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The dopamine (DA) transporter (DAT), a membrane glycoprotein expressed in dopaminergic neurons, clears DA
from extracellular space and is regulated by diverse presynaptic proteins like protein kinases, a-synuclein, D, and
D5 autoreceptors. DAT dysfunction is implicated in Parkinson's disease and depression, which are therapeutically
treated by dopaminergic D,/D3 receptor (D,/D3R) agonists. It is, then, important to improve our understanding of
interactions between D3R and DAT. We show that prolonged administration of pramipexole (0.1 mg/kg/day, 6 to
21 days), a preferential D3R agonist, leads to a decrease in DA uptake in mouse striatum that reflects a reduction
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Do}g:mine transporter in DAT affinity for DA in the absence of any change in DAT density or subcellular distribution. The effect of
DsR pramipexole was absent in mice with genetically-deleted D3R (DsR ™), yet unaffected in mice genetically de-
D,R prived of DR (D,R /7). Pramipexole treatment induced a physical interaction between D3R and DAT, as assessed
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by co-immunoprecipitation and in situ proximity ligation assay. Furthermore, it promoted the formation of DAT
dimers and DAT association with both D,R and a-synuclein, effects that were abolished in DsR~/~ mice, yet un-
affected in D,R ™/~ mice, indicating dependence upon DsR. Collectively, these data suggest that prolonged treat-
ment with dopaminergic D3 agonists provokes a reduction in DA reuptake by dopaminergic neurons related to a

Depression hitherto-unsuspected modification of the DAT interactome. These observations provide novel insights into the
long-term antiparkinson, antidepressant and additional clinical actions of pramipexole and other D3R agonists.

© 2014 Elsevier Inc. All rights reserved.

Introduction trafficking and availability of the transporter at the plasma mem-

Dopamine (DA) is a major neurotransmitter exerting actions on lo-
comotor activity, motivation, reward, and cognition. The intensity and
duration of DA signaling are regulated by the dopamine transporter
(DAT), a membrane protein expressed in dopaminergic (DA-) cells,
which is responsible for the reuptake of extracellular DA into presynap-
tic terminals (Mortensen and Amara, 2003). DAT dysfunction is in-
volved in neurological and psychiatric conditions, such as Parkinson's
disease, attention deficit hyperactivity disorder, schizophrenia, bipolar
disorder and psychostimulant abuse (Afonso-Oramas et al., 2009;
Amsterdam et al., 2012; Bowton et al., 2010).

DAT activity is under the control of different presynaptic pro-
teins, including DA D, and D3 autoreceptors, that promote either
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brane (Mortensen and Amara, 2003; Torres, 2006), or its internali-
zation for it to be either degraded or recycled back to the plasma
membrane (Ericksen et al., 2010; Miranda and Sorkin, 2007). The ef-
fects of the D, autoreceptor on DAT are relatively well known. Cur-
rent data suggest that it induces recruitment of DAT to the plasma
membrane and likewise facilitates DA uptake (Bolan et al., 2007;
Lee et al., 2007). This effect probably involves both physical coupling
between DAT and D, receptor (D,R) independently of the presence of
ligands (Lee et al., 2007), and activation of the PKC3-ERK1/2 signaling
cascade through D,R stimulation (Bolan et al., 2007; Chen et al., 2013).

Conversely, knowledge about the influence of D5 receptor (D3R) on
DAT is still fragmentary. On the one hand, this reflects the comparative-
ly modest density of D5 autoreceptors (Diaz et al., 2000; Sokoloff et al.,
1990) and, on the other hand, the limited selectivity of agonists for
D3R (Millan, 2010; Wang et al., 2010), making it difficult to distinguish
D3R from D,R actions. Moreover, the existence of D,R-D3R heteromers
complicates the task of identifying the precise significance of DsR (and
D,R) (Maggio and Millan, 2010). Studies of the impact of D3R
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autoreceptors on DAT functional activity have mostly focussed on the
effects of acute D3R stimulation, which increases DAT activity (Zapata
et al., 2007; Zapata and Shippenberg, 2005). In contrast, a study of sub-
chronic treatment with the D3R preferential agonist pramipexole (PPX)
in mice reported a decrease in DAT activity (Joyce et al.,, 2004 ), suggest-
ing the occurrence of adaptive events.

Inasmuch as PPX and other D3R preferential agonists are widely used
in the treatment of Parkinson's disease (Albrecht and Buerger, 2009;
Millan, 2010; Parkinson Study Group CALM cohort investigators,
2009), and D3Rs are potentially important targets for the control of psy-
chiatric disorders involving DAT dysfunction (Amsterdam et al., 2012;
Sokoloff et al., 2006), there is a need for better knowledge about D3R-
DAT interactions, and particularly the effects of long-term administra-
tion of D3R agonists. In order to address this issue, we analyzed the
effects of a prolonged treatment of mice with PPX on DAT association
with protein partners and DA uptake in the mouse striatum, a structure
innervated by substantia nigra DA neurons and enriched in DAT
(Afonso-Oramas et al., 2009). Furthermore, in order to confirm the po-
tential significance of D3R to the actions of PPX, studies were undertak-
en in mice genetically deprived of D3R (D3R ™/~ Accili et al., 1996; Collo
etal, 2012) as compared to mice with genetically deleted DoR (D,R ™,
Granado et al., 2011; Kelly et al., 1997). Taken together, the results sug-
gest that chronic exposure to PPX decreases the affinity of DAT (for DA)
in parallel with changes in its interactions with D3 autoreceptors and
other protein partners.

