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A B S T R A C T   

The dopamine transporter (DAT) is a membrane glycoprotein in dopaminergic neurons, which modulates 
extracellular and intracellular dopamine levels. DAT is regulated by different presynaptic proteins, including 
dopamine D2 (D2R) and D3 (D3R) receptors. While D2R signalling enhances DAT activity, some data suggest that 
D3R has a biphasic effect. However, despite the extensive therapeutic use of D2R/D3R agonists in neuropsy-
chiatric disorders, this phenomenon has been little studied. In order to shed light on this issue, DAT activity, 
expression and posttranslational modifications were studied in mice and DAT-D3R-transfected HEK cells. 
Consistent with previous reports, acute treatment with D2R/D3R agonists promoted DAT recruitment to the 
plasma membrane and an increase in DA uptake. However, when the treatment was prolonged, DA uptake and 
total striatal DAT protein declined below basal levels. These effects were inhibited in mice by genetic and 
pharmacological inactivation of D3R, but not D2R, indicating that they are D3R-dependent. No changes were 
detected in mesostriatal tyrosine hydroxylase (TH) protein expression and midbrain TH and DAT mRNAs, sug-
gesting that the dopaminergic system is intact and DAT is posttranslationally regulated. The use of immuno-
precipitation and cell surface biotinylation revealed that DAT is phosphorylated at serine residues, ubiquitinated 
and released into late endosomes through a PKCβ-dependent mechanism. In sum, the results indicate that long- 
term D3R activation promotes DAT down-regulation, an effect that may underlie neuroprotective and antide-
pressant actions described for some D2R/D3R agonists.   

1. Introduction 

Dopamine (DA) neurotransmission plays an essential role in the 
control of locomotor activity, reward-associated behaviour and cogni-
tion [1,2]. The spatial and temporal strength of DA signalling is deter-
mined to a large extent by the action of the DA transporter (DAT), a 
plasma membrane glycoprotein selectively expressed in dopaminergic 
neurons that mediates the uptake of released DA into presynaptic ter-
minals [3]. Abnormal DAT function has been associated with 

neurodegenerative and psychiatric conditions such as Parkinson’s dis-
ease, bipolar disorder, depression and attention deficit hyperactivity 
disorder [4,5]. In addition, DAT is the target for addictive psychosti-
mulants that inhibit the uptake of DA, reinforcing its actions on post-
synaptic receptors [6]. DAT activity is regulated by the action of 
different signalling systems, including ERK, PI3K and PKC, as well as 
interaction with presynaptic proteins such as α-synuclein, syntaxin 1A 
and DA D2 and D3 autoreceptors, that promote either DAT plasma 
membrane stability or internalization [4,7–9]. DA receptors are 
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classified into two major groups that differ in their signaling profile. 
D1-like (D1 and D5) receptors which activate neuronal signaling 
through adenylyl cyclase and the increase of cAMP levels, and D2-like 
(D2, D3 and D4) receptors which inhibit adenylyl cyclase, reducing 
cAMP levels [10,11]. While D1-like and D4 receptors are expressed only 
in non-dopaminegic neurons [10,12], D2 (D2R) and D3 (D3R) receptors 
are also expressed in dopaminergic neurons where they act as DA sen-
sors regulating DA synthesis, release and uptake in response to extra-
cellular DA levels [8,9,13,14]. The transport of DA is increased or 
decreased in the mouse striatum after a single injection of DA D2/D3 
receptor (D2R/D3R) agonists or antagonists, respectively [15–18]. 
Likewise, a few minutes treatment with DA receptor agonists promotes 
DAT recruitment to the plasma membrane and DA uptake in D2R-DAT 
[19,20] and D3R-DAT cotransfected cells [21]. Some reports also suggest 
that after prolonged treatment with D2R/D3R agonists, DA uptake de-
clines below basal levels [22,23]. However, despite D2R/D3R ligands 
being extensively used as long-term treatment in Parkinson’s disease 
and other neurological conditions, this phenomenon has been much less 
studied. 

The close homology between D2R and D3R, sharing 75 % of amino 
acid sequence in their transmembrane domains, has made the design of 
selective ligands, particularly D2R and D3R agonists, a challenging task 
(Missale et al., 1998; Beaulieu and Gainetdinov, 2011). So, although 
some compounds have a moderately higher affinity for D2R or D3R, it is 
still more appropriate to use the term D2R/D3R agonists. D2R/D3R ag-
onists are extensively used in the treatment of Parkinson’s disease to 
relieve motor symptoms associated with striatal DA deficit [24–26]. The 
D2R/D3R agonist pramipexole (PPX) has also proved to be an effective 
therapy in treatment-resistant depression and bipolar disorder [27–29]. 
Given the implication of DA handling in the pathophysiology of these 
conditions [2,5,30], DA uptake modulation might be involved in the 
therapeutic effects of D2R/D3R agonists. In order to gain further insight 
into this issue, here we investigated the effect of prolonged D2R/D3R 
agonist treatment on DA uptake and DAT expression using wild-type and 
D2RKO and D3RKO mice, and DAT-D3R transfected cells. The results 
reveal an initial recruitment of DAT to the plasma membrane with an 
increase in DA uptake, but when D2R/D3R agonist treatment is pro-
longed, DA uptake falls below basal levels, and DAT undergoes phos-
phorylation, ubiquitination and degradation. This effect is mediated by 
D3R through a PKCβ-dependent mechanism. 

2. Material and methods 

2.1. Mice 

The experiments were carried out on 22− 24 g (4–6 months old) male 
C57BL/6 J, DA D3 receptor knockout mice (D3RKO; B6.129S4- 
Drd3tm1Dac/J), and D2RKO (B6.129S2-Drd2tm1Low/J) mice and their 
wild-type (WT) littermates. D3RKO mice were obtained from the Jack-
son Laboratory, and generated on a pure C57BL/6 J genetic background 
[31,32]. The D2RKO mice were generated by homologous recombina-
tion as previously described [33]. D2RKO mice and their WT littermates 
were obtained by mating heterozygous mice [34]. Genotype was 
determined by polymerase chain reaction. Experimental protocols were 
approved by the Ethical Committee of the University of La Laguna 
(#CEIBA2013− 0083), and are in accordance with the European Com-
munities Council Directive of 22 September 2010 (2010/63/EU) and 
ARRIVE guidelines regarding the care and use of animals for scientific 
purposes. Animals were housed in groups of 3–4 per cage, in conditions 
of constant temperature (21–22 ◦C), a 12 h light/dark cycle, and given 
free access to standard chow and water. Intraperitoneal injections were 
performed between 3 pm and 4 pm using a small syringe with a 29 G 
needle. No additional medications were given to reduce suffering 
because the compounds and volumes injected do not elicit pain. Mice 
receiving prolonged treatment were sacrificed between 10 a.m. and 12 
a.m. The total number of mice used was 181, with each experimental 

group consisting of 5–6 arbitrarily selected mice. 

2.2. DAT and D3R expression 

HEK293 cells were obtained from the European Collection of Cell 
Cultures (ECACC #85120602) and used without further authentication. 
They were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; 
#L0104; Biowest, Riverside, MO) supplemented with 10 % fetal bovine 
serum (FBS; #S1810; Biowest) and 1% antibiotics (penicillin 100U/mL 
and 100 μg/mL streptomycin; #L0018; Biowest). Cultures were main-
tained in a humidified incubator set at 37 ◦C and 5% CO2. Stable cells 
expressing rat DAT were obtained as described in Afonso-Oramas et al. 
[35]. 

Semiconfluent DAT-HEK cells were transfected with pCEP4-EGFP- 
hDRD3 using Lipofectamine 2000 (#11668; Thermo Fisher Scientific, 
Walthman, MA) at a ratio of 2:1 according to the manufacturer’s pro-
tocol. The plasmid was a gift from Dr. Jean-Michel Arrang (Addgene 
plasmid ♯24098). Stable cell lines expressing EGFP-hD3R were obtained 
by growth in selective medium containing 400 μg/mL hygromycin B 
(#10687010; Thermo Fisher). After 8–10 days of selection, individual 
clones were expanded in multi-well plates and screened for expression 
by immunofluorescence and western blot for GFP. Several positive 
clones were identified and used for subsequent experiments. Subcon-
fluent cultures of DAT-D3R-HEK cells were grown and treated with 
dopamine receptor agonists. Cells were subjected to a maximum of ten 
passages throughout the study. All experiments were performed in 
triplicate. 

