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The dopamine transporter (DAT) is a membrane glycoprotein responsible for dopamine (DA) uptake, which
has been involved in the degeneration of DA cells in Parkinson's disease (PD). Given that DAT activity
depends on its glycosylation status and membrane expression, and that not all midbrain DA cells show the
same susceptibility to degeneration in PD, we have investigated a possible relationship between DAT
glycosylation and function and the differential vulnerability of DA cells. Glycosylated DAT expression, DA
uptake, and DAT Vmax were significantly higher in terminals of nigrostriatal neurons than in those of
mesolimbic neurons. No differences were found in non-glycosylated DAT expression and DAT Km, and DA
uptake differences disappeared after deglycosylation of nigrostriatal synaptosomes. The expression pattern
of glycosylated DAT in the human midbrain and striatum showed a close anatomical relationship with DA
degeneration in parkinsonian patients. This relationship was confirmed in rodent and monkey models of PD,
and in HEK cells expressing the wild-type and a partially deglycosylated DAT form. These results strongly
suggest that DAT glycosylation is involved in the differential vulnerability of midbrain DA cells in PD.

© 2009 Elsevier Inc. All rights reserved.
Introduction

Parkinson's disease (PD) is a neurodegenerative disorder char-
acterized by neuronal degeneration and the presence of Lewy bodies
in different brain areas (Braak et al., 2003; Burke et al., 2008). Genetic
and environmental factors have been involved in its aetiology (Elbaz
andMoisan, 2008; Lee and Liu, 2008), but the cause and many aspects
of its pathogenesis are still unknown (Jenner and Olanow, 2006). Two
important facts in PD are the loss of midbrain dopaminergic (DA−)
neurons and the decline of dopamine (DA) in the striatum, which are
responsible for most, if not all, motor symptoms (Foix and
Nicolescom, 1925; Hassler, 1938). Numerous studies indicate that
oxidative stress plays a central role in PD, and that DA metabolism is
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the main source of reactive oxygen species in DA cells (Luo and Roth,
2000; Adams et al., 2001). Therefore, DA may be responsible for DA
cell degeneration in addition to being the neurotransmitter whose
deficit characterizes PD. The cytosolic levels of DA depend on its
synthesis, whose rate-limiting enzyme is tyrosine hydroxylase (TH),
and two transport processes: DA uptake from the synaptic cleft, and
once inside the cell, DA packing into small synaptic vesicles. DA
uptake is performed by the dopamine transporter (DAT), a 12-
transmembrane domain glycoprotein with three N-glycosylation sites
in the second extracellular loop (Horn, 1990; Giros and Caron, 1993),
which is also required for the cytotoxic effect of DA analogue
neurotoxins (Blum et al., 2001; Schober, 2004). DA vesicular storage
is performed by the vesicular monoamine transporter (VMAT2), also
present in other monoaminergic cells. So, DAT may contribute to the
vulnerability of DA cells, serving as an entrance for DA, its metabolites,
and analogue toxins (Pifl et al., 1993; Gainetdinov et al., 1997; Bezard
et al., 1999), and VMAT2 may serve as a neuroprotective factor by
sequestering these substances into vesicles and preventing the
interaction with their catabolic enzymes (Miller et al., 1999; Caudle
et al., 2008). An interesting fact in PD is that not all midbrain DA
neurons show the same susceptibility to degeneration. Neurons in the
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substantia nigra (SN, A9 DA cell group; Dahlström and Fuxe, 1964) are
more vulnerable than those in the ventral tegmental area (VTA, A10
DA cell group). Within the SN, neurons lying in its ventrolateral and
caudal region (SNcv) are more vulnerable than those in the
rostromedial and dorsal region (SNrm) (German et al., 1989; Damier
et al., 1999b). The finding of higher DATmRNA levels in nigral DA cells
than in those in the VTA has suggested a relationship between DAT
mRNA levels and vulnerability (Cerruti et al., 1993; Uhl et al., 1994).
More recently, we found that midbrain DA neurons with similar DAT
mRNA levels show differences in DAT protein expression, with some
DA cells containing high levels of DAT mRNA and very low levels of
DAT protein. Our results also revealed that the topographic pattern of
DA cell degeneration matches that of DAT protein expression rather
than that of DATmRNA expression, suggesting that differences in DAT
post-transcriptional regulation may be involved in the differential
vulnerability of midbrain DA cells (Gonzalez-Hernandez et al., 2004).
It is known that glycosylation in general, and N-glycosylation in
particular, play a determinant role in the folding, trafficking, and
surface expression of membrane proteins (Lis and Sharon, 1993;
Kukuruzinska and Lennon, 1998). In vitro studies show that DAT
activity depends on its glycosylation status, with the glycosylated DAT
form transporting DAmore efficiently than the non-glycosylated form
(Torres et al., 2003; Li et al., 2004). The aim of this study was to
investigate possible differences in the constitutive expression of the
glycosylated and non-glycosylated DAT forms between different
subpopulations of mesostriatal DA cells andwhether the glycosylation
status of DAT is related to the differential vulnerability of midbrain DA
cells in PD.

Materials and methods

Mesostriatal compartments

Taking into account the topographical distribution of mesostriatal
projections (Fallon and Loughlin, 1982; Joel and Weiner, 2000) and
their degeneration pattern in PD (Bernheimer et al., 1973; Hirsch et
al., 1988; Damier et al., 1999b) and in monkey (Burns et al., 1983;
German et al., 1992) and rodent (Hung and Lee, 1996; Rodriguez et al.,
2001) models of PD, the mesostriatal system was divided into two
compartments: nigrostriatal and mesolimbic. The nigrostriatal com-
partment is composed of DA cells in the caudoventrolateral region of
the substantia nigra (SNcv) and their projections to the dorsal
striatum (dSt), which show high susceptibility to degeneration. The
mesolimbic compartment is composed of DA cells in the rostrodor-
somedial region of the substantia nigra (SNrm) and the ventral
tegmental area (VTA) and their projections to the ventral striatum,
which show low susceptibility to degeneration.

In monkeys and humans, the SNcv corresponds to the ventral part
of the substantia nigra pars compacta (SNC) described by Damier et al.
(1999a) and Kubis et al. (2000); the SNrm corresponds to the dorsal
part of the SNC, and the VTA, to the band of sparse TH cells lying
between the medial third of the SNrm and the red nucleus. With
respect to the striatal division, according to hodological criteria, and in
agreement with Fallon and Loughlin, (1982), Joel and Weiner (2000),
and Heimer (2003), we considered the dSt as being composed of the
two dorsal thirds of the dorsal striatum, and the vSt as being
composed of the nucleus accumbens and the ventral third of the
dorsal striatum. In humans andmonkeys, both components of the dSt,
caudate and putamen, were analysed separately.