Material and methods
Animals and treatment

The experiments were carried out on 22-24 g (4-6 months old)
male C57BL/6] mice, DA D5 receptor knockout (DsR~/~), and D,R~/~
mice and their wild-type (WT) littermates . D3R/~ were obtained
from the Jackson Laboratory (B6.12954-Drd3Tm1Dac/]) (Accili et al.,
1996; Collo et al., 2012). Homozygous D;R~/~ mice were generated
on a pure genetic background (C57BL/6]). The D,R ™/~ mice were gener-
ated by homologous recombination as previously described (Kelly et al.,
1997). D, R™/~ and their WT littermates were obtained by mating het-
erozygous mice (Granado et al., 2011). Genotype was determined by
polymerase chain reaction. Mice 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 food and water. Experimental proto-
cols were approved by the Ethical Committee of the University of La
Laguna (Reference # 091/010), and are in accordance with the
European Communities Council Directive of 22 September 2010
(2010/63/EU) regarding the care and use of animals for scientific
purposes.

Mice were treated for six days with a single daily dose of PPX
(pramipexole dihydrochloride, Sigma, St. Louis, MO) or its vehicle
(50 1l 0.9% sterile saline i.p.) and killed on day seven. We choose PPX be-
cause it is a DA D3R preferential agonist extensively used for the treat-
ment of Parkinson's disease. According to Piercey et al. (1996), PPX Ki
is 0.9, 6.9 and 15 nM for D3R, DoR and D4R respectively, indicating that
its affinity for D3R is 7 times higher than for D,R and 17 times higher
than for D4R. Doses ranging between 0.05 and 1.5 mg/kg/day were
checked by [*H]-DA uptake in striatal synaptosomes to establish the
lowest dose which, under this administration schedule, has bioactive ef-
fects on DAT. Preliminary experiments showed a significant DA uptake
decrease from 0.1 mg/kg (Fig. 1A), so this dose was used in all experi-
ments. This treatment was maintained for 21 days in some C57BL/6]
mice. In two groups of C57BL/6] mice, the selective D,R antagonist
L741,626 (1 mg/kg, s.c.; Sigma) or the selective D3R antagonist
NGB2904 (1 mg/kg, i.p.; R & D Systems, Minneapolis, MN), or their ve-
hicle (0.05% lactic acid, s.c., or 25% w/v 2-hydroxypropyl-p-cyclodextrin,
i.p., respectively; 50 pl) was injected 30 min before PPX. The drug doses
and injection time before PPX used here were shown by others to have

D, or D3 antagonist specific effects (Collins et al., 2007; Joyce et al., 2004;
Kofarnus et al., 2009; Mason et al., 2010; Millan et al., 2000). Experimen-
tal groups included at least 5 mice in each experiment.

Synaptosomal [°HJ-DA uptake

This procedure was performed according to Afonso-Oramas et al.
(2009). The mouse striata were dissected in ice from freshly obtained
brains using a brain blocker. Samples were immediately homogenized
in 20 vol of ice-cold sucrose bicarbonate solution (SBS, 320 mM sucrose
in 5 mM sodium bicarbonate, pH 7.4) with 12 up and down strokes in a
Teflon-glass homogenizer. The homogenates were centrifuged
(1000 xg, 10 min, 4 °C), and the pellets (P1) containing nuclei and
large debris discarded. The supernatants (S1) were centrifuged
(17,000 xg, 20 min, 4 °C), and the pellets (P2) were resuspended in
500 pl ice-cold assay buffer (125 mM NaCl, 5 mM KCl, 1.5 mM MgSO,,
1.25 mM Ca(Cl,, 1.5 mM KH,PO,, 10 mM glucose, 25 mM HEPES,
0.1 mM EDTA, 0.1 mM pargyline and 0.1 mM ascorbic acid). For [>H]-
DA uptake assays, a range of temperatures (25-35 °C), DA concentra-
tions (20-500 nM), incubation times (5-30 min) and striatal protein
concentrations (0.2-3 pg/ul) were checked in order to establish the
working parameters in the linear ascending segment of the uptake
curve. Fifty microliters of synaptosomal suspension (0.5 pg total
protein/pl) was preincubated with 50-500 nM DA (Sigma; with or with-
out 10 M nomifensine, Sigma) in assay buffer (30 °C, 5 min). Subse-
quently, 20 nM [?H]-DA (final concentration; Amersham,
Buckinghamshire, UK) was added to each tube. The total assay volume
was 200 pl. After a 10 min incubation at 30 °C, DA uptake was stopped
by the addition of 200 pl ice-cold assay buffer. The suspension was im-
mediately filtered under vacuum through MultiScreen®-0.45 um hy-
drophilic filters (Millipore, Molsheim, France). The filters were
washed twice with 200 pl ice-cold assay buffer, excised and placed in
scintillation vials containing 3 ml liquid scintillation Cocktail (Sigma),
and stored overnight at room temperature (RT). Accumulated radioac-
tivity was quantified using a liquid scintillation counter (LKB Rackbeta
1214; Turkuy, Finland). Non-specific uptake, defined as the DA uptake
in the presence of nomifensine, was subtracted from total uptake to de-
fine DAT-mediated specific uptake. All assays were performed in tripli-
cate. Vimax and Ky, values were determined by non-linear regression.

DAT antibodies

Several commercial anti-DAT antibodies against different fragments
of human and rat DAT have been tested in our laboratory. Brain
samples of different mammals, including humans and mice, and cells
transfected with wild type and mutated DAT forms, were subjected to
immunohistochemistry, western-blot and immunoprecipitation (see
Afonso-Oramas et al., 2009, 2010; Cruz-Muros et al., 2009). These ex-
periments were used to determine their specificity and sensitivity, as
well as which band (glycosylated, 75 kDa; partially glycosylated,
68 kDa, and non-glycosylated, 50 kDa) is detected by each of them
(Afonso-Oramas et al., 2009). Taking these tests into account, it was de-
cided to use a goat anti-DAT polyclonal antibody (Santa Cruz Biotech-
nology, Santa Cruz, CA) for immunohistochemistry, western-blot and
in situ proximity ligation assays, and a rabbit anti-DAT polyclonal anti-
body (Millipore, Billerica, MA) for immunoprecipitation and in situ
proximity ligation assays, both of which recognize the glycosylated
(75 kDa) DAT form.