2.3. Treatment 

Mice and cells were treated with the D2R/D3R preferential agonist 
pramipexole (pramipexole dihydrochloride, PPX (CID:166589, #1237; 
Sigma; half-life of 8− 12 hours). In order to establish what the effective 
PPX dose was on DAT activity, WT mice received a single intraperitoneal 
injection of PPX in the range of 0.05–1.5 mg/kg or its vehicle (50 μL 0.9 
% sterile saline) and were sacrificed 30 min later, and DAT-D3R HEK 
cells were incubated in 0.1− 100 μM PPX for 5 min. In some experiments, 
cells were treated with 7-OH-DPAT (CID: 1219; #H865; Sigma), another 
D2R/D3R agonist that also has 7-fold higher affinity for D3R than for D2R 
[36]. Following Everett and Senogles [37], 7-OH-DPAT was used at a 
concentration of 0.1 μM. Furthermore, the selective D2R antagonist 
L741,626 (CID: 133633; #L135; Sigma; 1 mg/kg, s.c.) or the selective 
D3R antagonist NGB2904 (CID: 189060-98-8; #2635; R & D Systems, 
Minneapolis, MN; 1 mg/kg, i.p.), or their vehicle (0.05 % lactic acid, 
#L1750, s.c.; Sigma, or 25 % w/v 2-Hydroxypropyl-β-cyclodextrin, 
#H107, i.p; Sigma, respectively; 50 μL) were injected 30 min before PPX 
in a group of mice. NGB2904 (10 μM) and the protein synthesis inhibitor 
cycloheximide (#C4859; Sigma; 20 μM) were also added to the medium 
30 and 45 min before PPX, respectively, in some cell experiments. 

2.4. DAT antibodies 

Different commercial anti-DAT antibodies against C- and N-terminal 
fragments of human and rat DAT have been tested in our laboratory 
using brain samples of different mammalians and cells transfected with 
wild type and mutated DAT forms [23,35,38,39]. In order to confirm 
their specificity and sensitivity, and which of them provides better ef-
ficiency in the different techniques further tests have been performed 
(see supplementary Fig.1). According to the results of these tests, a goat 
polyclonal anti-DAT antibody (#SC1433; Santa Cruz Biotechnology, 
Santa Cruz, CA) was used for immunohistochemistry and western-blot, a 
rat monoclonal anti-DAT antibody (#MAB369; Millipore, Billerica, MA) 
for immunoprecipitation, and a rabbit polyclonal anti-DAT (#D6944, 
Sigma) for in situ proximity ligation assay. 
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Fig. 1. DAT is regulated in a time-dependent manner by the D2R/D3R agonist pramipexole in mouse striata. (A, B) DA uptake in mouse striata after acute (A; 30 min 
after a single injection) and prolonged treatment (B; 6 days of treatment) with different doses of pramipexole (PPX; 0.05-1.5 mg/kg; n = 6 mice per condition). At PPX 
doses ≥ 0.1 mg/kg, DA uptake increases after acute treatment and decreases after prolonged treatment (*p < 0.05, ** p < 0.01 vs. Vehicle; Kruskal-Wallis test 
followed by Dunn’s multiple comparison test). (C-F) Western-blot (C, D; n = 4 mice per condition) and immunohistochemistry (E, F; n = 5 mice per condition) for 
DAT and TH in mouse striata after prolonged treatment with different doses of PPX. DAT expression (* p < 0.05; ** p < 0.01 vs. Vehicle), but not TH expression 
(p = 0.52 in Western-blot, p = 0.49 in immunohistochemistry; Kruskal-Wallis test followed by Dunn’s multiple comparison test), decreases at PPX doses ≥ 1 mg/kg. 
(G) Quantitative RT-PCR for DAT mRNA and TH mRNA in the ventral midbrain of mice after 6 days of treatment with 1 mg/kg PPX (n = 6 mice per condition; Mann- 
Whitney test). Relative expression of TH mRNA and DAT mRNA was normalized to GADPH mRNA and calculated as previously described by Pfaffl [41]. Inasmuch as 
TH mRNA was not modified by PPX (p = 0.57), DAT mRNA was normalized to TH mRNA expression. No differences were found in DAT mRNA levels between vehicle 
and PPX treated mice (p = 0.85). Data are presented as means ± SEM. β-act, β-actin; Bar in E, 1 mm. 
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2.5. Western-blot in whole extracts and plasma membranes 

Mice were deeply anaesthetized with an overdose of sodium pento-
barbital (#P3741; Sigma, St. Louis, MO) and striata were dissected in ice 
from freshly obtained brains with the aid of an acrylic brain slicer 
(#PA002; David Kopf Instruments, CA). Whole protein extracts were 
obtained in M-PER (#78501; Thermo Fisher) with protease 
(#1169498001; Roche, Basel, Switzerland) and phosphatase inhibitors 
(#04906845001; Roche). After sonication (3 bursts of 5 s in ice), striatal 
lysates were centrifuged at 17,000 xg for 5 min and the supernatants 
were collected. HEK cells were washed in PBS and harvested by 
scraping. Cell suspensions were centrifuged for 5 min at 1,000 xg, the 
pellets were washed in PBS twice and resuspended in M-PER. 

For biotinylation experiments, synaptosomes were obtained 
following the impermeant biotinylation procedure [23,35]. Striatal 
samples were immediately homogenized in 20 vol of ice-cold sucrose 
bicarbonate solution (SBS, 320 mM sucrose (#S0385; Sigma) in 5 mM 
sodium bicarbonate (#S5761; Sigma), pH 7.4) with 12 up and down 
strokes in a Teflon-glass homogenizer. The homogenates were centri-
fuged (1000 x g, 10 min, 4 ◦C), and the pellets (P1) containing nuclei and 
large debris discarded. The supernatants (S1) were centrifuged (17,000 
x g, 20 min, 4 ◦C), and the pellets (P2) were resuspended in 500 μL 
ice-cold assay buffer [125 mM NaCl (#1.06404; Merck, Darmstadt, 
Germany), 5 mM KCl (#131494.1210; Panreac), 1.5 mM MgSO4 
(#5886; Merck), 1.25 mM CaCl2 (#449709; Sigma), 1.5 mM KH2PO2 
(#131509; Panreac), 10 mM glucose (#G8270; Sigma), 25 mM HEPES 
(#H3375; Sigma), 0.1 mM EDTA (#EDS; Sigma), 0.1 mM pargyline 
(#P8013; Sigma) and 0.1 mM ascorbic acid (#A5960; Sigma)]. HEK 
cells were washed twice in PBS and harvested by adding cold PBS. Cells 
and Synaptosomes (300 μg total protein) were incubated for 1 h at 4 ◦C 
with continual shaking in 500 μl of 1.5 mg/mL sulfo-NHS-biotin 
(#21326; Thermo Fisher) in PBS/Ca/Mg buffer (138 mM Na Cl, 
2.7 mM kCl, 1.5 mM KH2PO2, 9.6 mM Na2HPO4 (#6580; Merck) 1 mM 
MgCl2 (#141396; Panreac), 0.1 mM CaCl2, pH 7.3) and centrifuged (8, 
000 g, 4 min, 4 ◦C). In order to remove biotinylating reagents, the 
resulting pellets were resuspended in 1 mL ice-cold 100 mM glycine 
(#A1067; Panreac) in PBS/Ca/Mg buffer and centrifuged (8,000 xg, 
4 min, 4 ◦C). The resuspension and centrifugation steps were repeated. 
Final pellets were resuspended again in 1 mL ice-cold 100 mM glycine in 
PBS/Ca/Mg buffer and incubated for 30 min at 4 ◦C. Samples were 
washed three times in PBS/Ca/Mg buffer, and then lysed by sonication 
for 2–4 seconds in 300 μl Triton X-100 buffer [10 mM Tris-HCl, pH 7.4, 
150 mM NaCl, 1 mM EDTA, 1 %Triton X-100 (#9002-913; TX-100, 
Sigma)] containing protease inhibitors. After incubation in continuous 
shaking (30 min, 4 ◦C), the lysates were centrifuged (18,000 x g, 30 min, 
4 ◦C), and the supernatants were incubated with monomeric avidin bead 
(#20228; Thermo Fisher) - Triton X-100 buffer (100 μl) for 1 h at RT, 
and centrifuged (18,000 g, 4 min, 4 ◦C). The resulting pellets (containing 
avidin-absorbed biotinylated surface proteins) were resuspended in 
1 mL Triton X-100 buffer and centrifuged (18,000 x g, 4 min, 4 ◦C). 
Resuspension and centrifugation were repeated two more times, and the 
final pellets were stored. 