DAT antibodies

Different commercial antibodies aimed at different fragments of
DAT were tested in sections and protein extracts from mouse, rat,
monkey, and human brain for the study of DAT expression by
immunohistochemistry and Western blot. In our hands, the best
results were obtainedwith three of them (Fig. 1A, see also Cruz-Muros
et al., 2009). A rabbit polyclonal antibody against amino acids 541–
620 at the carboxy terminus of the human DAT (Santa Cruz
Biotechnology, Santa Cruz, CA; sc-14002; Schott et al., 2006) which
shares 91% homology with the same region of rat DAT and shows a
solid band at 50 kDa and a faint band at ∼80 kDa (Fig. 1A, lanes 1–3); a
rabbit polyclonal antibody against an 18-amino acid fragment near
the N-terminus of rat DAT (Chemicon, Temecula, CA; AB1591P) which
shares 88% homology with the same region of human DAT and shows
a solid band at ∼80 kDa and a thinner band at 50 kDa (Fig. 1A, lane 4;
see also Freed et al., 1995; Vaughan et al., 1996), and a rat monoclonal
antibody against the N-terminus fragment of human DAT (Chemicon;
MAB369) which shares 89% homology with the same region of rat
DAT. This antibody was tested in a protein extract from mouse,
monkey and human striatum, and a band at ∼75 –80 kDa was
detected (Fig. 1A, lanes 7–10; see also Miller et al., 1997). To test their
immunostaining specificity, primary antibodies were preabsorbed
overnight at 4 °C with an excess amount of their respective synthetic
peptides (50 μg/ml diluted antiserum). This test resulted in negative
staining (Fig. 1A, lane 6). Taking into account previous studies using
photoaffinity labelling, enzymatic treatment, and immunological
detection of DAT (Patel et al., 1993; Vaughan, 1995; Vaughan et al.,
1996), we can suggest that the band detected at ∼80 kDa corresponds
to the glycosylated DAT form, and the one at 50 kDa, to the non-
glycosylated form. To confirm this suggestion, samples were treated
with the endoglycosidase N-glycanase (0.5 U/100 μg protein; Sigma,
St. Louis, MO) and the exoglycosidase neuraminidase (10 mU/100 μg
protein; Sigma) for 4 hours at 37 °C before electrophoresis (Lew et al.,
1991; Li et al., 2004; Vaughan et al., 1996; Zaleska and Erecinska,
1987). This treatment resulted in the loss of labelling at 75–80 kDa
together with an increase at 50 kDa (Fig. 1A, lanes 5 and 8). Bearing in
mind their labelling pattern in Western blot and their signal/
background labelling ratio in immunohistochemistry, MAB369 and
sc-14002 antibodies were used for the detection of the glycosylated
and non-glycosylated DAT forms respectively in immunohistochem-
istry, and AB1591P and sc-14002 antibodies for the detection of the
glycosylated and non-glycosylated DAT forms, respectively, in
Western blot.

Morphological study

The morphological study was performed in parkinsonian patients,
in mouse, rat, and monkey models of PD, and in their respective
controls (non-parkinsonian humans and sham-lesioned mice, rats,
and monkeys). Human brains were obtained from the Department of
Pathology of the University Hospital of La Laguna and from the Brain
Bank of Navarra (Hospital de Navarra, Servicio Navarro de Salud, CIMA
and CIBERNED). Written consent for autopsy was obtained, and the
studywas approved by the Human Ethics Committee of the University
of La Laguna. Experimental protocols in mice, rats, and monkeys were
also approved by the Ethical Committees of the University of La
Laguna and University of Navarra and were in accordance with the
European Communities Council Directive of 24 November 1986 (86/
609/EEC) regarding the care and use of animals for experimental
procedures. Human brains were obtained from 6 patients (4 men and
2 women; average age 63.2±4.4 years) who died without history of
drug abuse or neurological or psychiatric illness and from 4 patients
who died with a diagnosis of idiopathic PD (3 men and 1 woman;
average age 64.3±6.2 years; see Table 1). Brains were removed after
a post-mortem period of 16.3±5.4 hours. In each case, the absence of
degenerative or vascular disease or the diagnosis of PD were
confirmed by pathological examination. Blocks containing the entire
midbrain DAergic formation (from the mammillary bodies to the
pons) and the striatum (from 2 cm rostral to 2 cm caudal to the
anterior commissure) were transversely cut into two rostrocaudal
halves, and each one was hemisected in the sagittal plane. The pieces



Fig. 1. Detection of glycosylated and non-glycosylated DAT forms by Western blot and immunostaining. (A) Western blot of whole protein extracts (70 μg) from rat (lanes 1, 4–6),
mouse (lanes 7 and 8), monkey (lanes 2 and 9), and human (lanes 3 and 10) striata using different DAT antibodies: sc-14002 (lanes 1–3), AB1591P (lanes 4–6), and MAB369 (lanes
7–10). No staining was obtained after preabsorption of AB1591P with the immunogenic peptide (lane 6). Protein extracts were subjected to deglycosylation treatment before
electrophoresis in lanes 5 and 8. We note that antibody sc-14002 (lanes 1–3) shows a solid band at 50 kDa, and antibodies AB1591P (lane 4) and MAB369 (lanes 7, 9, and 10) at
75 –80 kDa, and that after deglycosylation treatment, the molecular weight of the dense band detected with these two antibodies is reduced to 50 kDa (lanes 5 and 8). (B–H)
Examples of densitometric analysis in rat and human midbrains using the antibody sc-14002, which detects the non-glycosylated DAT form (non-glyco-DAT; B), and the antibody
MAB369, which detects the glycosylated DAT form (glyco-DAT; C). Double immunofluorescence was used in rats (B–D). Each DAT form was independently digitized, and after
merging (D), they were analysed by separate channels (E). The circle in D indicates the neuropil region captured for the densitometric analysis of background. In humans (F–H),
we used single immunohistochemistry for each DAT form. Three DA cells (1–3) were captured before (F) and after (G) DAT immunostaining in this example (see also
Supplementary Fig. 1). Densitometric values of DAT immunostaining (H) result from subtracting labelling before immunostaining (melanin; F) from labelling after
immunostaining (melanin+DAT; G). (I–L) Immunostaining for non-glyco-DAT (I and J) and glyco-DAT (K and L), using the antibodies sc-14002 and MAB369 respectively, in rat
midbrain (I and K) and striatum (J and L). We note that non-glyco-DAT immunostaining is preferentially localized in DAergic cell somata, and glyco-DAT in fibres and terminals.
Bar in D (for B–D), 20 μm; in G (for F and G), 25 μm; in K (for I and K), 100 μm; in L (for J and L), 1 mm.
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were briefly washed in PBS and immersed in 4% paraformaldehyde in
PBS for 72 hours at 4 °C. They were then cryoprotected in a graded
series of sucrose–PBS solutions and stored at−80 °C until processing.

Animal models of PD
Ten male Sprague-Dawley rats (300–350 g), 10 male C57BL/6J

mice (12–14 weeks of age, 24–28 g) and 6 male rhesus monkeys
(Macaca fascicularis, 5–8 years old, 3.5–4.8 kg) were used in these
experiments. Rats were injected in the third ventricle (midline, 2 mm
posterior to bregma and 8 mm below the dura, according to Paxinos
and Watson, 1998) with vehicle (0.9% saline solution with 0.3 μg/μl
ascorbic acid, sham group, n=5) or a single dose (300 μg) of 6-OHDA
(6-hydroxydopamine hydrochloride, Sigma; in 7.5 μl of vehicle per
injection; 1 μl/min, 6-OHDA groups, n=5; for protocol details, see
Rodriguez et al., 2001). Mice received four i.p. injections of 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine–HCl (MPTP, 20 mg/kg free base;
Sigma) in saline (n=5) or saline alone (n=5) at 2 hour intervals
(Jackson-Lewis et al., 1995). Rats andmice were sacrificed 7 days after



Table 1
Patient details.

Patients'
no.

Diagnosis Gender Age at symptom
onset (years)

Age of death
(years)

Cause of death

1 Control F — 50 Ovarian cancer
2 Control F — 60 Renal failure
3 Control M — 72 Pneumonia
4 Control M — 65 Myocardial

infarction
5 Control M — 57 Pancreatic

cancer
6 Control M — 63 Aortic aneurysm
7 PD F 59 67 Pneumonia
8 PD M 51 61 Pulmonary

embolism
9 PD M 63 70 Pneumonia
10 PD M 53 64 Pneumonia

F. female; M, male; PD, Parkinson's disease.
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lesion. Parkinsonism was induced in the monkeys by weekly
intravenous injections of 0.3–0.5 mg MPTP/kg. The progression of
the parkinsonian syndromewas followed by using Unified Parkinson's
Disease Rating Scale modified by Kurlan et al. (1991). MPTP injections
were maintained until reaching a score of 15 points (range 0–29
points). Monkeys were considered as suffering a stable parkinsonism
when they showed score fluctuations lower than 2 points during
2 months after MPTP withdrawn. Animals were deeply anaesthetised
with an overdose of sodium pentobarbital and transcardially perfused
with heparinized ice-cold 0.9% saline (15ml in mice, 150ml in rats, 1 l
in monkeys) followed by 4% paraformaldehyde in PBS (50 ml in mice,
450 ml in rats, 3.5 l in monkeys). The brains were removed, and the
midbrain and forebrain blocks were stored in the same fixative at 4 °C
overnight, cryoprotected in a graded series of sucrose–PBS solutions,
and stored at −80 °C until processing.