DAT immunohistochemistry

Mice were deeply anesthetized with an overdose of sodium pento-
barbital and transcardially perfused with heparinized ice-cold 0.9% sa-
line (20 ml) followed by 4% paraformaldehyde in phosphate buffered
saline pH 7.4 (PBS, 50 ml). The brains were removed and stored over-
night in the same fixative at 4 °C, cryoprotected in a graded series of
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Fig. 1. DA uptake and DAT expression in the C57BL/6] mouse striatum after treatment with the dopamine D5 receptor preferential agonist pramipexole (PPX). (A) Mice were treated with
different doses of PPX (0.05-1.5 mg/kg/day) for six days. Striatal DA uptake was significantly lower in mice receiving >0.1 mg/kg/day. DA uptake returned to normal levels after 5 days of
treatment withdrawal (0.1 + wd). (B) Kinetics analysis showed that the DA uptake decrease coincides with an increase in K, (decrease in DAT affinity) and no changes in Vy,ax. (C-E)
Immunohistochemistry for DAT revealed no immunostaining differences between the striatum of sham and PPX-treated mice. (F, G) Western-blot of whole striatal extracts (F) and
the plasma membrane of striatal synaptosomes (G) also showed no differences in DAT expression levels between treated and untreated mice. (H) DA uptake and DAT expression in
the striatum after 21 days of treatment with PPX (21 day; 0.1 mg/kg/day). Striatal DA uptake was significantly lower after treatment but DAT expression was unchanged. 3-act, 3-
actin; PP2A, protein phosphatase 2A; synt, syntaxin; WE, whole extract; Bar in D (for C and D) 400 pm.

sucrose-PBS solutions and stored at — 80 °C until processing. Coronal
sections (25 um) were obtained with a freezing microtome, collected
in 6-8 parallel series and processed for DAT immunohistochemistry
(Afonso-Oramas et al., 2009; Granado et al., 2011). Floating sections
were immersed for 30 min in 3% H,0, to inactivate endogenous
peroxidase, and incubated for 60 min at RT in 4% normal donkey
serum (NDS, Jackson ImmunoResearch, West Grove, PA) in PBS, con-
taining 0.05% Triton X-100 (TX-100, Sigma), and left overnight in PBS
containing 2% NDS and goat anti-DAT polyclonal antibody (Santa Cruz
Biotechnology, 1: 400). After several rinses, the sections were incubated
for 2 h in biotinylated donkey anti-goat antiserum (1:1000, Jackson
ImmunoResearch) and 1:200 NDS in PBS. Immunoreactions were visi-
ble after incubation for 1 h at RT in ExtrAvidin-peroxidase (1:5000,
Sigma) in PBS, and after 10 min in 0.005% 3’-3’-diamiobenzidine tetra-
hydrochloride (DAB, Sigma) and 0.001% H,0, in cacodylate buffer
0.05 N pH 7.6.

The labeling intensity of striatal terminals was quantified following
the densitometry procedure previously described (Gonzalez-
Hernandez et al., 2004). Square areas of 100 um x 100 um were random-
ly selected in the dorsal striatum (10 areas per section, 6 sections 75 pm
away from each other, and 5 mice per group). The labeling intensity of
each area was compared with that of the neighboring corpus callosum.
In order to prevent differences due to variations in protocol conditions

during tissue processing and densitometric analysis, all sections were si-
multaneously processed using the same protocol and chemical re-
agents, and all microscopic and computer parameters were kept
constant throughout the densitometric study. Microscopic images
were digitalized and the labeling intensity was analyzed using densi-
tometry software (Leica Microsystems, Wetzlar, Germany). The intensi-
ty of labeling was defined as the index of light attenuation with respect
to the neighboring background and expressed as arbitrary units (A.U,
range 0-256).

Western-blot in whole striatal extracts and plasma membranes

DAT expression was also studied using western-blot analysis of total
extracts and the plasma membrane fraction of striatal synaptosomes.
The striata were dissected as described for DA uptake. Whole protein
extracts were obtained using the acid phenol method, resuspended in
radioimmunoprecipitation assay (RIPA) lysis buffer pH 7.4, and
quantified using the bicinchoninic acid method and bovine serum albu-
min as standard. Plasma membranes were obtained following the
impermeant biotinylation procedure (Salvatore et al., 2003). Synapto-
somes (300 pg total protein) were incubated for 1 h at 4 °C with contin-
ual shaking in 500 pl of 1.5 mg/ml sulfo-NHS-biotin (Pierce, Rockford,
IL) in PBS/Ca/Mg buffer (138 mM Na Cl, 2.7 mM KCl, 1.5 mM KH,PO,,
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9.6 mM Na,HPO,4, 1 mM MgCl,, 0.1 mM CaCl,, pH 7.3) and centrifuged
(8000 xg, 4 min, 4 °C). In order to remove biotinylating reagents, the
resulting pellets were resuspended in 1 ml ice-cold 100 mM glycine in
PBS/Ca/Mg buffer and centrifuged (8000 xg, 4 min, 4 °C). The resuspen-
sion 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
more times in PBS/Ca/Mg buffer, and then lysed by sonication for 2-
4 s in 300 pl Triton X-100 buffer (10 mM Tris, pH 7.4, 150 mM
NaCl, 1T mM EDTA, 1% Triton X-100) containing protease inhibitors
(1 pg/ml aprotinin, 1 pg/ml leupeptin, 1 mM pepstatin, 250 pM
phenylmethylsulfonyl fluoride). After incubation in continuous shaking
(30 min, 4 °C), the lysates were centrifuged (18,000 xg, 30 min, 4 °C),
and the supernatants were incubated with monomeric avidin bead-Tri-
ton X-100 buffer (100 wl) for 1 h at RT, and centrifuged (18,000 xg,
4 min, 4 °C). The resulting pellets (containing avidin-absorbed biotinyl-
ated surface proteins) were resuspended in 1 ml Triton X-100 buffer
and centrifuged (18,000 xg, 4 min, 4 °C). Resuspension and centrifuga-
tion were repeated two more times, and the final pellets were then
stored.