Proteins were quantified using the bicinchoninic acid (#B9643; 
Sigma) method and bovine serum albumin (BSA, #A1391; Panreac, 
Barcelona, Spain) as standard. Protein samples were diluted in 
Laemmli’s loading buffer [62.5 mM Tris-HCl, 20 % glycerol (#G7757; 
Sigma), 2% sodium dodecyl sulphate (SDS, #L3771; Sigma), 1.7 % 
β-mercaptoethanol (#6250, Sigma) and 0.05 % bromophenol blue 
(#B5525; Sigma), pH 6.8], denatured (90 ◦C, 5 min.), separated by 
electrophoresis in 10 % SDS-polyacrylamide gel, and transferred to 
nitrocellulose (#1620115; Schleicher&Schuell, Dassel, Germany). Blots 
were blocked for 2 h at RT with 5% non-fat dry milk, and incubated 
overnight at 4 ◦C in blocking solution with goat polyclonal anti-DAT 
Santa Cruz Biotechnology; 1:5,000) or mouse monoclonal anti- 
tyrosine hydroxylase (TH; #T2928; Sigma;1:30,000;). After several 
rinses in TBST-5% milk, the membranes were incubated for 1 h in 

peroxidase conjugated anti-goatIgG (#107013; Jackson- 
Immunoresearch; 1:50,000) or peroxidase conjugated anti-mouseIgG 
(#115-035-146; Jackson-Immunoresearch; 1: 50,000). After process-
ing, each nitrocellulose membrane was reblotted for different sample 
loading markers: β-Actin (#A5441; Sigma; 1: 50,000) or α-Tubulin 
(#T6074; Sigma; 1: 30,000) in the case of whole protein extracts, plasma 
membrane Ca2+ ATPase 2 (PMCA2; #PA1− 915, Thermo Fisher; 
1:5,000) in the case of synaptosomal membranes, and calnexin in the 
case of cytosolic extracts (#4731, Sigma; 1: 4,000). Each TH and DAT 
immunoreactive band was compared with its loading control. Different 
protein quantities, antibody dilutions and exposure times were tested to 
establish their working range. Immunoreactive bands were visualized 
using enhanced chemiluminiscence (Immun-Star, #1705061; Bio-Rad, 
CA) and a Chemi-Doc imaging system (#12003153; Bio-Rad). The 
labelling densities were quantified using a densitometry software 
(Image Lab 5.2; Bio-Rad). A rectangle of uniform size and shape was 
placed over each band, and the density values were calculated by sub-
tracting the background at approximately 2 mm above each band. The 
origin of protein extract was blinded for the quantitative analysis of 
western-blot images. Data are expressed as a percentage of the mean 
labelling intensity in basal conditions ± SEM. 

2.6. Immunostaining 

Mice were deeply anaesthetized with an overdose of sodium pento-
barbital and transcardially perfused with heparinized ice-cold 0.9 % 
saline (20 mL) followed by 4% paraformaldehyde (#818715; Sigma) in 
phosphate buffered saline 0.1 M pH 7.4 (PBS, 50 mL). The brains were 
removed and stored overnight in the same fixative at 4 ◦C, cryoprotected 
in 30 % (w/v) sucrose -PBS solution and stored at –80 ◦C until pro-
cessing. Coronal sections (25 μm) were obtained with a freezing 
microtome (Thermo Fisher), collected in 6–8 parallel series and pro-
cessed for DAT immunohistochemistry [34,35]. Floating sections were 
immersed for 30 min in 3% H2O2 (#216763; Sigma) to inactivate 
endogenous peroxidase, and incubated for 60 min at room temperature 
(RT) in 4% normal donkey serum (#017-000-001; NDS, Jackson 
ImmunoResearch, West Grove, PA), or 4% normal goat serum 
(#005-000-001; NGS, Jackson ImmunoResearch) in PBS, containing 
0.05 % Triton X-100, and left overnight in PBS containing 2% NDS and 
goat anti-DAT polyclonal antibody (Santa Cruz Biotechnology; 1:2,000) 
or 2% NGS and mouse monoclonal anti-TH (Sigma; 1:10,000). After 
several rinses, the sections were incubated for 2 h in biotinylated donkey 
anti-goat antiserum (#705-065-143; Jackson ImmunoResearch; 1:1000) 
and 1:200 NDS, or goat anti-mouse antiserum (#115-065-003; Jackson 
ImmunoResearch; 1:1000) and 1:200 NGS in PBS, respectively. Immu-
noreactions were visible after incubation for 1 h at RT in 
ExtrAvidin-peroxidase (#E2886; Sigma; 1:200) in PBS, and after 10 min 
in 0.005 % 3′-3′-diaminobenzidine tetrahydrochloride (#D5637; DAB, 
Sigma) and 0.001 % H2O2 in PBS. The labeling intensity of striatal ter-
minals was quantified following the densitometry procedure previously 
described [40]. All sections were simultaneously processed using the 
same protocol and chemical reagents. Microscopic images were digita-
lized using a Leica DMR trinocular microscope (Leica Microsystems, 
Wetzlar, Germany). All microscopic and computer parameters were kept 
constant throughout the densitometric study. Square areas of 
100μm × 100μm were randomly selected in the dorsal striatum (8 areas 
per section, 6 sections 75 μm away from each other, and 5 mice per 
group). The labeling intensity was quantified using the ImageJ standard 
program (RRID: SCR_003070). The labeling of each area was defined as 
the index of light attenuation with respect to the background (neigh-
bouring corpus callosum) and expressed as a percentage of the 
mean ± S.E.M intensity (arbitrary units, range 0–255) in the control 
group. 

DAT- and DAT-D3R HEK cells were fixed in 4% paraformaldehyde in 
PBS for 20 min at RT. Thereafter, they were permeabilized with 0.3 % 
Triton X-100 in PBS containing 1% bovine serum albumin (#A1391; 
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BSA, Panreac, Barcelona, Spain) for 3 min at RT, rinsed in PBS, and 
incubated overnight at RT in PBS-containing 1% BSA and goat poly-
clonal anti-DAT (Santa Cruz Biotechnology). After incubation, the cells 
were rinsed in PBS and exposed to biotinylated donkey anti-goat anti-
serum (Jackson Immunoresearch; 1:200) followed by Cy3-conjugated 
streptavidin (#016− 160-084; Jackson Immunorsearch; 1:1000). After 
further washing, the coverslips were mounted with Vectashield 
Mounting Medium with DAPI (#0100− 20, Southernbiotech, Birming-
ham, AL). Control experiments in untransfected HEK cells or DAT-D3R 
HEK cells in which the primary antibody was omitted were immuno-
negative (see supplementary Fig.1A, B). Immunofluorescence was 
examined under a confocal laser scanning microscopy system (RRID: 
SCR_0168840; Olympus FV1000, Hamburg, Germany). The intensity of 
DAT immunofluorescent labelling was quantified using the ImageJ 
program. Twelve 220 μm x 220 μm fields of 70–80 % confluent cells 
were randomly selected from at least two coverslips of each experi-
mental condition from three different experiments. Images were ac-
quired at 60X (1024 × 1024 pixels), and 3 μm x 3 μm square areas 
including the plasma membrane (see Fig. 3 E) of at least 10 randomly 
selected cells per field were analyzed. The intensity of fluorescent la-
beling is expressed as a percentage of fluorescence intensity in the 
control group. 

2.7. RNA extraction and quantitative RT-PCR 

Mouse substantia nigrae were dissected and homogenized using a 
teflon dounce homogenizer (#7984; Sigma) in PureZol reagent 
(#7326890; BioRad). One microgram of RNA was DNase treated and 
reverse transcribed using iScript reverse transcriptase (#170-8890, 
BioRad) according to the manufacturer’s instructions. Next cDNA was 
used as a template for quantitative PCR SYBR dye ([95 ◦C, 3 min; 95 ◦C, 
15 s; 60 ◦C, 30 s] x40; iQ SYBR Green Supermix 2x, #1708880EDU; Bio- 
Rad). Reactions were run in CFX96 Real-time Detection System 
(#1855196; Bio-Rad). Primer sequences were as follows: mouse DAT, 
forward 5′-ATCAACCCACCGCAGACACCAGT-3′, reverse 5′- 
GGCATCCCGGCAATAACCAT-3′; mouse TH, forward 5′-CAGCTGGAG-
GATGTGTCTCA-3′, reverse 5′-GGCATGACGGATGTACTGTG-3′; mouse 
GADPH, forward 5′-AATGTGTCCGTCGTGGATCT-3′, reverse 5′- 
TGTTGAAGTCGCAGGAGACA-3′. Relative expression of target genes 
was calculated as previously described [41]. 

2.8. [3H]-DA uptake 

This procedure was performed in striatal synaptosomes and trans-
fected HEK cells. Synaptosomes and cell suspensions were obtained and 
homogenized in SBS as described for DAT expression in plasma mem-
branes. A range of temperatures (25− 35 ◦C), incubation times 
(5− 30 min) and striatal protein concentrations (0.2− 3 μg/μl) were 
checked in order to establish the working parameters in the linear 
ascending segment of the uptake curve. Fifty microliters of synapto-
somal suspension (0.5 μg total protein/μl in striatal samples, 1 μg total 
protein/μl in cells) were preincubated in assay buffer with or without 
the selective DAT inhibitor GBR 12,935 [42] (10 μM, 30 ◦C, 5 min; 
#G9659; Sigma;). Subsequently, 20 nM [3H]-DA (final concentration; 
#NET131250UC; PerkinElmer, Waltham, MA) was added to each tube. 
The total assay volume was 200 μl. After 10 min incubation at 30 ◦C, DA 
uptake was stopped by the addition of 200 μl of ice-cold assay buffer. 
The suspension was immediately filtered under vacuum through 
MultiScreen®- 0.45 μm hydrophilic filters (#MSBVN1210; Merck). The 
filters were washed twice with 200 μl of ice-cold assay buffer, excised 
and placed in scintillation vials containing 3 mL of liquid scintillation 
Cocktail (#L8286; Sigma), and stored overnight at RT. Accumulated 
radioactivity was quantified using a liquid scintillation counter (LKB 
Rackbeta 1214; Turku, Finland). Non-specific uptake, defined as the DA 
uptake in the presence of GBR 12,935, was subtracted from total uptake 
to define the DAT-mediated specific uptake. All assays were performed 

at least in triplicate. 