Tissue processing
Coronal sections (25 μm inmice and rats, 40 μm inmonkeys, 50 μm

in humans) were obtained with a freezing microtome, collected in
parallel series, and processed for DAT and TH immunohistochemistry
and Cresyl violet staining.

For single immunolabelling, floating sections were immersed for
30 minutes in 3% H2O2 to inactivate endogenous peroxidase, and
incubated for 60 minutes at room temperature (RT) in 4% normal goat
serum (NGS; Jackson ImmunoResearch, West Grove, PA) in PBS,
containing 0.05% Triton X-100 (TX-100; Sigma), and overnight in PBS
containing 2% NGS and one of the primary antibodies: rabbit anti-DAT
polyclonal antibody (sc-14002; 1: 400), rat anti-DAT monoclonal
antibody (MAB369; 1:800), or mouse anti-TH monoclonal antibody
(Sigma, 1:12,000). After several rinses, the sections were incubated
for 2 hours in either biotinylated goat anti-rabbit antiserum (1:1200;
Jackson ImmunoResearch), biotinylated goat anti-rat antiserum
(1:1200; Jackson ImmunoResearch), or biotinylated goat anti-mouse
antiserum (1:1200; Jackson ImmunoResearch), respectively, and
1:200 NGS in PBS. Immunoreactions were visible after incubation
for 1 hour at RT in ExtrAvidin–peroxidase (1:5000; Sigma) in PBS, and
after 10 minutes in 0.005% 3′-3′-diamiobenzidine tetrahydrochloride
(DAB; Sigma) and 0.001% H2O2 in cacodylate buffer 0.05N pH 7.6.
Midbrain sections of the rats and striatal sections of the mice were
also processed for double immunolabelling using both anti-DAT
antibodies. After preincubation in 4% NGS and 0.05% Tx-100 in PBS,
they were incubated overnight in rat anti-DAT monoclonal antibody
(MAB369; 1:400) and rabbit anti-DAT polyclonal antibody (sc-14002;
1:200). Immunofluorescent labelling was visible after incubation for
3 hours in Cy2-conjugated goat anti-rat IgG (1: 150; Jackson
ImmunoResearch) and Lissamine Rhodamine-conjugated goat anti-
rabbit IgG (1: 150; Jackson ImmunoResearch) in PBS containing 1:200
NGS. After several rinses, the sections were mounted on gelatinized
slides, air-dried, coverslipped with Vectashield (Vector), and exam-
ined under epifluorescence or confocal microscopy using appropriate
filters.

Densitometric analysis
In order to quantify the relative expression levels of both DAT

forms, a densitometric analysis was performed inmidbrain DA somata
of rats and humans and striatal terminals in monkeys and humans. In
rat midbrains (n=5), the analysis was performed in double
(glycosylated and non-glycosylated) immunofluorescent-stained sec-
tions (Figs. 1B–E). Different antibody and fluorophore dilutions were
tested to establish the optimal work dilutions in the linear range of
fluorescence intensity. All sections were processed simultaneously
using the same protocol and chemical reagents, and all microscopic
and computer parameters were kept constant throughout the
densitometric study. In each rat, six sections 180 μm apart from
each other in the rostrocaudal axis were randomly selected. In each
section, the SNrm+VTA and SNcv were divided into fields of
300 μm×250 μm, at a magnification of 200×. Only cell profiles
including nucleus were analysed, and at least 60 cells per nucleus and
rat were analysed. The labelling intensity of each cell was analysed
individually using densitometry software (Leica Microsystems,
Wetzlar, Germany). The image of each fluorochrome (Cy2 and
Rhodamine) was digitised separately and then merged. Both
fluorochromes were quantified simultaneously in separate channels.
The labelling intensity of each fluorochrome was defined as the
difference in fluorescent intensity (arbitrary units, range 0–255)
between the cell and the neighbouring background (Fig. 1E).

In human midbrains (n=4), the densitometric analysis was
performed in single immunostained sections. In each brain, 6 sections
1000 μm apart from each other and at least 100 cells per region were
analysed. Bearing in mind that DA cells in human midbrains contain
neuromelanin, the labelling intensity in immunostained cells arises in
part from neuromelanin. In order to avoid the contribution of
neuromelanin on densitometric values, its signal was subtracted in
the following way. Semi-panoramic and high-magnification photo-
graphs were obtained from unstained sections. Taking advantage of
the neuromelanin staining, individual DA cells were plotted and
digitised (Fig. 1F and Supplementary Fig. 1A). After immunohisto-
chemical processing, stained sections were photographed again (Fig.
1G and Supplementary Fig. 1B), and the densitometric value of each
cell before processing (neuromelanin) was subtracted from the value
found after processing (neuromelanin+immunostaining; Fig. 1H).
Numerical data (labelling intensity) are expressed as the index of light
attenuation in a 0 (white)–255 (black) range grey scale.

The labelling intensity of terminals was obtained from single
immunostained sections in monkeys and humans. Twenty randomly
selected square areas (0.5 mm×0.5 mm in monkeys; 1 mm×1mm in
humans) per region (caudate, putamen and vSt) and section (n=5)
were analysed in each brain (monkeys, n=4; humans, n=4). The
labelling intensity of each area was compared with that of the
neighbouring corpus callosum or internal capsule.

Western blot analysis of DAT expression and DA uptake in rat striatal
synaptosomes

The expression of the glyco- and non-glyco-DAT forms was also
studied using Western blot analysis of total extracts of the ventral
midbrain and the plasma membrane fraction of striatal synaptosomes
of rats. The ventral midbrain (between 3.00 mm and 4.00 mm rostral
to the interaural axis; Paxinos and Watson, 1998) and striatum
(between 10.00 mm and 8.60 mm rostral to the interaural axis;
Paxinos andWatson, 1998) were dissected from 6 freshly obtained rat
brains using a brain blocker. The tissue was immediately placed on a
cold plate and SNcv, SNrm+VTA, dSt, and vSt were dissected with the
aid of a stereomicroscope and a scalpel for ophthalmic surgery (see
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Gonzalez-Hernandez et al., 2004). Samples from each rat were
processed and analysed separately. Whole midbrain 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
albumin as standard. In striata, synaptosomes and plasmamembranes
were obtained following the biochemical fractionation (Huttner et al.,
1983; Dunah and Standaert, 2001) and impermeant biotinylation
(Salvatore et al., 2003; Zhu et al., 2005) procedures. Samples were
homogenized in 20 volumes 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×g, 10 min, 4 °C), and the pellets (P1)
containing nuclei and large debris were discarded. The supernatants
(S1) were centrifuged (9200×g, 10 min, 4 °C), and the resulting
pellets (P2) were resuspended in 1.2 ml SBS. These samples were
divided into four aliquots: 0.3 ml for plasma membrane biotinylation,
0.3 ml to obtain the membrane-enriched fraction by hypo-osmotic
lysis treatment, 0.3 ml for WB of the total synaptosomal fraction, and
0.3ml for DA uptake. Theywere centrifuged at 10,200×g for 15min at
4 °C, and the resulting pellets (P2′) were retained as crude
synaptosomal fractions.