Protein samples for western-blot analysis were diluted in Laemmli's
loading buffer (62.5 mM Tris-HCl, 20% glycerol, 2% sodium dodecyl sul-
fate [SDS], 1.7% p-mercaptoethanol and 0.05% bromophenol blue,
pH 6.8), denatured (90 °C, 1 min.), separated by electrophoresis in
10% SDS-polyacrylamide gel, and transferred to nitrocellulose (Schlei-
cher & Schuell, Dassel, Germany). Blots were blocked for 2 h at RT
with 5% non-fat dry milk in TBST (250 mM NaCl, 50 mM Tris, pH 7.4,
and 0.05% Tween20), and incubated overnight at 4 °C in blocking solu-
tion with goat polyclonal anti-DAT antibody (Santa Cruz Biotechnology,
1:500). After several rinses in TBST-5% milk, the membranes were incu-
bated for 1 h in horseradish peroxidase conjugated anti-goat IgG
(Jackson-ImmunoResearch, West Grove, PA; 1:5000). Immunoreactive
bands were visualized using enhanced chemiluminescence (Immun-
Star, Bio-Rad, CA) and a Versa-Doc gel documentation system (Bio-
Rad). Different protein quantities, antibody dilutions and exposure
times were tested to establish the working range of each antibody.
After DAT processing, each nitrocellulose membrane was subjected to
stripping treatment (62.5 mM Tris, pH 6.8, 2% SDS, 100 mM p-
mercaptoethanol; 1 h at RT), and processed for 3-Actin using a mouse
anti-R-Actin antibody (Sigma; 1:10,000, 2 h at RT). The labeling densi-
ties for DAT were compared with those of 3-Actin by using densitome-
try software (Bio-Rad). 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.
The effectiveness of the plasma membrane fractionation was evaluated
using Syntaxin (mouse monoclonal anti-syntaxin, 1:500; Sigma) as a
marker of synaptosomal membrane, and PP2A (protein phosphatase
2A, rabbit polyclonal anti-PP2A, 1: 200; Santa Cruz Biotechnology) as
a marker of synaptosomal cytosol.

Western-blot analysis under non-reducing conditions

Western-blot analysis under non-reducing conditions was
performed according to Baucum et al. (2004). Briefly, synaptosomes
were obtained as described for DA uptake using 0.32 M sucrose
supplemented with protease inhibitor cocktail and 10 mM N-
ethylmaleimide (NEM) as homogenization solution. P2 pellets were
resuspended in milli-Q water, protein concentration was quantified,
and the samples were mixed with loading buffer (2.25% SDS, 18%
glycerol, 180 mM Tris base, pH 6.8, and bromophenol blue). Forty
micrograms of total protein was loaded into each well, separated
by electrophoresis in 9% SDS-polyacrylamide gel containing 0.1%
SDS, and transferred to nitrocellulose (Schleicher & Schuell). DAT
immunostaining and quantification were performed as described
above.

Co-immunoprecipitation

Co-immunoprecipitation was performed according to Hadlock et al.
(2011) with minor modifications. The striata of two mice were pooled
and processed as a single sample for these experiments. Tissue was ho-
mogenized in 1.5 ml ice-cold 10 mM HEPES, 0.32 M sucrose and 10 mM
NEM pH 7.4, and centrifuged (800 xg, 12 min, 4 °C). The supernatants
(S1) were centrifuged at 22,000 xg, 15 min, 4 °C, and the resulting pel-
lets (P2) resuspended in 100 pul M-PER (Thermo Scientific). After 1 h at
4 °C in gentle shaking, the samples were centrifuged again, the pellets
were discarded, and the protein concentration was quantified in super-
natants. Aliquots of 500 ng proteins were incubated in protein A-
Sepharose beads (100 pl stock suspension in 200 ul M-PER; 4 °C,
45 min) to pre-clear endogenous immunoglobulins. After gentle
centrifugation, pre-cleared supernatants were incubated with anti-
DAT, anti-D,R, anti-D3R antibody or non-immune IgG overnight at
4 °C in continuous shaking. In the experience of this laboratory, the
most robust immunoprecipitates are obtained using 6 pl of rabbit poly-
clonal anti-DAT from Millipore®, rabbit polyclonal anti-D,R from
Millipore® and mouse monoclonal anti-D3R from Invitrogen®. Protein
A-Sepharose beads (100 pl stock suspension in 200 ul M-PER) were
added and maintained in continuous shaking at 4 °C for 3 h. Immuno-
complexes were precipitated by gentle centrifugation. After extensive
washing, they were resuspended in 40 pl Laemmli's buffer, denatured,
separated by electrophoresis in 10% SDS-polyacrylamide gel and
transferred to nitrocellulose. Blots from DAT precipitates were
immunoreacted for ai-synuclein and DAT using a mouse monoclonal
anti-a-synuclein (1: 500, BD Biosciences, San Jose, CA) and a goat poly-
clonal anti-DAT antibody (1:500, Santa Cruz Biotechnology). Blots from
D,R precipitates were immunoreacted for DAT and D,R using a goat
anti-DAT polyclonal (1:500, Santa Cruz Biotechnology) and a mouse
monoclonal anti-D,R antibody (1:500, Santa Cruz Biotechnology).
Blots from D3R precipitates were immunoreacted for DAT and D3R
using a goat polyclonal anti-DAT (1:500, Santa Cruz Biotechnology)
and a rabbit polyclonal anti-D3R antibody (1: 300, Alomone labs, Jerusa-
lem, Israel). Control experiments were performed in D,R™/~ and
D3R/~ mice.

