. EMBO J. 1995,
14, 5279-5287. [CrossRef]

Hawley, S.A.; Davison, M.; Woods, A.; Davies, S.P; Beri, R.K.; Carling, D.; Hardie, D.G. Characterization of the AMP-activated
protein kinase from rat liver and identification of threonine 172 as the major site at which it phosphorylates AMP-activated
protein kinase. J. Biol. Chem. 1996, 271, 27879-27887. [CrossRef]

Johansen, T.; Lamark, T. Selective Autophagy: ATG8 Family Proteins, LIR Motifs and Cargo Receptors. J. Mol. Biol. 2020, 432,
80-103. [CrossRef]

Gubas, A ; Dikic, I. A guide to the regulation of selective autophagy receptors. FEBS J. 2022, 289, 75-89. [CrossRef]

Li, X.; Goobie, G.C.; Zhang, Y. Toll-interacting protein impacts on inflammation, autophagy, and vacuole trafficking in human
disease. . Mol. Med. 2021, 99, 21-31. [CrossRef]

Kumar, A.V,; Mills, J.; Lapierre, L.R. Selective Autophagy Receptor p62/SQSTM1, a Pivotal Player in Stress and Aging. Front. Cell
Dev. Biol. 2022, 10, 793328. [CrossRef]

Shimizu, M.; Oguro-Ando, A.; Ohoto-Fujita, E.; Atomi, Y. Toll-interacting protein pathway: Degradation of an ubiquitin-binding
protein. Methods Enzymol. 2014, 534, 323-330. [CrossRef] [PubMed]

Ravikumar, B.; Vacher, C.; Berger, Z.; Davies, ].E.; Luo, S.; Oroz, L.G.; Scaravilli, F.; Easton, D.F,; Duden, R.; O’Kane, C.J.; et al.
Inhibition of mTOR induces autophagy and reduces toxicity of polyglutamine expansions in fly and mouse models of Huntington
disease. Nat. Genet. 2004, 36, 585-595. [CrossRef] [PubMed]

Martinez-Vicente, M.; Talloczy, Z.; Wong, E.; Tang, G.; Koga, H.; Kaushik, S.; de Vries, R.; Arias, E.; Harris, S.; Sulzer, D.; et al.
Cargo recognition failure is responsible for ineffective autophagy in Huntington’s disease. Nat. Neurosci. 2010, 13, 567-576.
[CrossRef]

Ochaba, J.; Lukacsovich, T.; Csikos, G.; Zheng, S.; Margulis, J.; Salazar, L.; Mao, K,; Lau, A.L.; Yeung, S.Y.; Humbert, S.; et al.
Potential function for the Huntingtin protein as a scaffold for selective autophagy. Proc. Natl. Acad. Sci. USA 2014, 111,
16889-16894. [CrossRef]

Wong, Y.C.; Holzbaur, E.L. The regulation of autophagosome dynamics by huntingtin and HAP1 is disrupted by expression of
mutant huntingtin, leading to defective cargo degradation. J. Neurosci. 2014, 34, 293-12305. [CrossRef]

Kim, Y.E.; Hosp, E; Frottin, F.; Ge, H.; Mann, M.; Hayer-Hartl, M.; Hartl, EU. Soluble Oligomers of PolyQ-Expanded Huntingtin
Target a Multiplicity of Key Cellular Factors. Mol. Cell 2016, 63, 951-964. [CrossRef]

Bodner, R.A.; Outeiro, T.F,; Altmann, S.; Maxwell, M.M.; Cho, S.H.; Hyman, B.T.; McLean, PJ.; Young, A.B.; Housman, D.E,;
Kazantsev, A.G. Pharmacological promotion of inclusion formation: A therapeutic approach for Huntington’s and Parkinson’s
diseases. Proc. Natl. Acad. Sci. USA 2006, 103, 4246-4251. [CrossRef]

Hoffner, G.; Djian, P. Polyglutamine Aggregation in Huntington Disease: Does Structure Determine Toxicity? Mol. Neurobiol.
2015, 52, 1297-1314. [CrossRef]

Béuerlein, E].B.; Saha, I.; Mishra, A.; Kalemanov, M.; Martinez-Sanchez, A.; Klein, R.; Dudanova, I; Hipp, M.S.; Hartl, EU,;
Baumeister, W.; et al. In Situ Architecture and Cellular Interactions of PolyQ Inclusions. Cell 2017, 171, 179-187.e10. [CrossRef]
Riguet, N.; Mahul-Mellier, A.L.; Maharjan, N.; Burtscher, J.; Croisier, M.; Knott, G.; Hastings, J.; Patin, A.; Reiterer, V.; Farhan, H.;
et al. Nuclear and cytoplasmic huntingtin inclusions exhibit distinct biochemical composition, interactome and ultrastructural
properties. Nat. Commun. 2021, 12, 6579. [CrossRef]

Yu, L.; McPhee, CK.; Zheng, L.; Mardones, G.A.; Rong, Y.; Peng, Y.; Mi, N.; Zhao, Y,; Liu, Z.; Wan, E; et al. Termination of
autophagy and reformation of lysosomes regulated by mTOR. Nature 2010, 465, 942-946. [CrossRef]