For plasma membrane biotinylation, 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 (Pierce, Rockford, IL) in PBS/Ca/
Mg buffer (138 mM NaCl, 2.7 mM KCl, 1.5 mM KH2PO2, 9.6 mM
Na2HPO4, 1 mM MgCl2, 0.1 mM CaCl2, pH 7.3) and centrifuged
(8,000 g, 4 min, 4 °C). 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 ×g, 4 min, 4 °C). The resuspension
and centrifugation steps were repeated. Final pellets were resus-
pended 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 further
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, pH 7.4, 150 mM
NaCl, 1 mM EDTA, 1% Triton X-100) containing protease inhibitors
(1 μg/ml aprotinin, 1 μg/ml leupeptin, 1 mM pepstatin, 250 μM
phenylmethylsulfonyl fluoride). After incubation in continuous shak-
ing (30 min, 4 °C), the lysates were centrifuged (18,000×g, 30 min,
4 °C), and the supernatants were incubated with monomeric avidin
bead–Triton X-100 buffer (100 μl) for 1 h at RT, and centrifuged
(18,000×g , 4 min, 4 °C). The resultant supernatants (containing non-
biotinylated intracellular proteins) were stored, and the pellets
(containing avidin-absorbed biotinylated surface proteins) were
resuspended in 1 ml Triton X-100 buffer and centrifuged
(18,000×g, 4 min, 4 °C). Resuspension and centrifugation were
repeated two more times, and the final pellets were stored.

To obtain plasma membrane-enriched fractions by hypo-osmotic
lysis treatment, synaptosomes were transferred to a Teflon glass
homogenizer, hypo-osmotically lysed by adding 9 volumes of ice-
cold water, and subjected to three up and down strokes. The
osmolarity of the lysates was restored by adding 1 M HEPES–NaOH
pH 7.4 (final concentration, 7.5 mM HEPES–NaOH, pH 7.2), and the
suspension was incubated in ice for 30 min. The homogenates were
then centrifuged (25,000×g, 20 min, 4 °C) and the pellets (LP1) were
stored.

For Western blot analysis, protein samples were diluted in
Laemmli's loading buffer (62.5 mM Tris–HCl, 20% glycerol, 2% sodium
dodecyl sulfate [SDS], 0.05% β-mercaptoethanol, and 0.05% bromo-
phenol blue, pH 6.8), denatured (90 °C, 5 min), separated by
electrophoresis in 10% SDS–polyacrylamide gel, and transferred to
nitrocellulose (Schleicher & Schuell, Dassel, Germany). Blots were
blocked for 2 hours at room temperature (RT) with 5% non-fat dry
milk in TBST (250 mMNaCl, 50 mM Tris, pH 7.4, and 0.05% Tween20),
and incubated overnight at 4 °C in blocking solution with one of the
anti-DAT antibodies described above. After several rinses in TBST–5%
milk, the membranes were incubated for 1 hour in horseradish
peroxidase-conjugated anti-rabbit (1:10,000) or in horseradish
peroxidase-conjugated anti-rat (1:10,000) IgG (Jackson ImmunoR-
esearch, West Grove, PA). Immunoreactive bands were visualized
using enhanced chemiluminescence (ECL; Amersham, Arlington,
Heights, IL) and film exposure (Kodak Biomax, MR, Eastman Kodak,
Rochester, NY). Different protein quantities, antibody dilutions, and
exposure times were tested to establish the working range of each
antibody and to ensure development within the linear range of the
film. After DAT processing, each nitrocellulose membrane was
subjected to stripping treatment (62.5 mM Tris, pH 6.8, 2% SDS,
100mM β-mercaptoethanol; 1 hour at RT), and processed for tyrosine
hydroxylase (Sigma; 1:10,000, overnight, 4 °C), or r-Actin using a
mouse anti-r-Actin antibody (Sigma; 1:10,000, 2 hours at RT). The
labelling densities for DAT were compared with those of TH and r-
Actin by using a Bio-Rad scanner with densitometry software. 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
subcellular fractionation was evaluated by using Syntaxin (mouse
monoclonal anti-syntaxin, 1:500; Sigma) as a marker of synaptosomal
membrane.

Synaptosomal [3H]-DA uptake
[3H]-DA uptake assays were performed by using freshly obtained

synaptosomes from rat dorsal and ventral striata. To study the effect
of DAT glycosylation on DA uptake, synaptosomal samples were
exposed to deglycosylation treatment (neuraminidase 10 mU/100 μg
protein (Sigma), N-glycanase 0.5 U/100 μg protein (Sigma), for
20 min, 34 °C) and analysed in parallel to untreated samples. Fifty
microlitres of synaptosomal suspension (0.5 μg total protein/μl) was
preincubated (30 °C, 5 min) with 25–1250 nM DA (Sigma; with or
without 10 μM nomifensine; Sigma) in assay buffer (125 mM NaCl,
5 mM KCl, 1.5 mM MgSO4, 1.25 mM CaCl2, 1.5 mM KH2PO2, 10 mM
glucose, 25 mM HEPES, 0.1 mM EDTA, 0.1 mM pargyline, and 0.1 mM
ascorbic acid). Subsequently, 20 nM [3H]-DA (final concentration;
Amersham, Buckinghamshire, UK) 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 ice-cold assay buffer. The
suspension was immediately filtered under vacuum through Multi-
Screen®—0.45 μm hydrophilic filters (Millipore, Molsheim, France).
The filters were washed twice with 200 μl ice-cold assay buffer,
excised, and placed in scintillation vials containing 3 ml liquid
scintillation Cocktail (Sigma) and stored overnight at room tempera-
ture. Accumulated radioactivity was quantified using a liquid
scintillation counter (LKB Rackbeta 1214; Turku, Finland). Nonspecific
uptake, defined as the DA uptake in the presence of nomifensine, was
subtracted from total uptake to define DAT-mediated specific uptake.
All assays were performed in triplicate. Vmax and Km values were
determined by non-linear regression.

In vitro study

Plasmid constructs, mutagenesis, and cell line transfection
Rat DAT cDNAwas used since previous studies show no differences

in DA uptake and MPP+ susceptibility between cells expressing
human or rat DAT (Pifl et al., 1993). Full-length rat DAT cDNA was
obtained by RT–PCR from mRNA extracted from rat substantia nigra
using a proof-reading DNA polymerase (Expand High Fidelity Kit;
Roche). Specific primers were designed from the reported sequence
(GenBank accession number NM_012694) and specific restriction
sites were added to the 5′- and 3′-ends to facilitate cloning. Primer
sequences were as follows: rDAT-F: 5′-GGGGTACCCGCCACCATGAG-
TAAGAGCAAATGCTCCGTG-3′and rDAT-R:5′-GGAATTCTTACAG-
CAACAGCCAGTGACGCAG-3′. The amplified fragment was cloned in
pcDNA3.1(+)-neomycin (Invitrogen). Point mutations targeting two
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of the three N-glycosylation places (N188Q and N205Q) of the second
extracellular loop (Torres et al., 2003; Li et al., 2004) were introduced
by PCR with the QuickChange mutagenesis kit (Stratagene). Primer
sequences were as follows (mutant nucleotides are indicated in lower
case): N188QF: 5′-GCAACAACACCTGGAATtcC CCCcAgTGCTCCGATGCC-
Fig. 2. Immunolabelling pattern and densitometric analysis of non-glyco- and glyco-DAT exp
non-glyco-DAT (A) and glyco-DAT (B) in the rat substantia nigra. (C) Western blot an
Immunohistochemistry for non-glyco-DAT in the human substantia nigra. (E–G) Correspond
Immunohistochemistry for glyco-DAT in the human substantia nigra. (I–K) Correspond to
Densitometric analysis of immunolabelling in rats (L) and humans (N), andWestern blot in r
red nucleus; SNcv, caudoventrolateral region of the substantia nigra; SNrm, rostrodorsomedi
and H indicate the putative border between VTA and SNrm, and between SNrm and SNcv. Sol
glyco- DAT. Open arrows in A and B indicate DA cells showing a high expression of non-glyco
glyco-DAT is similar in the SNrm, SNcv, and VTA in both rat (A) and human substantia nigra
SNcv than in the SNrm and VTA (B, H–K). These differences were confirmed by densitomet
40 μm; in H (for D and H), 450 μm; in K (for E–G and I–K), 50 μm.
3′; N188QR: 5′-GGCATCGGAGCAcTgGGGGgaATTCCAGGTGTTGTTGC-
3′; N205QF: 5′-CTAGCGACGGCCTaGGCCTCcAgGACACCTTTGGG-3′;
and N205QR: 5′-CCCAAAGGTGTCcTgGAGGCCtAGGCCGTCGCTAG-3′.
Silent mutations were used to introduce new restriction sites (EcoRI
in N188Q and StuI in N205Q) for rapid characterization of the mutants.
ression in the rat and humanmidbrain. (A and B) Double immunofluorescent staining of
alysis of non-glyco-DAT, glyco-DAT, and TH expression in the rat midbrain. (D–G)
to the boxed areas at the top, in the middle and at the bottom of D, respectively. (H–K)
the boxed areas at the top, in the middle, and at the bottom of H, respectively. (L–N)
ats (M). AU, arbitrary units; DAT/TH, DAT expression with respect to TH expression; RN,
al region of the substantia nigra; VTA, ventral tegmental area. The dashed lines in A, B, D,
id arrows in A and B indicate DA cells showing high expressions of both glyco- and non-
-DAT and a low expression of glyco-DAT. We can see that the labelling intensity for non-
(D–G), while the labelling intensity for the glyco-DAT form is significantly higher in the
ry (L and N) and also evident in Western blot in rats (C and M). Bar in B (for A and B),
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All constructs were sequenced at the University of La Laguna DNA
sequencing facility.