In situ proximity ligation assays (PLA)

This technique is based on the use of oligonucleotide-conjugated an-
tibodies, ligation of oligonucleotides by a bridging probe in a proximity-
dependent manner, rolling-circle amplification, and visualization by
complementary fluorescent probes (Soderberg et al., 2008). DAT-DAT
interaction and DAT interactions with D3R, D,R and a-synuclein were
studied using the Duolink II in situ PLA detection kit (Sigma) following
the manufacturer's instructions. Striatal sections were obtained as de-
scribed for immunohistochemistry, placed on glass slides, and incubat-
ed (1 h, 37 °C) with the blocking solution in a preheated humidity
chamber. For the study of DAT-DsR, DAT-D,R and DAT-a-synuclein in-
teractions, sections were incubated overnight at 4 °C with goat poly-
clonal anti-DAT antibody (1:200; Santa Cruz Biotechnology) and one
of the following antibodies in the antibody diluent: rabbit polyclonal
anti-D3R antibody (1:200, Invitrogen), rabbit polyclonal anti-D,R anti-
body (1:200; Millipore) and rabbit polyclonal anti-a-synuclein anti-
body (1:200, Santa Cruz Biotechnology). After several rinses in TBST
(250 mM Nacl, 50 mM Tris, pH 7.4, and 0.05% Tween20), sections
were incubated (2 h, 37 °C) with PLA probes detecting goat and rabbit
or mouse antibodies (Duolink II plus PLA probe anti-goat and Duolink
II minus PLA probe anti-mouse or anti-rabbit). Thereafter, samples
were processed for ligation, amplification, and detection as described
by the manufacturer. For the study of DAT-DAT interactions, sections
were incubated with two anti-DAT antibodies directed to the C-
terminus (1:200 rabbit polyclonal anti-DAT and 1:200 goat-polyclonal
anti-DAT, Santa Cruz Biotechnology) and PLA probes detecting rabbit
(plus) and goat (minus) antibodies. It should be noted that the use of
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two antibodies directed to the same protein domain in the study of
homodimers provides more specificity to the assay than the use of anti-
bodies against two different domains because the first combination pre-
vents the formation of PLA signals (oligonucleotide coupling) within a
single DAT molecule. However, this combination also reduces assay sen-
sitivity because the same antibody, and the same probe (minus or plus),
may bind to the two partners of a DAT dimer, which is consequently not
detected. For negative controls, one of the primary antibodies was
substituted by non-immune goat, rabbit or mouse IgG, resulting in neg-
ative staining. Some sections were additionally processed for tyrosine
hydroxylase (TH, the rate-limiting enzyme in dopamine synthesis)
immunofluorescence by using a mouse monoclonal (1:4000,
Sigma) or a rabbit polyclonal (1:1000, Millipore) anti-TH antibody.
Samples were mounted using the mounting medium with DAPI and
examined under a confocal laser scanning microscopy system
(Olympus FV1000, Hamburg, Germany). Images were acquired in
Z-stack mode (8.5 um total thickness, 4 z-steps). Fluorescent PLA
point-like signals were quantified, in number and size, in at least
12 striatal regions (400 pm x 400 um) from 5 different mice per ex-
perimental group for each pair of primary antibodies, by using the
Image] standard program.

Statistics

Mathematical analysis was performed using the one way ANOVA
followed by the Tukey honest test for multiple post hoc comparisons.
Analysis was performed using the Statistica program (Statsoft; Tulsa,
U.S.A.). The degree of freedom in all comparisons was 1 (intergroup)
and 8 (intragroup). A level of p < 0.05 was considered as critical for
assigning statistical significance. Data are expressed as mean + stan-
dard error of the mean.

Results

Pramipexole induces a decrease in DA uptake without changes in DAT
expression levels

As mentioned in the Material and methods section, nomifensine-
sensitive DA uptake was used to establish the lowest dose of PPX with
bioactive effects on DAT. The analysis was performed in striatal synapto-
somes of C57BL/6] mice receiving PPX in a dose range of 0.05-
1.5 mg/kg/day for 6 days. A significant DA uptake decrease (47.8 +
4.6%, p < 0.01; F = 49.3) was observed at doses > 0.1 mg/kg/day
(Fig. 1A), so this threshold dose was used in all experiments. The kinet-
ics analysis of DAT (Fig. 1B) revealed a 79% increase in the Ky, of treated
mice with respect to that of untreated ones (52.6 + 7.7 vs. 29.0 +
4.1 nM, n = 10), but no changes were detected in Vy.x (sham,
25.4 4 4.2; PPX, 24.8 + 5.5 pmol DA/min/mg protein, n = 10). This sug-
gests that differences in DA uptake are due to a reduction in DA affinity
rather than to a decrease in the number of DA uptake sites. DA uptake
returned to normal levels 5 days after PPX withdrawal (Fig. 1A).

The striatal expression of DAT was studied by immunohistochemis-
try and western-blot in whole striatal extracts and synaptosomal plas-
ma membranes obtained from avidin-absorbed biotinylated surface
proteins. As shown in Figs. 1C-F, PPX (0.1 mg/kg, 6 days) did not modify
the DAT immunolabeling pattern and expression in whole striatal ex-
tracts. Furthermore, no DAT expression changes were detected at the
plasma membrane level (Fig. 1G). An additional group of C57BL/6]
mice received PPX for 21 days and was sacrificed on day 22 (Fig. 1H).
Changes in DA uptake were similar to those measured in mice treated
for 6 days and no changes in DAT expression were detected. Collectively,
these data indicate that a prolonged PPX treatment induces DA uptake
decrease without changes in the expression levels and subcellular dis-
tribution of DAT.

The effect of pramipexole on DAT is DsR-mediated and D,R-independent

In order to elucidate whether the DA uptake decrease induced by
PPX is DsR-mediated, DsR~/~ mice were also treated with PPX, and an
additional C57BL/6] experimental group received the selective D3R an-
tagonist NGB2904 (1 mg/kg i.p.) 30 min before each PPX injection. As
shown in Fig. 2A, both genetic D3R deprivation and pretreatment with
NGB2904 completely blocked the DA uptake decrease induced by PPX
(p<0.01; F = 23.5), indicating that this is a D;R-mediated effect.