2.9. DAT immunoprecipitation 

DAT immunoprecipitation was performed both in mouse striata and 
DAT-D3R HEK cells. The striata of two mice were pooled and processed 
as a single sample for these experiments. Tissue was homogenized in 
1.5 mL ice-cold 10 mM HEPES, 0.32 M sucrose and 10 mM NEM 
(#E3876; Sigma) pH 7.4, and centrifuged (800 xg, 12 min, 4 ◦C). The 
supernatants were centrifuged at 22,000 xg, 15 min, 4 ◦C, and the 
resulting pellets resuspended in 100 μl M-PER. DAT-D3R HEK cells were 
harvested by adding cold PBS, centrifuged (1000 xg, 5 min) and resus-
pended in ice-cold IP buffer [20 mM HEPES pH7.6, 125 mM NaCl, 
glycerol 10 %, Triton X-100 1%, 1 mM EDTA, 1 mM EGTA (#E4378; 
Sigma), 10 mM NEM and protease-phosphatase inhibitors]. After 30 min 
at 4 ◦C of gentle shaking, the samples were centrifuged again (14,000 xg, 
5 min), the pellets were discarded, and the protein concentration was 
quantified in the supernatants. Aliquots of 15 ug proteins of each sample 
were used as input controls, and 2 mg proteins were pre-cleared using 
Protein A/G Plus-Agarose beads (#SC2003; Santa Cruz Biotechnology) 
and rat IgGs (#SC3883; Santa Cruz Biotechnology) for 1 h by gentle 
rocking. After centrifugation, the pre-cleared supernatants were incu-
bated with 6 μl rat monoclonal anti-DAT (Millipore) overnight at 4 ◦C in 
continuous shaking. Samples were centrifuged and incubated with new 
beads for 3 h. Immunocomplexes were precipitated by gentle centrifu-
gation. After extensive washing with IP buffer, immunoprecipitates were 
resuspended in 40 μl Laemmli’s buffer for 30 min at 37 ◦C, and centri-
fuged to collect bead-free supernatants. Samples were separated by 
electrophoresis in 10 % SDS-polyacrylamide gel and transferred to 
nitrocellulose. DAT immunoprecipitates were blotted for phosphoserine, 
ubiquitin, p62 and DAT using a mouse monoclonal anti-phosphoserine 
(#P3430; Sigma), a mouse monoclonal anti-ubiquitin (#SC8017; 
Santa Cruz Biotechnology; 1: 1000), a mouse monoclonal anti-p62 
(#864807; R&D Systems; 1:2,000), and a goat polyclonal anti-DAT 
(Santa Cruz Biotechnology; 1: 5,000) or a rat polyclonal anti-DAT 
(Millipore; 1: 3,000). Non transfected HEK cells and cerebellum, a 
brain region with very low DAT expression, were used as negative 
controls (see supplementary Figs. 1 and 2). 

2.10. In situ proximity ligation assays (PLA) 

PLA allows the detection of protein interactions using 
oligonucleotide-conjugated antibodies, ligation of oligonucleotides by a 
bridging probe in a proximity-dependent manner, rolling-circle ampli-
fication, and visualization by fluorescent probes. PLA was used as a 
complementary technique to co-immunoprecipitation to assess the ef-
fect of PPX on DAT-p62 interaction using the Duolink II in situ PLA 
detection kit (#DUO96010; Sigma). Following Alam et al. [43] and 
Lopez- Cano et al. [44], striatal sections (25 μm) were placed on glass 
slides and HEK cells were grown and fixed as described for immuno-
histochemistry. They were incubated for 1 h in a preheated humidity 
chamber at 37 ◦C with the blocking solution, and overnight at 4 ◦C with 
rabbit polyclonal anti-DAT (Sigma;1:200) and mouse monoclonal 
anti-p62 (R&D Systems; 1: 200) antibodies in the antibody diluent. After 
several rinses in Buffer A [150 mM NaCl, 10 mM Tris-HCl, pH 7.4, and 
0.05 % Tween20 (#P9416; Sigma)], sections were incubated (2 h, 37 ◦C) 
with PLA probes to detect rabbit and mouse antibodies (Duolink II plus 
PLA probe anti-rabbit, #DUO92002, and Duolink II minus PLA probe 
anti-mouse, #DUO92004; Sigma). Thereafter, samples were processed 
for ligation, amplification, and detection as described by the manufac-
turer. For negative controls, one of the primary antibodies was 
substituted by non-immune rabbit or mouse IgG, resulting in negative 
staining (see supplementary Fig.1B). Samples were mounted using the 
mounting medium with DAPI and examined under a confocal laser 
scanning microscopy system (Olympus). Images were acquired in 
Z-stack mode (10 μm total thickness, 5 z-steps). Fluorescent PLA 
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point-like signals were quantified by using the ImageJ standard pro-
gram. The analysis was performed in at least 24 striatal regions 
(100 μm x 100 μm) from 5 different mice per experimental group, and at 
least 20 HEK cell regions (100 μm x 100 μm) randomly selected from two 
coverslips of each experimental condition from three different experi-
ments. Values are expressed as the mean number of dots ± SEM per field. 

2.11. Statistics 

Data were plotted using the Graph Pad Prism 5 software (RRID: 
SCR_002798; San Diego, CA) and presented as mean ± SEM. The 

statistical tests are described throughout the text in each figure legend. 
Briefly, the unpaired t-test or Mann-Whitney U test was performed for 
parametric or non-parametric analysis, respectively. Either ANOVA 
followed by Tukey’s/Holm-Sidak multiple comparison test, or Kruskal- 
Wallis followed by Dunn’s multiple comparison test, were performed 
when more than two experimental groups were compared. Data from all 
experiments performed were included. A level of p < 0.05 was consid-
ered as critical for assigning statistical significance. 

Fig. 2. DAT down-regulation induced by pro-
longed PPX treatment is D3R-dependent. (A) DA 
uptake in the striatum of C57BL/6 J (left), 
D3RKO (middle) and D2RKO (right) mice 
treated with PPX (0.1 mg/kg/d, 6d). C57BL/6 J 
mice were also co-treated with the D3R antag-
onist NGB2904 (NGB; 1 mg/kg 30 min before 
PPX) or the D2R antagonist L741626 (1 mg/kg 
30 min before PPX), n = 5 mice per condition. 
The decrease in DA uptake induced by PPX in 
C57BL/6 J mice (p < 0.05 vs. Vehicle) is 
reversed by co-treatment with NGB2904 
(p < 0.05 vs. PPX; p = 0.69 vs. Vehicle) but not 
by L741626 (p < 0.05 vs. Vehicle). Further-
more, DA uptake is decreased in D2RKO mice 
treated with PPX (p < 0.05 vs. Vehicle) but not 
in D3RKO mice (p = 0.54 vs. Vehicle; Kruskal- 
Wallis test followed by Dunn’s multiple com-
parison test). (B-D) Western-blot for DAT in the 
striatum of C57BL/6 J (B, C; n = 5 mice per 
condition) and D3RKO mice (D, n = 4 mice per 
condition) treated with PPX (1 mg/kg/d, 6d). 
C57BL/6 J mice were also co-treated with NGB 
(B) or L741626 (C). The decrease in DAT 
expression induced by PPX in C57BL/6 J mice 
(p < 0.05 vs. Vehicle) is not observed in C56BL/ 
6 J mice co-treated with NGB2904 (p = 0.87 vs. 
Vehicle) and in D3RKO mice (p = 0.82 vs. 
Vehicle), but is maintained in C57BL/6 J mice 
co-treated with L741626 (p < 0.05 vs. Vehicle; 
Kruskal-Wallis test followed by Dunn’s multiple 
comparison test). Data are presented as 
means ± SEM. β-act, β-actin.   
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3. Results 

3.1. Prolonged pramipexole treatment promotes a D3R-dependent DA 
uptake decrease and DAT down-regulation 

C57BL/6 J mice were treated with different doses (0.05–1.5 mg/kg) 
of the D2R/D3R agonist pramipexole (PPX) in two different regimens, 
acute (a single intraperitoneal injection and sacrifice 30 min later) and 
prolonged (the same treatment for six days and sacrifice on day seven). 
As shown in Fig. 1A, acute treatment with PPX at doses ≥ 0.1 mg/kg 
promotes a DA uptake increase ranging between 29–41 %. But when 
PPX treatment was prolonged, DA uptake decreased 23–36 % with 
respect to vehicle treated mice (Fig. 1B). Furthermore, as shown by 
western-blot (Fig. 1C, D) and immunohistochemistry (Fig. 1E, F), the 
striatal levels of DAT protein were significantly reduced in mice 
receiving ≥1 mg/kg PPX, whereas the levels of striatal tyrosine hy-
droxylase (TH, the dopamine limiting enzyme, and a marker of dopa-
minergic neurons), and nigral TH and DAT mRNAs were preserved 
(Fig. 1G). The finding of an increase in DA uptake in response to acute 
PPX treatment agrees with previous studies in rodents supporting a role 
of D2 and D3 autoreceptors in acute modulation of extracellular DA 
levels through DAT [15,16,45–47]. However, the results here further 
indicate that after 6 days of treatment with PPX doses of 
0.1− 1 mg/kg/d, which are human equivalent doses [48] within the 
therapeutic range used in Parkinson’s disease (0.45–4.5 mg/d [49]), 
PPX causes a decrease in striatal DA uptake and DAT down-regulation. 