HEK293 cells were maintained in Dulbecco's modified Eagle's
medium (DMEM) supplemented with 10% fetal bovine serum,
penicillin and streptomycin in a humidified incubator set at 37 °C
Fig. 3. Immunolabelling pattern and densitometric analysis of non-glyco- and glyco-DAT exp
shell; Ca, caudate nucleus; dSt, dorsal striatum; OT, olfactory tubercle; Pu, putamen; vSt, ven
Note that in mice, the labelling intensity for non-glyco-DAT is similar in the different striatal
OT (arrows in A–C) than in other striatal regions. As shown in immunohistochemistry (D, E
higher than that in the dSt (Ca and Pu), while that for glyco-DAT is lower than that in the
immunostaining (G), while the glyco-DAT labelling showed an intensity gradient (PuNCaNv
9 mm.
and 5% CO2. Cells were transfected with Lipofectamine 2000
(Invitrogen) following the manufacturer's instructions. Stable cell
lines expressing wild-type or mutant rDAT were obtained by growth
on selective medium containing 1 mg/ml of G418 (Invitrogen). After
10–12 days of selection in G418, individual clones were expanded in
ression in the mouse (A–C), monkey (D–F), and human (G–I) striatum. AcS, accumbens
tral striatum. The dashed line in D, E, G, and H indicates the putative borders of the vSt.
regions, while that for glyco-DAT is much lower in the AcS and the medial region of the
) and densitometry (F), the labelling intensity for non-glyco-DAT in the monkey vSt is
dSt. In the human striatum, no regional differences were detected in non-glyco-DAT
St; H and I). Bar in C (for A–C), 300 μm; in E (for D and E), 1.4 mm; in H (for G and H),



Fig. 4. DAT expression and DA uptake in striatal synaptosomes of rats. (A) Glyco-DAT and non-glyco-DAT expression in whole extracts (Syn) and plasma membranes (Mem) of
striatal synaptosomes. Whole extracts contain both the non-glyco- and the glyco-DAT forms, while plasma membranes only contain the glycosylated DAT form. Syntaxin (Stx) was
used as a marker of plasma membranes, and tyrosine hydroxylase (TH) as a marker of the non-plasma membrane compartment of dopaminergic terminals. (B and C) Expression of
glyco-DAT in the plasma membrane of synaptosomes in the dorsal (dSt) and ventral (vSt) striatum. Glyco-DAT expression is higher in the plasma membrane of the dSt than in the
vSt. No differences were detected in the expression of the non-glyco-DAT form in whole synaptosomal extracts. (D and E) DA uptake, kinetics of DA uptake, and effects of
deglycosylation treatment. DA uptake in the dSt is two-fold higher than that in the vSt. Deglycosylation reduces DA uptake (D) and DAT kinetics (E) in both striatal regions. The
calculated Vmax and Km are listed in Table 2.

Table 2
Kinetics of [3H]-DA uptake in synaptosomes of the dorsal (dSt) and ventral (vSt)
striatum of rats, and effect of deglycosylation treatment.

dSt vSt deglyco-dSt deglyco-vSt

Vmax
a 31.86±1.03 24.53±0.98⁎ 24.93±0.68⁎ 21.33±0.46⁎⁎

Km
b 185.70±14.10 177.10±10.22 118.54±21.26 ⁎⁎⁎ 128.74±11.01 ⁎⁎⁎

a In picomoles per minute per milligram of protein.
b In nanomolars.
⁎ pb0.01 vs. dSt.

⁎⁎ pb0.05 vs. vSt.
⁎⁎⁎ pb0.01 vs. dSt and vSt.
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multiwell plates and examined for DAT expression by Western blot
and immunofluorescence. Several positive clones were identified and
used for subsequent experiments.

[3H]-DA uptake and cytotoxicity assays
DA uptake and cytotoxicity assays in HEK transfected cells were

performed according to Storch et al. (2004) and Li et al. (2004). Wild-
type and transfected cells were grown to confluence on 6-well dishes.
They were dissociated with trypsin–EDTA, and after cell detaching,
the trypsin action was immediately terminated by adding the same
volume of DMEM. Cells were centrifuged at 1000 rpm for 2 min,
washed twice and resuspended in assay buffer (125 mM NaCl, 5 mM
KCl, 1.5 mM MgSO4, 1.25 mM CaCl2, 1.5 mM KH2PO2, 10 mM glucose,
25 mM HEPES, 0.1 mM EDTA, 0.1 mM pargyline, and 0.1 mM ascorbic
acid). Samples of 50 μl cell suspensions (1 μg total protein/μl) were
analysed as described for synaptosomes.

Cell vulnerability was analysed by using a MTT (3[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay and
two different neurotoxins: 1-methyl-4-phenylpyridine (MPP+), the
active metabolite of MPTP, whose toxicity depends on DAT activity,
and rotenone, a lipophilic compound that crosses the cellular
membranes without depending on the transporter (Uversky, 2004).
Cells were seeded in 24-well dishes at a density of 20,000 cells/well
(in 400 μl medium) and grown for 48 hours. The medium was then
supplemented with ascorbic acid (0.022 mg/ml final concentration),
and 24 hours later, different concentrations of either rotenone (0.1 –
1000 μM; Sigma) or MPP+ (0.01 –1000 μM; Sigma) with and without
nomifensine (17.7 μg/ml) were added. After incubation for 24 hours
at 37 °C, 100 μl of MTT reagent (0.5% MTT in PBS, 0.1% final
concentration) was added to each well and incubated at 37 °C for
3 hours. Thereafter, 400 μl of lysis buffer (20%wt./vol. sodium dodecyl
sulfate (SDS) in 50% N,N-dimethyl formamide, with 2.5% HCl and 2.5%
acetic acid, pH 4.7) was added and incubated overnight at 37 °C. The
optical density of the samples was then measured at 570 nm with
reference at 630 nm. MTT reduction was expressed as a percentage of
the untreated wild-type HEK cells. The cytotoxic effect of MPP+ was
also analysed using morphological criteria. Taking into consideration
the results in the MTT assay, cells were incubated for 24 hours in
50 μM MPP+ with and without nomifensine. Thereafter, they were
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processed for DAT immunocytochemistry, and the numbers of
apoptotic nuclei and DAT immunonegative cells were counted.

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,
USA). A level of pb0.05 was considered as critical for assigning
statistical significance. Data are expressed asmean±standard error of
the mean.