The possible involvement of the D,R in the PPX effect was investigat-
ed using both a selective D,R antagonist L741,626 in C57BL/6] mice, and
D,R~/~ mice (Fig. 2B). L741,626 (1 mg/kg s.c.) administration 30 min
before each PPX injection did not reverse the DA uptake decrease in-
duced by PPX in C57BL/6] mice. With respect to the study in D,R™/~
mice, it should be noted that the basal DA uptake in both D,R~/~ mice
and their wild-type littermates was 39% lower than in C57BL/6] mice
(D,R WT vs. C57BL/6), 38.7 + 3.1%, p < 0.01, F = 37.2; D,R™/~ vs.
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Fig. 2. Involvement of D3R (A) and D,R (B, C) in the effect of PPX on DA uptake. (A, left) The
DA uptake decrease induced by PPX in C57BL/6] mice is inhibited by the injection of the
selective D3R antagonist NGB2904 (1 mg/kg) 30 min before each PPX injection
(NGB + PPX). (A, right) PPX induced no DA uptake changes in DsR ™/~ mice. (B, left)
The DA uptake decrease induced by PPX in C57BL/6] mice is not reversed by the injection
of the selective D, receptor antagonist L741,626 (1 mg/kg) 30 min before each PPX injec-
tion (L741,626 + PPX). (B, center and right) Basal DA uptake in D,R ™/~ mice is similar to
that in their wild-type littermates (D,RWT) but lower than that in C57BL/6] mice. PPX in-
duced similar DA uptake decrease in both strains (D,RWT and D,R™/~). (C) DAT expres-
sion in the striatum of C57BL/6J, D.,RWT and D,R ™/~ mice, showing no differences
between them. B-act, p-actin.
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C57BL/6), 39.6 4 4.0%, p <0.01; F = 29.9; Fig. 2B), although no DAT ex-
pression differences were detected between them (Fig. 2C, also Granado
et al,, 2011). Consistent with that found in C57BL/6] mice receiving
L741,626 pretreatment, PPX induced a significant decrease of DA uptake
in both D,R™/~ (41.9 + 3.3% vs. sham, p < 0.01, F = 12.8) and their
wild-type littermates (40.4 £ 6.1% vs. sham, p < 0.01, F = 19.5). There-
fore, the DA uptake decrease induced by PPX is a DsR-mediated and
D,R-independent effect.

Pramipexole promotes the formation of DAT dimers and DAT-associated
protein complexes

The absence of a decline in DAT levels in whole striatal extracts and
in its densities in the synaptosomal membrane fraction suggests that
mechanisms other than DAT expression down-regulation or internali-
zation are responsible for the PPX-induced DA uptake decrease. Bearing
in mind that DAT may be expressed in the form of dimers (Baucum
et al., 2004; Hastrup et al., 2001), and that its activity is critically depen-
dent on its association with protein partners (Ericksen et al., 2010;
Torres, 2006), changes in DAT-associated protein complex were investi-
gated by different procedures. Striatal synaptosomes were first ana-
lyzed under non-reducing conditions. As shown in Fig. 3A, apart from
a solid band at 65-80 kDa corresponding to the glycosylated monomeric
DAT form (Afonso-Oramas et al., 2009), a weak band was also detected
in untreated mice at ~ 150 kDa, i.e. a molecular weight corresponding to

DAT dimer. After PPX treatment, the 65-80 kDa band became weaker in
labeling intensity (a decrease of 47.2 + 7.3% with respect to Sham,
p<0.01, F = 11.2) and that at ~150 kDa became more intense (an in-
crease of 75.9 4 6.1% with respect to Sham, p < 0.01, F = 14.6) in
C57BL/6] mice. In contrast, PPX treatment of D5R™/~ mice did not
alter the profile of DAT immunoreactivity in SDS-PAGE, suggesting
that D3R stimulation promotes DAT dimer formation. To confirm
dimer formation, striatal sections were processed for DAT-DAT in situ
PLA. As mentioned in the Material and methods section, the use of
two antibodies against the same DAT domain (C-terminus) increases
specificity but also reduces the sensitivity of the assay. DAT-DAT PLA
signals were detected around striatal cells of untreated C57BL/6] and
D3R/~ mice (Figs. 3B, C, left), which supports the idea that the weak
~150 kDa band found under non-reducing conditions corresponds, at
least in part, to DAT dimers. The PLA dot count revealed an increase of
48.8% in number after PPX treatment (p < 0.01, F = 18.8, Fig. 3B) in
C57BL/6] mice. The size of the PLA dots was also significantly larger in
PPX-treated C57BL/6] mice, with an average size triple that of untreated
mice (87.3 £ 8.1 vs. 30.1 £ 2.3 pixels). However, no changes were
found in DsR™~ mice (Fig. 3C, right), indicating that PPX promotes
DAT dimer formation by a D3R mediated mechanism, with large-sized
dots probably corresponding to two or more PLA signals localized
close to each other.

In addition to its ability to form dimers, DAT can interact with a num-
ber of proteins, including the D,R (Lee et al., 2007) and a-synuclein
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Fig. 3. Pramipexole induces the formation of DAT dimers. (A) Striatal samples blotted under non-reducing conditions revealed a weak band at 150 kDa, besides that a 65-80 kDa, in sham
treated mice (Sham, lanes 1 and 2). The high weight band was significantly more intense in labeling and that at 65-80 kDa became weaker after treatment (PPX, 0.1 mg/kg/day, 6 days) in
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(Wersinger and Sidhu, 2003). We thus examined the impact of
prolonged PPX treatment upon D,R/DAT and a-synuclein/DAT interac-
tions. As shown in Fig. 4A, DAT co-immunoprecipitated with D,R in both
C57BL/6J and DsR ™/~ untreated mice, however PPX induced an increase
in DAT co-immunoprecipitation with DR in C57BL/6] (p <0.01, F =
17.7) but not in D3R ™/~ Co-immunoprecipitation control experiments
were performed in D,R ~/~ mice. Striatal sections processed for DAT-
D,R PLA showed pericellular PLA signals, and combination with TH im-
munofluorescence corroborated their localization in DA-terminals of
sham and PPX-treated mice (Fig. 4B). As described for DAT-DAT
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interaction, both the number and the size of DAT-D,R PLA dots in-
creased after PPX treatment in C57BL/6] mice (Figs. 4B-D). However,
no differences were found in the number and size of PLA dots between
PPX + NGB2904 treated and untreated mice (Figs. 4C, D), and between
PPX treated and untreated DsR ™/~ mice (Fig. 4E). The virtual absence of
large-sized dots in untreated and PPX + NGB2904-treated C57BL76]
mice, and in PPX treated DsR ™/~ mice, indicates that the effect is DsR-
specific. With respect to the study of DAT-«a-synuclein interactions,
DAT-a-synuclein co-immunoprecipitation and the count of point-like
DAT-a-synuclein PLA signals (Figs. 5 A-C) showed no differences
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and TH immunofluorescence (center) in the striatum of untreated (Sham) and PPX-treated (PPX) C57BL/6] mice. Arrows indicate that DAT-D,R PLA signals (red) localize in DA-terminals
(green). (C, D) Quantitative analysis of the number (C) and size (D) of PLA dots in C57BL/6] mice. One can see that the number and size of PLA dots increase in PPX treated mice, but not in
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between untreated and PPX-treated C57BL/6J or DsR™/~ mice. Howev-
er, the average dot size doubled in C57BL/6] (Fig. 5B) but not in DsR™/~
mice (Fig. 5C).