Inasmuch as both D2R and D3R are expressed in presynaptic neurons, 
the next step was to study whether this effect is mediated by D2R and/or 
D3R. PPX also has affinity for D4R [50], but the evidence that D4R is not 
expressed in the nigrostriatal system [12] rules out its participation in 
this phenomenon. It should be noted that although PPX has a higher 
affinity for D3R than for D2R, its Kd for D2R is not more than 5–7 fold 
higher than for D3R [50,51]. Furthermore, D2R expression in the mes-
ostriatal system is about one order of magnitude higher than that of D3R 
[52]. Therefore, to establish a PPX dose that is selective for one receptor 
or the other is highly problematic [53,54]. In order to overcome this 
issue, one of the receptors must be inactivated by pharmacological 
blockade or receptor knocking down. So, experiments were performed 
in C57BL/6 J mice treated with PPX and a selective D2R or D3R antag-
onist, and in D2RKO and D3RKO mice. As shown in Fig. 2A, the decrease 
in DA uptake induced by 6 days of treatment with 0.1 mg/kg/d PPX in 
C57BL/6 J mice was reversed by co-treatment with the selective D3R 
antagonist NGB2904 (1 mg/kg i.p. 30 min before PPX) but not by 
co-treatment with the D2R antagonist L741,626 (1 mg/kg s.c. 30 min 
before PPX). For the study of PPX effects in D2RKO and D3RKO mice, we 
first analysed the impact of D2R and D3R deficiency in basal DA uptake. 
A comparative analysis between D2RKO and D3RKO and their WT 

littermates (C57BL/6 J mice in the case of D3RKO mice) shows that basal 
DA uptake is significantly lower in D3RKO (p < 0.01), and in D2RWT and 
D2RKO mice (p < 0.001) than in C57BL/6 J mice, with no differences 
between D2RWT and D2RKO mice (p = 0.27; see supplementary 
Fig. 2A). These findings suggest differences in DA handling between the 
genetic background of D2RKO and D3RKO, and that D3R deficiency, but 
not D2R deficiency, affects basal DAT uptake. On the other hand, after 
prolonged PPX treatment (0.1 mg/kg/d, 6d), DA uptake was decreased 
in D2RKO but not in D3RKO mice (Fig. 2A). With respect to striatal DAT 
protein levels, no differences were detected between strains, and be-
tween WTs and KOs (supplementary Fig. 2B), but consistent with that 
found in DA uptake, the decrease in DAT expression observed after 
prolonged treatment with 1 mg/kg PPX in C57BL/6 J was prevented by 
co-treatment with NGB2904 (Fig. 2B) but not by co-treatment with 
L741,626 (Fig. 2C), and was not observed in D3RKO mice (Fig. 2D). 
Taken together, these data indicate that the decline in DA uptake and 
DAT expression observed after prolonged PPX treatment is mediated by 
D3R but not by D2R. 

To confirm these findings, additional experiments were performed in 
DAT- and DAT-D3R-transfected HEK cells. The PPX doses having effects 
on DAT activity were determined by assessing [3H]-DA uptake in DAT- 
D3R HEK cells treated with 0.1− 100 μM PPX for 5 min (Fig. 3A). Bearing 
in mind studies showing that [3H]-DA signal in DAT-D3R overexpressing 
cells can arise in part from the binding of the radioligand to D3R [20] the 
specific basal [3H]-DA uptake (controls) was determined by blocking 
D3R with a saturating concentration of NGB2904 (10 μM) before incu-
bation in [3H]-DA. A significant increase in DA uptake (32 %, p < 0.01 
vs. vehicle; Fig. 3A) was detected at a PPX concentration ≥10 μM. Thus, 
like previous studies on DAT regulation in DAT-D2R or DAT-D3R 
co-transfected cells [19,21,22], a concentration of 10 μM was used 
throughout the study. Consistent with that observed in mice, this dose of 
PPX promoted a progressive increase of DA uptake during the first 
30 min, reaching 151 % of basal levels (p < 0.001 vs. vehicle), but after 
90 min of treatment, it declined to 69 % of basal levels (p < 0.05 vs. 
vehicle; Fig. 3B). No changes were detected in cells only transfected with 
DAT (Fig.3C). 

Following previous studies on DAT expression regulation in DAT 
overexpressing cells [55–57], for the study of PPX effects on DAT protein 
levels, DAT and DAT-D3R transfected cells were pretreated with the 
protein synthesis inhibitor cycloheximide (CHX, 20 μM, 45 min, 37 ◦C) 
to avoid the contribution of newly synthesized DAT in the results. As an 
effect of protein synthesis blockade (CHX treatment), the immature 
(non-glycosylated, 50 kDa) DAT form virtually disappears in whole ex-
tracts of both DAT-D3R- and DAT-HEK cells, without changes in the 
mature (glycosylated, 75 kDa) form (Fig. 3D, lanes 3 and 4; E). After 
adding PPX (10 μM, 90 min), a decrease of mature DAT (51 %; p < 0.01 
vs. Vehicle) was evident in DAT-D3R cells (Fig. 3D, left, lanes 5 and 6; E), 

Fig. 3. DAT is down-regulated by prolonged D3R activation in DAT-D3R HEK cells. (A) Immunofluorescence for DAT in DAT-EGFP-D3R transfected HEK cells and DA 
uptake after treatment with 0.1-100 μM PPX for 5 min. DA uptake increases after 5 min of treatment with PPX doses ≥ 10 μM (p < 0.01 vs. Vehicle; ANOVA followed 
by Dunnett’s multiple comparison test; F = 13.22; n = 6 samples per experimental condition). (B, C) DA uptake in DAT-D3R- and DAT-HEK cells treated with 10 μM 
PPX for 5, 30 and 90 min. Since [3H]-DA signal in DAT-D3R overexpressing cells can arise in part from the binding of the radioligand to D3R [20], the basal [3H]-DA 
uptake was determined by blocking D3R with 10 μM NGB2904 (NGB). The increase in DA uptake reaches 151 % after 30 min of treatment (p < 0.001 vs. Vehicle) and 
decreases to 69 % of controls when the treatment is prolonged for 90 min (p < 0.05 vs. Vehicle; ANOVA followed by Dunnett’s multiple comparison test; F = 43.86; 
n = 6 samples per experimental condition). No changes are detected in DAT-HEK cells (p = 0.61). (D-G) Western-blot (D, E) and immunofluorescence (F, G) for DAT 
in DAT-D3R- and DA-HEK-cells treated with the protein synthesis inhibitor cycloheximide (CHX; 20μM, 45 min) and CHX + PPX (10μM, 90 min). (H, I) Western-blot 
and immunofluorescence for DAT in DAT-D3R HEK cells treated with CHX and CHX+7− OH-DPAT (0.1μM, 90 min). Western-blot (D) shows that non-glycosylated 
(immature, 50 kDa) DAT virtually disappears after CHX treatment in both DAT-D3R- and DAT-HEK cells (compare lanes 1 and 2 with 3 and 4). Under these con-
ditions, the addition of PPX (D, E) or 7-OH-DPAT (H) provokes a significant decrease in the expression of glycosylated (mature, 75 kDa) DAT in DAT-D3R cells (♯ 
p < 0.01 vs. CHX; compare lanes 3 and 4 with 5 and 6 in D (left), and lanes 1 and 2 with 3 and 4 in H) but not in DAT cells (p = 0.24 vs. CHX; compare lanes 3 and 4 
with 5 and 6 in D, right). The intensity of labelling in DAT immunofluorescence (F, G, I) is also substantially reduced after CHX treatment in both cells. The addition 
of PPX (CHX + PPX) or 7-OH-DPAT (CHX + 7OHDPAT) provokes an additional labelling decrease in DAT-D3R HEK cells but not in DAT-HEK cells. ♯ p < 0.01 vs. CHX; 
ANOVA followed by Dunnett’s multiple comparison test, F = 10.80, n = 6 samples per experimental condition in E. ANOVA followed by Dunnett’s multiple com-
parison test, F = 42.20, n = 6 samples per experimental condition in G. t test, t = 7.20, n = 6 samples per experimental condition in H. ANOVA followed by Dunnett’s 
multiple comparison test, F = 37.53, n = 7 samples per experimental condition in I. Data are presented as means ± SEM. β-act, β-actin. Boxed area in F represents a 
square region used for the quantitative analysis of DAT immunofluorescence (see Methods section). Bar in A, F and I, 10 μm. 
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but not in HEK cells expressing only DAT (Fig. 3D, right, lanes 5 and 6; 
E). This PPX effect was also detected by immunofluorescence. CHX 
promoted an initial decrease of DAT immunolabelling in both DAT-D3R 
and DAT cells, but PPX caused an additional immunolabelling decrease 
only in DAT-D3R HEK cells (compare CHX and CHX-PPX; p < 0.01 vs. 
CHX, Fig.3F, G). Similar effects were obtained with 7-OH-DPAT, another 
D2R/D3R agonist with preferential affinity for D3R. Following Everett 
and Senogles [37], 7-OH-DPAT was used at a concentration of 0.1 μM. 
After 90 min of treatment, 7-OH-DPAT also induced a decline of DAT 
expression in DAT-D3R HEK cells pretreated with CHX (p < 0.01 vs. 