Results

Differential expression of glycosylated and non-glycosylated DAT forms
in the midbrain and striatum

The use of specific antibodies allowed us to preferentially detect
non-glycosylated (immature, 50 kDa) and glycosylated (mature, 75–
80 kDa) DAT forms by both Western blot and immunohistochemistry
(see Materials and methods). The immunostaining pattern for sc-
14002, which detects the 50 kDa band, was preferentially localized
in DA cell somata (Fig. 1I), while the pattern for MAB369, which
detects the 75 –80 kDa band, was preferentially localized in
midbrain DA fibres and striatal terminals (Figs. 1K and L). Besides
the distribution pattern based on DAT maturation and traffic to
terminals, we found differences in the expression levels of the
glycosylated DAT form between different mesostriatal DA cell
subpopulations. These differences were evident in midbrain somata
as well as striatal terminals of rodents, monkeys, and humans. While
the labelling intensity for non-glyco-DAT was similar in DA somata
at different dorsoventral levels of the rat SN (Fig. 2A), the labelling
intensity for glyco-DAT was higher in those in its ventral tier (SNcv;
pb0.01, F=21.2; Fig. 2B, see also Figs. 1B–D). This difference was
also evident in Western blot (Fig. 2C), and confirmed by densito-
metry, which revealed three-fold higher glyco-DAT expression in DA
neurons in the ventral tier (SNcv) than in those in the dorsal tier
(SNrm+VTA; pb0.01, F=16.4; Figs. 2L and M). A similar labelling
pattern was found in monkey and human midbrains. As shown in
Figs. 2D–K, the labelling intensity for non-glyco-DAT in the human
midbrain was similar in DA neurons in the SNcv, SNrm, and VTA
(Figs. 2D–G and N), but glyco-DAT levels were 2.2-fold higher in the
neurons in the SNcv than in those in the SNrm (pb0.01, F=20.3)
and were 1.6-fold higher in the SNrm neurons than in the neurons in
the VTA (pb0.01, F=17.7; Figs. 2H–K and N).

With respect to the striatum, the labelling intensity for non-glyco-
DATwas very similar in the dSt and vSt of mice (Fig. 3A) and rats (data
not shown), but glyco-DAT labelling was weaker in the vSt (Fig. 3B),
particularly in the accumbens shell and the medial region of the
olfactory tubercle of mice, where glyco-DAT expression was virtually
undetected (Figs. 3A–C, arrows). In monkeys, no immunostaining
differences were observed between both components of the dSt,
caudate, and putamen, but the labelling pattern was clearly different
in the vSt. While non-glyco-DAT expression was higher than in the
Fig. 5. Tyrosine hydroxylase immunohistochemistry in the midbrain and striatum of rats (A–
cell and terminal loss in different animal models of PD and in parkinsonian patients. Sham-in
human samples (control and parkinsonian brains) on the right. DA cell degeneration in the
parkinsonian patients (N) mostly involves the SNcv, in agreement with the distribution of DA
2D–K and 5M and N). In the striatum of 6-OHDA-injected rats (D) andMPTP-injected mice (H
with that of terminals containing low glyco-DAT levels (compare Figs. 3B and 5H; and Figs
1988; Brooks et al., 1990) and correlating with the glyco-DAT levels, the loss of DA terminals
Figs. 3H and 5O–Q). AcS, accumbens shell; Ca, caudate nucleus; dSt, dorsal striatum; EC,
putamen; SNcv, caudoventrolateral region of the substantia nigra; SNrm, rostrodorsomedia
dashed line in A, B, I, J, M, and N indicates the putative border between SNrm and SNcv, and i
in D (for C and D), 1mm; in F (for E and F), 250 μm; in H (for G and H), 400 μm; in J (for I and J
1 mm.
dSt, glyco-DAT expression was very faint (Figs. 3D and E, dotted
areas). Consequently, the relative expression of both DAT forms
(glyco-DAT/non-glyco-DAT index) in the vSt was significantly lower
(30%) than in the dSt (pb0.01, F=18.3; Fig. 3F). As described in
rodents, immunolabelling for non-glyco-DAT showed no regional
differences in the human striatum (Fig. 3G), but differences became
evident in glyco-DAT. The highest glyco-DAT expression levels and
glyco-DAT/non-glyco-DAT index were found in the putamen, fol-
lowed by the caudate nucleus (pb0.01 vs. Pu, F=13.2), and the
lowest ones in the vSt (pb 0.05 vs. Ca, F=7.3; Figs. 3G–I).

In summary, these data indicate that glyco-DAT expression is
higher in soma and terminals of nigrostriatal DA neurons than in those
of the mesolimbic DA neurons, suggesting differences in DAT activity
between both mesostriatal compartments.

DAT expression and glycosylation in the plasma membrane of striatal
terminals correlate with DA uptake

Bearing in mind that DAT activity depends on its localization in
the plasma membrane and glycosylation status, we investigated
regional differences (dSt vs. vSt) in DAT glycosylation and expression
levels in the plasma membrane of striatal synaptosomes, and DA
uptake. Western blot of total synaptosomal extracts from rat dSt and
vSt showed one band at 75 kDa and another at 50 kDa, indicating the
presence of both DAT forms (Fig. 4A, Syn). Western blot of
synaptosomal plasma membranes, obtained from avidin-absorbed
biotinylated surface proteins or subcellular fractionation, revealed a
single band at ∼75 kDa (Fig. 4A, Mem), suggesting that the
glycosylated form is the only or the predominant DAT variant in
DA terminal membranes of both striatal regions. In addition,
densitometric analysis using syntaxin (Stx) as a plasma membrane
marker, showed that glyco-DAT expression in the plasma membrane
of dSt is 2.6-fold higher than in that of the vSt (pb0.001, F= 33.1;
Figs. 4B and C).

We next investigated differences in nomifensine-sensitive DA
uptake and DAT kinetics between both striatal regions. As shown
in Fig. 4D, the high-affinity [3H]DA uptake in dSt synaptosomes
was two-fold higher than in those of the vSt (pb0.001, F=29.7).
The kinetics analysis revealed that Vmax in the dSt was 23% higher
than in the vSt (pb0.01, F=13.9), but Km was similar in both
striatal regions (Table 2 and Fig. 4E). This finding indicates that
regional differences in DA uptake depend on the number of uptake
sites rather than on DA affinity and agrees with glyco-DAT
expression differences between the plasma membrane of both
striatal regions. Deglycosylation treatment of synaptosomes caused
a significant decrease in [3H]DA uptake (45%–50%; pb0.001
deglyco-dSt vs. dSt, F= 37.3; pb0.05 deglyco-vSt vs. vSt, F=8.0;
Fig. 4D) as well as in both DAT kinetics parameters. Km was
25%–36% lower after treatment than in untreated striatal synapto-
somes, and Vmax decreased 13%–22% (pb0.01, deglyco-dSt vs. dSt,
F=12.7; pb0.01 deglyco-vSt vs. vSt, F=10.1; Table 2). These data
confirm the key role of glycosylation in DA affinity and that
deglycosylation treatment also reduces the number of uptake sites
(Fig. 4E).
D), mice (E–H), monkeys (I–L), and humans (M–Q) showing the topographic pattern of
jected animals are on the left, 6-OHDA- or MPTP-injected animals are in the middle, and
midbrain of 6-OHDA-injected rats (B), MPTP-injected mice (F) and monkeys (J), and
cells containing high glyco-DAT levels (compare Figs. 2A and B and 5A and B; and Figs.
) and monkey (L), the localization of non-degenerate (TH positive) terminals coincides

. 3E and 5L). Moreover, confirming previous anatomical descriptions in PD (Kish et al.,
is higher in the putamen than in the caudate nucleus of parkinsonian patients (compare
external capsule; IC, internal capsule; LV, lateral ventricle; OT, olfactory tubercle; Pu,
l region of the substantia nigra; vSt, ventral striatum; VTA, ventral tegmental area. The
n O indicates the putative borders of the internal capsule. Bar in B (for A and B), 400 μm;
), 1mm; in L (for K and L) 2mm; in N (forM and N) 2mm; in O, 6mm; in Q (for P and Q),
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DAT glycosylation levels positively correlate with DA cell degeneration in
animal models of Parkinson's disease and parkinsonian patients