In line with previous findings which identified D,R as one of the DAT
partners (Lee et al., 2007) and the structural homology between D,R
and D3R (Platania et al., 2012; Wang et al., 2010), we then examined

whether the D3R also interacts with DAT. Data arising from co-
immunoprecipitation and PLA (Figs. 5D-G) revealed no DAT-D3R phys-
ical interaction in the striatum of untreated mice. However, after PPX
treatment, DAT was immunoprecipitated with D3R (Fig. 5D) and DAT-
D3R PLA point-like signals appeared around striatal neurons (Fig. 5F).
DAT was not co-immunoprecipitated in DsR™/~ mice, and PLA signals
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were not detected in PPX treated mice when one of the primary anti-
bodies (anti-DAT or anti-D3R) was substituted by non-immune serum
(Fig. 5G). These data indicate that D3R is not a constitutive partner of
DAT but that PPX induces their interaction.

Discussion

Together with a decrease in DA uptake, prolonged treatment
with the preferential D3R agonist PPX promotes DAT dimer formation
and DAT interaction with some of its protein partners, including the
D3R receptor itself and the D,R. The increase in DAT-D,R co-
immunoprecipitation and in DAT-D,R, DAT-a-synuclein and DAT-
DAT PLA signals indicates that DAT interactions undergo modifications
as a consequence of prolonged PPX treatment, forming clusters of larger
multiprotein complexes. The absence of DAT-associated complexes in
D3R deficient mice indicates that the effect is DsR-dependent. The anal-
ysis of PLA signals was based on two parameters: number and size.
While dot number is widely used as an index of the number of pro-
tein-protein interactions, and has even been proposed for clinical appli-
cations (Aranguren et al., 2013; Aubele et al., 2010), dot size has not yet
been afforded much attention. Bearing in mind dot size uniformity in
sham-treated mice, the substantial increase observed after PPX treat-
ment is an interesting observation that might reflect small clusters of
PLA signals. However, there is currently no direct evidence for a rela-
tionship between dot size and the number of interactions. Accordingly,
this finding must be interpreted with caution awaiting further
characterization.

Notably, high molecular weight DAT-associated complexes were
previously described in rats after multiple administration of metham-
phetamine or striatal injection of 6-hydroxydopamine (Baucum et al.,
2004; Hadlock et al., 2009). Furthermore, DAT-a-synuclein aggregates,
together with increased DAT and a-synuclein cellular levels and chang-
es in their subcellular distribution, were also found in a mouse model of
Parkinson's disease based on SYN;_129 overexpression (Bellucci et al.,
2011). Thus, oxidative stress and disruption of dopaminergic transmis-
sion might also underlie the formation of high molecular weight DAT-
associated complexes. However, our data show that prolonged D3R
stimulation does not affect a-synuclein expression, and DAT levels
and its functional distribution were also unchanged, even after
21 days of treatment. This suggests that dopaminergic transmission is
preserved in PPX-treated mice, and that the formation of high molecular
weight DAT complexes may occur in dopaminergic neurons to regulate
DAT activity in response to different conditions: these complexes are
not necessarily toxic, nor do they necessarily lead to protein aggrega-
tion. Interestingly, data from cellular and animal models of Parkinson's
disease indicate that D3R agonists have the ability to counteract the for-
mation of a-synuclein inclusions (Bellucci et al., 2008; Kakimura et al.,
2001). Thus, it is possible that PPX promotes the turnover of DAT and
its protein partners, maintaining their cellular levels within the normal
range even when forming high molecular weight multiprotein
complexes.

It is well-known that dopaminergic neurons display adaptive re-
sponses aimed at normalizing DA neurotransmission following
prolonged administration of DA agonists. These include changes in fir-
ing rate (Chernoloz et al., 2009), and phosphorylation of active DA re-
ceptors, resulting in their desensitization and internalization (for
review see Evron et al., 2012). Further studies have implicated DAT in
adaptive responses: while acute D3R stimulation enhanced DA uptake
(Zapata et al., 2007; Zapata and Shippenberg, 2005), prolonged agonist
exposure for 30 min in in vitro studies (Zapata et al., 2007), or for a few
days in mice (Joyce et al., 2004), decreased DA uptake. Our findings
agree with this notion and indicate that adaptive mechanisms in re-
sponse to prolonged PPX treatment involve DAT protein-protein inter-
actions. Moreover, using DsR ™~ mice, we found that functional as well
as biochemical DAT changes require D3R. The fact that DAT is also regu-
lated by D,R (Bolan et al., 2007; Bowton et al., 2010; Lee et al., 2007)

raises the possibility of a role of D,R in these events. However, as our re-
sults show, the decrease in DA uptake and the formation of multiprotein
complexes upon prolonged PPX administration were preserved in
D,R™/~ mice, suggesting that both effects are D,R-independent. As
such, D3R agonists may need D,R to induce the acute increase in DAT ac-
tivity, as suggested by Zapata and Shippenberg (2005), but not for the
decrease in DAT activity and changes in DAT proteome elicited after
prolonged administration.