CHX; Fig. 3H, I). In sum, these findings indicate that prolonged D3R 
stimulation promotes a decrease in DA uptake and DAT 
down-regulation. 

3.2. DAT is phosphorylated and ubiquinated in response to prolonged D3R 
stimulation 

Previous studies indicate that DAT activity is strongly regulated by 
phosphorylation and ubiquitination. While phosphorylation of threo-
nine at residue 53 in the N terminal tail has been associated to an 

Fig. 4. Prolonged D3R stimulation promotes 
DAT phosphorylation and ubiquitination. 
Immunoprecipitation for DAT (IP-DAT) and 
immunoblotting for phosphoserine (pSer), 
Ubiquitin (Ub) and DAT in mouse striata (A) 
and DAT-D3R HEK cells (B). IgG in A refers to 
control immunoprecipitation using non- 
immune IgG. Untransfected HEK cells were 
used as controls (lane 4) in B. Mice were treated 
with 0.1 mg/kg PPX for 6 days, and cells with 
10 μM PPX for 60 and 180 min. The amount of 
pSer and Ub immunoprecipitated with DAT in-
creases after 6 days of PPX treatment in mice 
(p < 0.001 vs. Vehicle; Mann Whitney test; 
n = 4 independent striatal samples per experi-
mental condition), and after 180 min of PPX 
treatment in HEK cells (p < 0.05 vs. Vehicle; 
Kruskal-Wallis test followed by Dunn’s multiple 
comparison test; n = 4 cell culture preparations 
per experimental condition). Data are presented 
as means ± SEM. β-act, β-actin; α-tub, α-tubulin.   
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increase in DA transport and amphetamine-induced DA efflux [58], 
phosphorylation at serine residues at the distal end of the N-terminus is 
associated to DAT internalization and a decline in DA uptake [4]. On the 
other hand, ubiquitination promotes internalization and lysosomal DAT 
degradation [9,56,59]. The finding of a decrease in DAT activity and 
protein levels without changes in DATmRNA suggests that DAT may 
undergo phosphorylation at serine residues, ubiquitination and lyso-
somal degradation in response to prolonged PPX treatment. DAT phos-
phorylation and ubiquitination were studied using immunoprecipitation 
in mouse striata and DAT-D3R HEK cells. Bearing in mind that at a dose 
of 1 mg/kg/d, PPX produces a significant decrease of DAT protein in 
whole striatal extracts of mice (Fig.1C-F), in these experiments, mice 
were treated with 0.1 mg/kg/d PPX, because this dose reduces DA up-
take without altering total DAT protein levels. Immunoprecipitation 
showed that after 6 days of treatment, the relative amount of phos-
phorylated and ubiquitinated DAT was substantially increased in mouse 
striata (p < 0.001 vs. vehicle; Fig. 4A, lanes 4 and 5). This effect was also 
observed in DAT-D3R cells. Immunoprecipitation at different times of 
PPX treatment revealed a significant increase in the amount of pSer and 
Ub immunoprecipitaed with DAT at 180 min (Fig. 4B, supplementary 
Fig. 2C). 

The increase in DAT ubiquitination suggests that it is also internal-
ized in response to prolonged D3R stimulation. Consistent with the acute 
increase in DA uptake (see Fig.1A), the analysis of DAT protein in bio-
tinylated membranes of striatal synaptosomes of mice receiving a single 
dose of 0.1 mg/kg PPX revealed a discrete but significant increase of 
DAT at the surface of dopaminergic terminals (Fig. 5A; p < 0.01 vs. 
vehicle). However, after six days of treatment with the same PPX dose no 
changes in DAT membrane levels were detected (Fig. 5A). Therefore, 
despite the decrease in DA uptake and the increase in DAT ubiquitina-
tion (see Fig. 1B and 4A), the absence of subcellular changes at this PPX 
dose, suggests that mechanisms underlying D3R regulation of DAT in the 
striatum may differ depending on the agonist dose. Contrasting with 
mouse striata, the dynamics of DAT subcellular distribution in DAT-D3R 
HEK cells closely matched DA uptake (see Fig.3B). Experiments per-
formed in HEK cells untreated with CHX show that DAT levels increase 
in the plasma membrane (biotinylated fraction) during the first 30 min 
of PPX treatment (Fig.5B). However, after 90 min of treatment, DAT 
levels were decreased in the plasma membrane and increased in the 
cytosolic compartment (non-biotinylated fraction, Fig. 5B). In this 
context, it should be mentioned that during its internalization, DAT is 
accumulated in early and recycling endosomes when it is recycled back 
to the plasma membrane, or in late endosomes when it is delivered to 
lysosomes to be degraded [60–63]. On the other hand, p62 (seques-
tosome 1) is a multifunctional adaptor with an ubiquitin-associated 
domain that interacts with ubiquitinated cargoes on their way to lyso-
somes [64–66]. Furthermore, p62 is present in late endosomes and ly-
sosomes but not in early and recycling endosomes [67,68]. So, the 
evidence of an interaction between DAT and p62 strengthens the idea 
that DAT is degraded by lysosomes in response to prolonged D3R acti-
vation. The effect of PPX on DAT-p62 interaction was assessed using 
co-immunoprecipitation and PLA in DAT-D3R HEK cells. As shown in 
Fig. 5C and supplementary Fig. 2C, the amount of p62 immunoprecip-
itated with DAT increases at 180 min of treatment (p < 0.05 vs. vehicle). 
Likewise, the number of DAT-p62 PLA dots also increased (p < 0.01 vs. 
vehicle) after 180 min of PPX treatment (Fig. 5D). In sum, the decrease 
in total protein levels without changes mRNA, together with its ubiq-
uitination and interaction with p62, indicate that DAT is degraded by 
lysosomes in response to prolonged D3R stimulation. 

3.3. D3R induced DAT down-regulation is PKC-dependent 

It is known that protein kinase C (PKC) plays a central role in DAT 
phosphorylation [69] and ubiquitination [59], and that PKC-mediated 
ubiquitination accelerates DAT internalization and degradation [56, 
57]. Therefore, PKC might also be involved in PPX-induced DAT 

down-regulation. This possibility was studied in DAT-D3R HEK cells 
using different PKC inhibitors. As shown in Fig. 6A, the pan-PKC in-
hibitor bisindolylmaleimide IV (BIM; 1μM, 30 min) prevented the 
decrease in glycosylated DAT induced by PPX (compare lanes 7, 8 and 
910) as BIM does with the direct PKC activation by phorbol myristate 
acetate (PMA; see lanes 3–6). Furthermore, as reflected by immuno-
precipitation and PLA, BIM prevented DAT phosphorylation and ubiq-
uitination, and DAT-p62 interaction induced by PPX (Fig. 6B, C). DAT 
expression was also analyzed using inhibitors more selective for con-
ventional PKC isoforms. The decrease of glycosylated DAT was blocked 
by Gö6976 (15 nM, 30 min), which inhibits PKCα and PKCβI (Fig. 6D), 
and CGP53353 (1.5 μM, 30 min), which inhibits PKCβI and PKCβII 
(Fig. 6E). These data indicate that PKC, and particularly PKCβ, takes part 
in D3R-mediated DAT down-regulation. 

4. Discussion 

The results here indicate that acute D2R/D3R agonist treatment 
promotes DAT recruitment to the plasma membrane and an increase of 
DA uptake, but when this treatment is prolonged, DAT is phosphory-
lated, ubiquitinated and degraded, with the subsequent decline of DA 
uptake. This effect is mediated by D3R through a PKCβ-dependent 
mechanism (see Fig.7). 