The topographic pattern of glyco-DAT expression was compared
with that of DA cell degeneration in three animal models of PD (see
Materials and methods) and parkinsonian patients. Immunohisto-
chemistry for tyrosine hydroxylase in rats receiving intracerebro-
ventricular injection of 6-OHDA shows that, coinciding with the
distribution of high glyco-DAT level expressing cells, the degenera-
tion is preferentially localized in SNcv somata and dSt terminals
(Figs. 5A–D). DA cell degeneration in MPTP-treated mice and
monkeys follows the same pattern as in 6-OHDA rats with the loss
of practically all SNcv neurons (Figs. 5E, F, I, and J). The field of non-
degenerate terminals localizes in the accumbens shell and the
medial portion of the olfactory tubercle in the mouse striatum,
coinciding with that of terminals containing very low levels of glyco-
DAT (compare Fig. 3B with Fig. 5H). Non-degenerated terminals in
the striatum of MPTP-treated monkeys are restricted to the vSt,
where glyco-DAT levels are very low (compare Figs. 3E and L).
Finally, confirming previous anatomical studies in humans (Hassler,
1938; German et al., 1989; Damier et al., 1999b), we found that in
the midbrain of parkinsonian patients, DA cells virtually disappear
from the SNcv, while many of them in the SNrm and VTA are
preserved (Figs. 5M and N). In addition, correlating with glyco-DAT
levels in both dSt compartments, the loss of DA terminals was
significantly higher in the putamen than in the caudate nucleus
(Figs. 5O–Q). These data support a relationship between the
constitutive expression of the glycosylated DAT form and the
vulnerability of midbrain DA cells against 6-OHDA and MPTP and
in PD.

Cytotoxic effect of MPP+ on glyco-DAT and deglyco-DAT expressing cells

The relationship between DAT glycosylation and the differential
vulnerability of DA neurons was confirmed in HEK-293 cells
expressing the wild-type form of rat DAT (rDAT) and a mutant form
in which two N-glycosylation sites were removed by site-directed
mutagenesis (N188Q and N205Q; deglyco-rDAT). Western blot of
rDAT stably transfected HEK cells (rDAT-HEK cells) revealed a broad
band at 75–80 kDa and a thinner band at 50 kDa (Fig. 6A),
corresponding to the glycosylated and non-glycosylated forms,
respectively. Low levels of non-glyco-DAT protein expression were
detected in non-transfected cells (Fig. 6A) or in cells transfected with
the empty vector (data not shown). Endogenous DAT protein levels
were not high enough to show significant DA uptake under the
experimental conditions used in this study (Fig. 6B) and were not
detected by immunofluorescence (Fig. 6D). In contrast, stable
transfectants showed an intense labelling preferentially localized in
the cell surface (Fig. 6J), and a high degree of activity in the DA uptake
assay (Fig. 6B). HEK cells transfected with rDAT mutant form (N188Q
and N205Q, deglyco-rDAT-HEK cells) showed one band at ∼50 kDa
and another at ∼60 kDa (Fig. 6A), consistent with the expression of
the non-glycosylated and a partially glycosylated DAT variant coming
from a third glycosylation site (Torres et al., 2003; Li et al., 2004).
Deglyco-rDAT immunofluorescence was reduced in the cell surface
(Fig. 6S), and DA uptake was 30% of that in rDAT-HEK cells (pb0.01,
F=19.1; Fig. 6B).

The cytotoxic effects of rotenone and MPP+ on the different cell
phenotypes were studied by using the MTT assay after incubation in
rotenone (0.1 –1000 μM) or MPP+ (0.01 –1000 μM) for 24 hours. The
toxicity of rotenone on rDAT- and deglyco-rDAT-HEK cells was similar
to that on untransfected HEK cells (IC50=19–24 μM) as shown in Fig.
6C. In the case of MPP+, the toxic effect on untransfected HEK cells
was obtained at practically the millimolar concentration range
(IC50=976±58 μM), while in rDAT-HEK cells, it was obtained
around 1.0 μM (IC50=1.33±0.29 μM) and inhibited by coincubation
with nomifensine. In contrast, as described for untransfected HEK
cells, the effect on deglyco-rDAT HEK cells became evident at the
upper range of MPP+ concentration (IC50=281±39 μM). The
differential response to MPP+ was confirmed in the morphologic
study. After incubation in 50 μMMPP+ for 24 hours, 47% of rDAT-HEK
cells became immunonegative for DAT (Fig. 6M) and 19% of them
showed apoptotic nucleus (Fig. 6N). However, no changes were
detected in deglyco-rDAT-HEK cells subjected to the same treatment
(Fig. 6V) nor in rDAT-HEK cells coincubated with nomifensine (Fig.
6P). These data indicate that DAT deglycosylation reduces DA uptake
and protects DAT expressing cells against MPP+ toxicity and that DAT
expression and its glycosylation status do not affect the rotenone
toxicity on HEK cells.

Discussion

Our results show differences in the expression of the glycosylated
form of DAT among different mesostriatal DA cells and a relatonship
between glyco-DAT expression, DA uptake, and vulnerability. DA
neurons in the SNcv express higher glyco-DAT levels, transport DA
more efficiently, and are more vulnerable to degeneration than those
in the SNrm and VTA. The relationship between DAT glycosylation and
the differential vulnerability of midbrain DA cells is evident in
parkinsonian brains, in three different animal models of PD, and in
HEK cells expressing the wild-type form of DAT and a partially
glycosylated mutant form.

Previous data from our laboratory suggest internuclear differences
in the post-transcriptional processing of DAT. Specifically, midbrain
DA cell subsets with similar levels of DATmRNA showed differences in
DAT protein contents (Gonzalez-Hernandez et al., 2004). These
results were obtained using an anti-DAT antibody directed to the N-
terminal fragment which recognises a ∼75 kDa form (Freed et al.,
1995; Vaughan et al., 1996). Here, we have used antibodies directed to
different fragments of the transporter that identify one form of
∼75 kDa and another of ∼50 kDa. Previous studies using photoaffinity
labelling, enzymatic treatment, and immunological techniques in the
identification of the glycosylated and non-glycosylated DAT forms
(Grigoriadis et al., 1989; Lew et al., 1991; Patel et al., 1993; Ciliax et al.,
1995; Vaughan, 1995), as well as validation tests and immunolabel-
ling differences between different antibodies, indicate that the bands
detected at ∼75 kDa and 50 kDa correspond to the glycosylated and
non-glycosylated DAT forms, respectively. The combination of these
antibodies revealed the expected maturational gradient, determined
by the evidence of a higher concentration of the non-glycosylated
(immature) form in midbrain somata than in striatal terminals, and a
higher concentration of the glycosylated (mature) form in striatal
terminals than in midbrain somata. Most importantly, they show
higher expression levels of glyco-DAT in somata and terminals of the
nigrostriatal compartment (SNcv and dSt) than in those of the
mesolimbic compartment (SNrm+VTA and vSt). These findings
could be secondary to differences in the density of dopaminergic
terminals between both striatal regions. However, the fact that
differences in glyco-DAT expression were also evident in midbrain
somata and that no regional differences were detected at the terminal
level in the non-glycosylated DAT form and TH expression make it
improbable that structural aspects play a relevant role in this
phenomenon and support the existence of differences in the
posttranslational processing of DAT between both mesostriatal
compartments. Moreover, this expression pattern matches that of
the functional DAT pool. DAT levels in the plasma membrane of dSt
terminals are higher than in those of the vSt, and only the glycosylated
DAT form was detected in the plasma membrane of rat striatal
synaptosomes. Consistent with these findings, DA uptake in dSt is
higher than in the vSt, and this difference is due to a higher number of
DA uptake sites (Vmax values) without differences in the affinity of DA
uptake (Km values), indicating that expression levels rather than the