Munson, M.].; Allen, G.E,; Toth, R.; Campbell, D.G.; Lucocq, ].M.; Ganley, I.G. mTOR activates the VPS34-UVRAG complex to
regulate autolysosomal tubulation and cell survival. EMBO J. 2015, 34, 2272-2290. [CrossRef] [PubMed]

Kim, TW.; Cho, HM.; Choi, S.Y.; Suguira, Y.; Hayasaka, T.; Setou, M.; Koh, H.; Hwang, EM.; Park, J.Y.; Kang, S.J.; et al.
(ADP-ribose) polymerase 1 and AMP-activated protein kinase mediate progressive dopaminergic neuronal degeneration in a
mouse model of Parkinson’s disease. Cell Death Dis. 2013, 4, €919. [CrossRef]

Domise, M.; Didier, S.; Marinangeli, C.; Zhao, H.; Chandakkar, P.; Buée, L.; Viollet, B.; Davies, P.; Marambaud, P.; Vingtdeux, V.
AMP-activated protein kinase modulates tau phosphorylation and tau pathology in vivo. Sci. Rep. 2016, 6, 26758. [CrossRef]
[PubMed]


https://doi.org/10.1016/j.cmet.2020.01.015
https://www.ncbi.nlm.nih.gov/pubmed/32130880
https://doi.org/10.4161/auto.7.6.15123
https://doi.org/10.1158/0008-5472.CAN-08-3014
https://doi.org/10.1002/j.1460-2075.1995.tb00212.x
https://doi.org/10.1074/jbc.271.44.27879
https://doi.org/10.1016/j.jmb.2019.07.016
https://doi.org/10.1111/febs.15824
https://doi.org/10.1007/s00109-020-01999-4
https://doi.org/10.3389/fcell.2022.793328
https://doi.org/10.1016/B978-0-12-397926-1.00018-4
https://www.ncbi.nlm.nih.gov/pubmed/24359962
https://doi.org/10.1038/ng1362
https://www.ncbi.nlm.nih.gov/pubmed/15146184
https://doi.org/10.1038/nn.2528
https://doi.org/10.1073/pnas.1420103111
https://doi.org/10.1523/JNEUROSCI.1870-13.2014
https://doi.org/10.1016/j.molcel.2016.07.022
https://doi.org/10.1073/pnas.0511256103
https://doi.org/10.1007/s12035-014-8932-1
https://doi.org/10.1016/j.cell.2017.08.009
https://doi.org/10.1038/s41467-021-26684-z
https://doi.org/10.1038/nature09076
https://doi.org/10.15252/embj.201590992
https://www.ncbi.nlm.nih.gov/pubmed/26139536
https://doi.org/10.1038/cddis.2013.447
https://doi.org/10.1038/srep26758
https://www.ncbi.nlm.nih.gov/pubmed/27230293

Cells 2025, 14, 652 25 of 25

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Curry, D.W,; Stutz, B.; Andrews, Z.B.; Elsworth, ].D. Targeting AMPK Signaling as a Neuroprotective Strategy in Parkinsons
Disease. J. Parkinson Dis. 2018, 8, 161-181. [CrossRef]

Yang, L.; Jiang, Y.; Shi, L.; Zhong, D.; Li, Y; Li, J.; Jin, R. AMPK: Potential Therapeutic Target for Alzheimer’s Disease. Curr.
Protein Pept. Sci. 2020, 21, 66-77. [CrossRef]

Chou, S.Y,; Lee, Y.C.; Chen, HM.; Chiang, M.C.; Lai, H.L.; Chang, HH.; Wu, Y.C; Sun, C.N.; Chien, C.L.; Lin, Y.S; et al. CGS521680
attenuates symptoms of Huntington’s disease in a transgenic mouse model. . Neurochem. 2005, 93, 310-320. [CrossRef]

Ju, T.C,; Chen, HM,; Lin, ].T.; Chang, C.P; Chang, W.C.; Kang, ].J.; Sun, C.P; Tao, M.H.; Tu, PH.; Chang, C.; et al. Nuclear
translocation of AMPK-alphal potentiates striatal neurodegeneration in Huntington’s disease. J. Cell Biol. 2011, 194, 209-227.
[CrossRef]

Ma, T.C.; Buescher, J.L.; Oatis, B.; Funk, J.A.; Nash, A.].; Carrier, R.L.; Hoyt, K.R. Metformin therapy in a transgenic mouse model
of Huntington’s disease. Neurosci. Lett. 2007, 411, 98-103. [CrossRef]

Véazquez-Manrique, R.P; Farina, E; Cambon, K.; Sequedo, M.D.; Parker, A.J.; Millan, ].M.; Weiss, A.; Deglon, N.; Neri, C. AMPK
activation protects from neuronal dysfunction and vulnerability across nematode, cellular and mouse models of Huntington’s
disease. Hum. Mol. Genet. 2016, 25, 1043—-1058. [CrossRef]

Visnji¢, D.; Lali¢, H.; Dembitz, V.; Smoljo, T. AICAr, a Widely Used AMPK Activator with Important AMPK-Independent Effects:
A Systematic Review. Cells 2021, 10, 1095. [CrossRef] [PubMed]