We know that D2 and D3 autoreceptors act as sensors of extracellular 
DA concentrations, regulating DA synthesis and release [13,70,71]. 
Studies in rodent striata [15–18] and using heterologous expression 
[19–21] show that the modulatory action of D2 and D3 autoreceptors on 
extracellular DA levels is, in part, exerted by DAT. The above studies 
report that DA uptake increases in response to an acute activation of D2 
and D3 autoreceptors, although the mechanisms underlying this effect 
seem to be different for each receptor. D2R expression by itself promotes 
DAT recruitment to the plasma membrane and physical interaction be-
tween D2R and DAT that result in an increase of DA uptake [20]. 
Furthermore, its stimulation activates PKC and ERK signalling that also 
lead to DAT recruitment to the plasma membrane and increased DA 
uptake [18,19,21]. D3R expression by itself does not affect DAT sub-
cellular distribution and activity, but its acute stimulation activates PI3K 
and MAPK signalling that promotes DAT recruitment to the plasma 
membrane and an increase in DA uptake [22]. The findings here confirm 
the cooperative action of D3R with D2R in modulating short-time in-
creases of extracellular DA, but also indicate that after prolonged D3R, 
but not D2R, stimulation, DAT is phosphorylated, ubiquitinated and 
degraded, with DA uptake decreasing below basal level. Therefore, 
although both receptors display a high degree of sequence homology 
[72], share signalling pathways [11], and probably form heterodimers 
[73], unlike D2R, D3R regulates DAT in a biphasic way. 

Experiments supporting the results here were performed in DAT- and 
DAT-D3R transfected HEK cells, and D3RKO, D2RKO and WT mice. As 
previously reported [74,75], basal DA uptake was not affected by D2R 
delection, but it was reduced in D3RKO mice. Data about the impact of 
D3R delection on basal DAT activity differ from one study to another. 
Whereas Le Foll et al. [76] reported that basal DA uptake is increased in 
D3RKO mice, Joyce et al. [77] found that it is reduced, and Zapata et al. 
[15] found no differences between WT and D3R deficient mice. Our 
results agree with those by Joyce et al. [77], showing that basal DA 
uptake is lower in D3RKO than in WT mice. It should be noted that D3R 
has the highest affinity for DA among dopamine receptors [78], and that 
at a resting DA concentration of 5 nM, the estimated occupancy of D3R is 
56 % while that of D2R is 13 % [79]. So, it is possible that in absence of 
D3R, DAT becomes insensitive to small changes in extracellular DA 
levels, leading to the elevated levels of extracellular DA found in D3RKO 
mice [80–82], but not in D2RKO mice [74]. 

The decline in DA uptake and DAT protein levels in response to 
prolonged PPX treatment, as well as DAT phosphorylation and ubiq-
uitination, and the D3R-dependence of these effects were demonstrated 
in both HEK cells and mice. However, while the decrease in DA uptake 

D. Luis-Ravelo et al.                                                                                                                                                                                                                            



Pharmacological Research 165 (2021) 105434

11

(caption on next page) 

D. Luis-Ravelo et al.                                                                                                                                                                                                                            



Pharmacological Research 165 (2021) 105434

12

correlated with DAT subcellular redistribution and degradation in HEK 
transfected cells, PPX doses <1 mg/kg/d produced a DA uptake decrease 
and DAT phosphorylation and ubiquitination in mouse striata, but no 
changes in DAT subcellular distribution and total expression. This agrees 
with previous data showing that, at low doses, PPX causes changes in 
striatal DAT proteome but not in its trafficking [23]. It should be noted 
that the turnover of DAT in the rodent striatum is very slow [83]. So, 
slight decreases in DAT expression due to an increase DAT degradation, 
as suggested by the evidence of DAT ubiquitination at a PPX dose of 
0.1 mg/kg/d, might be not detected by Western Blot. Another possibility 
is that in its constitutive expression, DAT is subjected to interactions 
with presynaptic proteins, not evident in transfected cells, which 
determine dose-dependent differences in the mechanisms underlying 
the modulatory effect of D3R agonists. In this respect, recent studies 
indicate that palmitoylation at cysteine residues exerts opposite effects 
to serine phosphorylation in DAT stability, and that palmitoylation and 
phosphorylation are reciprocally regulated [84]. So, the balance be-
tween both posttranslational modifications might underlie the decline of 
DAT activity without changes in its distribution. Previous studies show 
that single and repeated administration (4 injections in 6 h) of 
amphetamine and methamphetamine also cause a decrease in DA up-
take without changes in the subcellular distribution and total DAT levels 
in rat and mouse striata [85,86]. However, in the case of repeated 
methamphetamine injections, total DAT levels are reduced one week 
after treatment [87,88]. This DAT decrease is due to the neurotoxic ef-
fect of methamphetamine as revealed by the concomitant depletion of 
striatal tyrosine hydroxylase (TH), the limiting enzyme in DA synthesis 
and a marker of dopaminergic terminals [88–90]. On the other hand, in 
infantile parkinsonism-dystonia associated with loss-of-function muta-
tions of the gene encoding DAT [91,92], patients suffer a dramatic 
reduction of DAT which leads to dysregulation of DA synthesis and 
metabolism, resembling that observed in DATKO mice [93]. While 
extracellular levels of DA and its degradation are increased [91–93], TH 
expression and total levels of striatal DA are very low [93], which is the 
probable cause of parkinsonism in these patients. Unlike methamphet-
amine and DAT gene mutations, striatal levels of TH protein and 
midbrain levels of TH and DAT mRNAs are preserved in DAT 
down-regulation induced by PPX, indicating that the mesostriatal 
pathway is intact. This, together with the evidence of DAT phosphory-
lation and ubiquitination, suggests that as happens in HEK transfected 
cells, striatal DAT is degraded in response to prolonged D3R stimulation. 

Although diverse kinases can recognize serine and threonine residues 
at and near the N-terminal domain of DAT [58,94], PKC activity is 
nowadays regarded as a critical player in different aspects of DAT traf-
ficking [4,57,95–97]. Interestingly, previous reports indicate that PKC is 
involved in D2R-DAT interaction and D2R-stimulated DAT recruitment 
to the plasma membrane [18,21], but not in the acute increase of DAT 
activity induced by D3R activation [22]. The results here show that 
unlike the acute effect, DAT down-regulation induced by prolonged D3R 

stimulation is PKC-dependent. The decrease in total DAT protein as well 
as its phosphorylation, ubiquitination and p62 conjugation were 
inhibited by the pan-PKC inhibitor BIM. Down-regulation was also 
inhibited by two other inhibitors, CGP53353 and Gö6976, more selec-
tive for βI and βII isoforms, supporting the participation of these con-
ventional PKC isoforms. Despite this evidence, previous studies show 
that mutation of all consensus serines and threonines in DAT does not 
prevent its PKC-induced internalization [69]. So, it is possible that this 
and subsequent steps in DAT degradation may involve kinase actions on 
other components of the DAT multiprotein complex. DAT interactome 
includes presynaptic proteins such as syntaxin 1A, parkin, α-synuclein, 
D2R, and the E3 ubiquitin ligase NEDD4− 2 [8,9]. Using RNA interfer-
ence analysis, Sorkina et al. [98] found that NEDD4− 2 is essential for 
DAT ubiquitination and internalization, and that NEDD4− 2 is activated 
by PKC. DAT also interacts with the tyrosine kinase Ack1, which acts as a 
DAT stabilizer at the plasma membrane. This interaction is broken by 
PKC promoting DAT endocytosis [99]. Previous studies show that DAT 
protein-protein interactions are modified by prolonged PPX treatment, 
promoting physical interaction between DAT and D3R [23]. It should be 
mentioned that unlike D2R and other GPCRs, whose internalization is 
associated with GPCR kinase (GRK) and β-arrestin, D3R internalization 
and degradation are mediated by PKC [100,101]. Thus, different com-
ponents of the DAT proteome, including D3R itself, could also be a target 
of conventional PKC activation in response to prolonged D3R 
stimulation. 

The fact that extracellular and intracellular concentrations of DA 
were controlled by DAT makes DAT an interesting target for therapeutic 
interventions in psychiatric disorders where dopaminergic signaling is 
altered, and in Parkinson’s disease, where, besides the decline of 
dopaminergic transmission, DA metabolism may contribute to cell 
degeneration [5,30,102]. Nowadays, DAT modulation is mostly targeted 
at the treatment of ADHD, stimulant abuse and depression by using 
direct DAT inhibitors [29,103]. Direct DAT inhibitors, such as bupro-
pion and methylphenidate, have also been tested in Parkinson’s disease 
patients and nonhuman primate models, but their antiparkinsonian ef-
ficacy remains uncertain [104]. The results here indicate that DA uptake 
may also be pharmacologically modulated through an autocrine mech-
anism involving the G protein-coupled D3 autoreceptor. The involve-
ment of G protein-coupled receptors in the regulation of Na+ and 
Cl− -dependent neurotransmitter transporters was first supported by the 
finding of an increase in 5 H T transport following adenosine and his-
tamine receptor activation [105,106]. Further studies have also re-
ported NET and GAT1 redistribution from the cellular surface to the 
intracellular compartment in response to activation of different G 
protein-coupled receptors [107,108]. Here we show that besides inter-
nalization, as described for these Na+ and Cl− -dependent neurotrans-
mitter transporters, DAT is also ubiquitinated and degraded in response 
to D3R activation. 