The present study reveals that the maximal velocity of DA uptake
(which directly correlates with the number of DAT active sites) was
not affected by PPX, while K, (which inversely correlates with DAT af-
finity for DA) increased. Therefore, one can assume that most DAT, with
reduced affinity, is retained at the plasma membrane in PPX-treated an-
imals, while internalization and subsequent clearance, considered as
standard mechanisms of DAT regulation (Miranda and Sorkin, 2007,
Mortensen and Amara, 2003), are not of major significance in this para-
digm. We also demonstrated here that, unlike the D, autoreceptor (Lee
et al., 2007), the D3 autoreceptor is not a constitutive component of the
DAT-associated protein complex, but that its interaction with DAT is in-
duced by PPX. Interestingly, Min et al. (2013) have recently found that
in contrast to what happens to most G protein-coupled receptors, in-
cluding D,R, during agonist-induced desensitization, most D3R moves
towards hydrophobic domains within the plasma membrane without
translocation to intracellular compartments. Hence, the fact that DAT
is retained in the plasma membrane after prolonged PPX treatment
may be a consequence of both its interaction with D3 autoreceptor
and the anchoring of this to membrane hydrophobic domains.

An intriguing question arising from these findings is whether
DAT may also be modulated through physiological actions of
endogenously-released DA at D; autoreceptors. While current data
agree on the critical role of D, autoreceptors in basal DA uptake regula-
tion (Bolan et al., 2007; Ford, 2014; Lee et al., 2007), the participation of
D3 autoreceptors remains controversial. Our results, coinciding with
those from Zapata et al. (2007), Joseph et al. (2002), showed no differ-
ences in the basal DA uptake between D3R KO mice and their wild
type littermates, suggesting that D3R is probably not implicated in
basal DAT regulation. However, Joyce et al. (2004) found reduced
Vmax in DA uptake of D3R KO mice, and Zapata and Shippenberg
(2002) reported a reduced rate of DA clearance in striatal tissue of
Swiss Webster mice pre-incubated with a D3R antagonist, suggesting
that D3R participates in the physiological regulation of DAT. The fact
that DA affinity for D3R is higher than for D,R (Sokoloff et al., 1990;
Freedman et al., 1994; Platania et al., 2012) also indicates that DAT-
D3R interactions likely operate within the physiological range of extra-
cellular levels of DA, though this possibility needs to be directly
confirmed.

Even though the therapeutic use of PPX in Parkinson's disease to re-
lieve motor symptoms is linked to its postsynaptic actions (Millan,
2010), some studies suggest that PPX and other DA agonists exert neu-
roprotective effects, related to both recruitment of D5 autoreceptors and
non-dopaminergic actions such as antioxidant properties (Albrecht and
Buerger, 2009; Joyce and Millan, 2007). Bearing in mind the role of DAT
in the pathogenesis of Parkinson's disease, increasing intracellular levels
of DA and consequently the oxidative burden, the dual time-dependent
effect of D3R agonists on DAT may impact the vulnerability of dopami-
nergic neurons in two different ways. On the one hand, acute exposure
to agonists promotes DAT recruitment at the plasma membrane and in-
creased DA uptake through G-protein mediated mechanisms (Zapata
et al., 2007). On the other hand, consistent with the fact that prolonged
exposure to agonists induces D3 autoreceptor desensitization (Min
et al., 2013), Joyce et al. (2004) proposed that sustained treatment
with PPX might protect DA-cells by a dopaminergic mechanism induc-
ing DAT down-regulation. Our findings support this idea in part by
confirming the decrease of DA uptake, but differ in the mechanistic
foundation by suggesting that the effect of PPX is mediated by a physical
interaction between the D5 autoreceptor and DAT. Likewise, bearing in
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mind the implication of DAT and D3R in the pathogenesis of depression
(Amsterdam et al., 2012; Sokoloff et al., 2006; Zahniser and Sorkin,
2009), D3 autoreceptor-DAT interaction might also be involved in the
antidepressant effect proposed for PPX (Cusin et al., 2013), contributing
to maintain high DA levels in the extracellular space.

The serotonin transporter (SERT) is also a widely studied Na™/Cl~-
dependent transporter that shares biochemical properties and regulato-
ry mechanisms with DAT. For example, like DAT, it has a natural propen-
sity to form homo-oligomers (Anderluh et al., 2014; Hastrup et al., 2001;
Schmid et al.,, 2001), and its trafficking and internalization involve pre-
synaptic and membrane proteins which also interact with DAT
(Carneiro and Blakely, 2006; Chanrion et al., 2007; Ericksen et al.,
2010; Torres, 2006). In addition, SERT is regulated by 5-HT autoreceptors
in a time-dependent manner. While acute administration of SERT inhib-
itor antidepressants activates terminal 5-HT; g autoreceptors, reducing 5-
HT synthesis and release, their chronic administration down-regulates 5-
HT,3 mRNA in presynaptic neurons as an adaptive response directed at
increasing serotoninergic transmission (Neumaier et al., 1996). Howev-
er, ligand-induced interactions between 5-HT autoreceptors and SERT
(reminiscent of DsR-DAT interaction) have not yet been reported, sug-
gesting that there may be differences in long-term adaptive responses
between DAT versus SERTs and other classes of transporter, though
this awaits further elucidation.

In summary, we describe a new pattern of inducible protein—protein
interaction involving an autoreceptor and the corresponding neuro-
transmitter transporter. The data suggest that the changes seem to
occur as an adaptive mechanism to modulate DA transmission via the
transporter upon prolonged exposure to an agonist. Further studies
will be required to confirm the pertinence of these observations to the
long-term effects of D3R agonists in the management of psychiatric
and neurological disorders.
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