Trujillo-Del Rio, C.; Tortajada-Pérez, J.; Gémez-Escribano, A.P,; Casterd, F.; Peir6, C.; Millan, ].M.; Herrero, M.].; Vazquez-
Manrique, R.P. Metformin to treat Huntington disease: A pleiotropic drug against a multi-system disorder. Mech. Ageing Dev.
2022, 204, 111670. [CrossRef]

Lee, S.B.; Kim, S,; Lee, J.; Pak, J.; Lee, G.; Kim, Y,; Kim, ].M.; Chung, ]J. ATG1, an autophagy regulator, inhibits cell growth by
negatively regulating S6 kinase. EMBO Rep. 2007, 8, 360-365. [CrossRef] [PubMed]

Dunlop, E.A.; Hunt, D.K.; Acosta-Jaquez, H.A.; Fingar, D.C.; Tee, A.R. ULK1 inhibits mTORC1 signaling, promotes multisite
Raptor phosphorylation and hinders substrate binding. Autophagy 2011, 7, 737-747. [CrossRef] [PubMed]

Loffler, A.S.; Alers, S.; Dieterle, A.M.; Keppeler, H.; Franz-Wachtel, M.; Kundu, M.; Campbell, D.G.; Wesselborg, S.; Alessi, D.R,;
Stork, B. Ulkl-mediated phosphorylation of AMPK constitutes a negative regulatory feedback loop. Autophagy 2011, 7, 696-706.
[CrossRef]

Ling, N.X.Y,; Kaczmarek, A.; Hoque, A.; Davie, E.; Ngoei, KR.W.; Morrison, K.R.; Smiles, W.].; Forte, G.M.; Wang, T.; Lie, S.; et al.
mTORCT1 directly inhibits AMPK to promote cell proliferation under nutrient stress. Nat. Metab. 2020, 2, 41-49. [CrossRef]
Bockaert, J.P.; Marin, P. mTOR in Brain Physiology and Pathologies. Physiol. Rev. 2015, 95, 1157-1187. [CrossRef]

Carracedo, A.; Ma, L.; Teruya-Feldstein, ].; Rojo, E; Salmena, L.; Alimonti, A.; Egia, A.; Sasaki, A.T.; Thomas, G.; Kozma, S.C,;
et al. Inhibition of mMTORC1 leads to MAPK pathway activation through a PI3K-dependent feedback loop in human cancer. J.
Clin. Invest. 2008, 118, 3065-3074. [CrossRef]

Mendoza, M.C.; Er, E.F,; Blenis, ]J. The Ras-ERK and PI3K-mTOR pathways: Cross-talk and compensation. Trends Biochem. Sci.
2011, 36, 320-328. [CrossRef]

Saini, K.S.; Loi, S.; de Azambuja, E.; Metzger-Filho, O.; Saini, M.L.; Ignatiadis, M.; Dancey, J.E.; Piccart-Gebhart, M.]. Targeting
the PI3K/AKT/mTOR and Raf/MEK/ERK pathways in the treatment of breast cancer. Cancer Treat. Rev. 2013, 39, 935-946.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3233/JPD-171296
https://doi.org/10.2174/1389203720666190819142746
https://doi.org/10.1111/j.1471-4159.2005.03029.x
https://doi.org/10.1083/jcb.201105010
https://doi.org/10.1016/j.neulet.2006.10.039
https://doi.org/10.1093/hmg/ddv513
https://doi.org/10.3390/cells10051095
https://www.ncbi.nlm.nih.gov/pubmed/34064363
https://doi.org/10.1016/j.mad.2022.111670
https://doi.org/10.1038/sj.embor.7400917
https://www.ncbi.nlm.nih.gov/pubmed/17347671
https://doi.org/10.4161/auto.7.7.15491
https://www.ncbi.nlm.nih.gov/pubmed/21460630
https://doi.org/10.4161/auto.7.7.15451
https://doi.org/10.1038/s42255-019-0157-1
https://doi.org/10.1152/physrev.00038.2014
https://doi.org/10.1172/JCI34739
https://doi.org/10.1016/j.tibs.2011.03.006
https://doi.org/10.1016/j.ctrv.2013.03.009

	Introduction 
	Materials and Methods 
	Mice 
	Cell Culture and Stable DRD2/DRD3 Transfection 
	Transient Q23/Q74 Transfection 
	Western Blot 
	Immunofluorescence 
	Quantitative and Densitometric Analysis in Immunofluorescence Material 
	Motor Behavior 
	Statistics 

	Results 
	DRD3-Induced Autophagy Is Transient in WT Mice and Q23-Expressing Cells and Persistent in R6/1 Mice and Q74-Expressing Cells 
	DRD3-Induced Autophagy Promotes mHTT Clearance and Neuroprotection in the Striatum of R6/1 Mice and Q74-DRD3-HEK Cells 
	DRD3-Induced Autophagy Involves Different Signaling Pathways in Healthy and polyQ-HTT-Challenged Cells 

	Discussion 
	Conclusions 
	References