The finding of a slower loss of mesotriatal terminals in parkinsonian 

Fig. 5. D3R activation initially promotes an increase and thereafter a decrease of DAT in the plasma membrane and accumulation in late endosomes. (A) Western- 
blot for DAT in the plasma membrane and whole protein extracts of mouse striatal synaptosomes of mice treated with 0.1 mg/kg PPX. Plasma membrane DAT 
(pmDAT) expression was normalized to plasma membrane Ca2+ ATPase 2 (PMCA2) and expressed as a percentage of the pmDAT/total DAT ratio in vehicle. This ratio 
increases 30 min after a single PPX injection (p < 0.05 vs. Vehicle; ANOVA followed by Dunnett’s multiple comparison test, F = 10.87; n = 6 mice per condition). No 
changes are detected after prolonged treatment in plasma membranes and whole protein extracts. (B) Western-blot for DAT in the plasma membrane (biotyn bound, 
pmDAT), cytosolic fraction (biotyn unbound, CytDAT) and whole extracts of DAT-D3R HEK cells treated with 10 μM PPX for 30 and 90 min. CytDAT was normalized 
to calnexin (CNX) and expressed as a percentage of the CytDAT/total DAT ratio in vehicle. Plasma membrane DAT (pmDAT) levels transiently increase at 30 min of 
PPX treatment (p < 0.05 vs. Vehicle) and thereafter (at 90 min) decrease (p < 0.05 vs. Vehicle), coinciding with an increase of CytDAT levels (p < 0.05 vs. Vehicle; 
ANOVA followed by Holm-Sidak’s multiple comparison test; n = 3 independent cell cultures per experimental condition in membrane and cytosolic fractions; n = 6 
independent cell cultures per experimental condition in whole extracts). No changes were found in whole extracts. (C) Immunoprecipitation for DAT (IP-DAT) and 
immunoblotting for p62 and DAT in DAT-D3R HEK cells treated with 10 μM PPX for 60 and 180 min and in untransfected HEK cells (lane 4). The large arrow indicates 
62 kDa; the small arrow indicates the heavy chain (50 kDa) of the primary antibody used for immunoprecipitation. The amount of p62 co-immunoprecipitated with 
DAT increases at 180 min of PPX treatment (p < 0.05 vs. Vehicle; ANOVA followed by Holm-Sidak’s multiple comparison test; n = 4 independent cell cultures per 
experimental condition). (D) PLA for DAT and p62 in DAT-D3R HEK cells treated with 10 μM PPX. The number of PLA signals increases after 180 min of treatment 
(p < 0.01 vs. Vehicle; Mann Whitney test; n = 6 independent cell samples per experimental group). Data are presented as means ± SEM. β-act, β-actin; α-tub, 
α-tubulin; CNX, calnexin; PMCA2, Plasma membrane Ca2+ATPase. Bar in D, 10 μm. 
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patients treated with PPX or ropinirole in comparison with those treated 
with L-dopa has suggested that D2R/D3R agonists have neuroprotective 
effects on dopaminergic neurons [24,25]. This idea is also supported by 
experimental reports showing that treatment with D2R/D3R agonists 
reduces the cell loss induced by neurotoxins [26,109]. Further studies 
report that D2R/D3R agonist neuroprotection is associated with D3R 
rather than D2R actions [24–26110,111], and that D2R-DAT interaction 
can even contribute to the vulnerability of DA cells. For example, 
neurotoxic effects of methamphetamine and MDMA on dopaminergic 
neurons are reduced by genetic inactivation of D2R in mice [34] or 
pharmacological blockade in rats [85], and disruption of D2R-DAT 
interaction prevents the neurotoxic effect of dopamine in SH-SY5Y cells 
[112]. Thus, the increase in cytosolic DA resulting from the interaction 
between D2R and DAT may contribute to dopaminergic cell vulnera-
bility. Conversely, as the results here show, prolonged D3R stimulation 
may have a neuroprotective effect by reducing cytosolic levels of DA 
through its inhibitory effect on DAT. On the other hand, based on the 
dopamine hypothesis of bipolar and major depressive disorders [5,30], 
D2R/D3R agonists have been assayed as adjunctive treatment in 
depression [29,103]. There are data suggesting that PPX reduces 
depressive symptoms and increases the rate of clinical remissions [27, 
28]. The results here indicate that presynaptic D3R-DAT interaction can 
also potentiate striatal dopaminergic transmission and account for the 
antidepressant effect of D3R agonists. 

In sum, prolonged activation of D3 autoreceptors promotes phos-
phorylation, ubiquitination and degradation of DAT through a PKCβ- 
dependent mechanism. This effect offers an alternative to DAT inhibitors 
in DA uptake modulation, and can underlie the neuroprotective and 

antidepressant actions reported for some D2R/D3R agonists in Parkin-
son’s disease and bipolar depression, respectively. In contrast to D3, D2 
autoreceptors may reinforce DAT activity, contributing to the vulnera-
bility of dopaminergic cells to dopamine and recreational drugs. Dif-
ferences between D2R and D3R on DAT regulation highlight the need for 
the design of D3R-selective agonists. Although some moderately selec-
tive D3R agonists have been identified, the high sequence homology 
between D2R and D3R [87] is still a major obstacle in this challenge. An 
additional complication arises from the fact that GPCRs can act through 
G protein-dependent and G protein-independent pathways, each of 
which recruits different downstream signaling molecules resulting in 
different functional effects [113,114]. Although physiological functions 
of DA require the integrity of both pathways [115], overactivation of 
multiple pathways under pathological conditions can lead to adverse 
effects [116]. The search for receptor- and pathway-selective ligands 
shows that some D3R agonists have biased signaling through the 
G-protein dependent pathway and efficacy against L-dopa induced 
dyskinesia in animal models of Parkinson’s disease [117]. Advances in 
structural biology and the use of high-throughput screening will help 
towards finding more D3R selective agonists efficient in DAT 
modulation. 
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Fig. 6. DAT degradation induced by D3R activation is PKC-dependent. (A) Western-blot for DAT in DAT-D3R HEK cells treated with CHX (20μM, 45 min) and PPX (10 
μM, 180 min). Bisindolylmaleimide IV (BIM, 1μM, 30 min before PPX) was used as PKC inhibitor, and phorbol myristate acetate (PMA, 1μM, 180 min) as positive 
control of PKC activation. BIM prevents the decrease in DAT expression induced by PMA (compare lanes 3 and 4 with 5 and 6) and PPX (compare lanes 7 and 8 with 9 
and 10). *p < 0.05 vs. Vehicle, **p < 0.05 vs. PMA, ♯ p < 0.05 vs. PPX; Kruskal-Wallis test followed by Dunn’s multiple comparison test; n = 6 independent cell 
samples per experimental group. (B) Immunoprecipitation for DAT (IP-DAT) and Western-blotting for phosphoserine (pSer), ubiquitin (Ub), p62 (p62) and DAT 
(DAT) in DAT-D3R HEK cells. BIM (BIM-PPX) prevents DAT phosphorylation and ubiquitination, and DAT-p62 interaction induced by PPX (n = 3 independent cell 
cultures per experimental condition). (C) PLA for DAT and p62 in DAT-D3R HEK cells. The increase in the PLA signal number induced by PPX is blocked by BIM (PPX- 
BIM). * p < 0.05 vs. Vehicle, ** p < 0.01 vs. PPX; Kruskal-Wallis test followed by Dunn’s multiple comparison test; n = 6 independent cell samples per experimental 
group. (D, E) Western-blot for DAT in DAT-D3R HEK cells treated with CHX (vehicle), CHX and PPX (PPX) and CHX, PPX and two conventional PKC inhibitors, 
Gö6976 (PPX-Gö, D) and CGP53353 (PPX-CGP, E). The decrease in DAT expression induced by PPX (p < 0.01 vs. Vehicle) was reversed by both PKC inhibitors 
(p < 0.01 vs. PPX; Kruskal-Wallis test followed by Dunn’s multiple comparison test; n = 5; 2-3 independent cell cultures per experimental condition from 2 different 
experiments). Data are presented as means ± SEM. β-act, β-actin; α-tub, α-tubulin. Bar in C, 10 μm. 

Fig. 7. A diagram showing the putative mechanisms underlying the effects of 
acute and prolonged D3R activation on DAT. Acute activation of D3R (left side) 
promotes DAT recruitment to the plasma membrane (thick black arrow) and an 
increase in DA uptake (solid thin black arrows). This effect is MAPK- and PI3K- 
dependent [22]. After prolonged activation (right side), DAT is phosphorylated 
(p), ubiquitinated (Ub) and internalized (thick gray arrow), leading to a 
decrease in DA uptake (dashed thin gray arrow). Internalized DAT interacts 
with p62 at late endosomes and lysosomes to be degraded. DAT downregulation 
is PKCβ-dependent. 
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