Fig. 6. Cytotoxic effect of MPP+ and rotenone on HEK-293 cells expressing the wild-type (rDAT) and a partially deglycosylated form (deglyco-rDAT) of rat DAT. (A) Western blot
analysis of DAT expression in untransfected cells (HEK) and in cells expressing rDAT (rDAT-HEK) or double mutant (N188Q, N205Q) deglyco-rDAT (deglyco-rDAT-HEK).
Untransfected cells show a very weak expression of non-glyco-DAT (50 kDa); rDAT-HEK cells show a robust expression of glyco-DAT (75 kDa); and deglyco-rDAT-HEK cells show a
moderate expression of a partially deglyco-DAT form (∼60 kDa). (B) DA uptake in deglyco-rDAT-HEK cells is significantly lower than in rDAT-HEK cells. (C) Toxic effect of rotenone
(top) and MPP+ (bottom) on the three cell phenotypes and on rDAT-HEK cells after nomifensine (NMF) treatment measured by MTT reduction. The response to rotenone is similar
in the three cell phenotypes. The half-maximal inhibitory concentration of MPP+ toxicity is much higher in deglyco-rDAT-HEK cells (IC50=281 μM) than in rDAT-HEK cells
(IC50=1.33 μM). (D–X)Morphological evidence of the differential vulnerability of rDAT-HEK and deglyco-rDAT-HEK cells toMPP+. Left column, DAT immunocytochemistry; central
column, DAPI staining; right column, DAT-DAPI double staining. Cells were incubated with 50 μM MPP+ for 24 hours. A number of rDAT-HEK cells lost DAT immunoreactivity (M)
and displayed apoptotic nuclei (N), but no changes were observed in deglyco-rDAT-HEK cells (V–X), nor in NMF-treated rDAT-HEK (P–R) nor untransfected cells (G–I).
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form of the membrane-associated DAT are responsible for DAT
activity differences.

The idea that DA uptake is differentially regulated in the dSt and vSt
arises from studies reporting that the number of 3H-DA uptake sites in
the dSt are higher than in the vSt (Missale et al., 1985; Marshall et al.,
1990; Cass et al., 1992), and that after electrical stimulation, the time
decline of extracellular DA concentration in the dSt is shorter than in the
vSt (Stanford et al., 1988; Suaud-Chagny et al., 1995). Our study shows a
relationship between this phenomenon and the glycosylation degree
and membrane expression of DAT in both striatal compartments.

It should be noted that although the dSt and vSt receive afferent
connections from different brain centres, both regions share relevant
aspects of their cytology, local circuitries, and cellular physiology
(Leung and Yim, 1993; Meredith, 1999). This suggests that they
operate following a common input–output scheme and that the
regional specialization should be due to variations in neurochemical
parameters (Wickens, 1990). Physiological studies show that DA is
involved in long-lasting activity-dependent changes in the excitatory
synaptic efficacy, a cellular mechanism required for information
storage in different brain regions (Calabresi et al., 2007; Surmeier et
al., 2007). In the striatum, DAergic–glutamatergic interaction is
believed to underlie motor functions and habit learning associated
with the dSt and reward and motivation associated with the vSt
(Calabresi et al., 2000; Hyman et al., 2006). The fact that some features
of the synaptic changes induced by DA in the dSt are different from
those induced in the vSt suggests that the time course of DA signalling
might be important in determining their functional specialization
(Wickens et al., 2003). In this context, differences in DAT glycosylation
and transport rate between nigrostriatal andmesolimbic neuronsmay
act as regulatory mechanisms contributing to shape the pattern of DA
time signalling and functional specialization in the dSt and vSt.

On the other hand, several lines of evidence support the view that
DAT is involved in DA cell degeneration. DA is an important source of
reactive oxygen species (Luo and Roth, 2000; Adams et al., 2001) and
the cytosolic levels of DA depend mostly on the DA uptake through
DAT (Benoit-Marand et al., 2000). The pharmacological blockade or
deficient expression of DAT makes DA cells resistant to dopaminergic
neurotoxins (Gainetdinov et al., 1997; Bezard et al., 1999). This
relationship has also been supported by the similarity between the
distribution pattern of DA cells containing high levels of DAT mRNA
and that of DA cell degeneration (Cerruti et al., 1993;Hurd et al., 1994).
However, a meticulous analysis of both distribution patterns reveals
some inconsistencies. For example, DA cells in the parabrachialis
pigmentosus region of the A10 cell group, which contains higher DAT
mRNA levels than those in the dorsal tier of SN in monkeys (Haber et
al., 1995) and rats (Shimada et al., 1992), are also more resistant to
MPTP (Varastet et al., 1994) and 6-OHDA (Rodriguez et al., 2001),
respectively. In addition, a comparative study between the mRNA
expression pattern of DAT and other dopaminergic markers, including
those with a potential protective role such as D2 receptor (Hurd et al.,
1994; Haber et al., 1995) and VMAT2 (Gonzalez-Hernandez et al.,
2004), reveals no substantial differences among them, suggesting that
the involvement of DAT in the differential vulnerability of DA cells
should be related to aspects other than differences in its mRNA levels.

Our study shows a close association between the topographic
pattern of glyco-DAT expression and that of mesostriatal degenera-
tion. The distribution of midbrain DA cells, which degenerate in PD, as
well as in the 6-OHDAmodel in rats and the MPTP model in mice and
monkeys, coincides with that of DA cells containing high glyco-DAT
levels. Glyco-DAT levels in the human striatum are in line with the
putamen–caudate–vSt gradient of DA degeneration in parkinsonian
patients (Kish et al., 1988; Brooks et al., 1990), and the distribution of
6-OHDA- and MPTP-resistant fibres in the rat, mouse, and monkey
striatum coincides with that of glyco-DAT-poor terminals. In any case,
it should be noted that other components of the chemical profile of DA
cells have also been related to their differential vulnerability in PD. For
example, the calcium binding protein calbindin has been proposed as
playing a neuroprotective role on the basis of its ability to buffer
intracellular Ca2+ and the fact that it is preferentially expressed in
VTA and SNrm DA cells (Yamada et al., 1990; German et al., 1992).
More recently, the use of laser capture microdissection, microarray
analysis, and real-time PCR has revealed that more than one hundred
genes, some of them involved in vulnerability or neuroprotection, are
differentially expressed in DA cells of the SN and VTA of rodents
(Chung et al., 2005; Greene et al., 2005). Therefore, phenotypic
aspects other than DAT glycosylation may contribute to shape the
topographic pattern of DA cell degeneration in PD.

In order to confirm the anatomical suggestion of a relationship
between DAT glycosylation and DA cell vulnerability, in vitro
experiments were performed. We used a cell model similar to that
used to demonstrate the relevance of N-glycosylation in DAT activity
(Torres et al., 2003; Li et al., 2004), but substituting human DAT for rat
DAT because both forms display the same activity and susceptibility to
MPP+ in transfected cells (Pifl et al., 1993). The double mutation
N188Q and N205Q resulted in partial deglycosylation of DAT, reduced
DAT immunoreactivity at the plasma membrane, and reduced DA
uptake. The in vitro results support those obtained in rat striatal
synaptosomes showing a correlation between glyco-DAT expression
and DA uptake, the differences in glyco-DAT expression between dSt
and vSt, and the effect of deglycosylation. In addition, DAT transfec-
tion and mutation were sensitive to DAT-dependent neurotoxins but
not to DAT-independent neurotoxins. The cytotoxic assay reproduced
the vulnerability differences found between SNcv and SNrm+VTA DA
cells in PD and in 6-OHDA and MPTP models of PD, with rDAT-HEK
cells being highly sensitive to MPP+, while those expressing the
deglycosylated DAT form are resistant.

Glycosylation is a co- and posttranslational process that engages
numerous enzymes which add glycans to newly synthesized proteins,
with enzymes working in DAT glycosylation also being used in the
glycosylation of other membrane-associated proteins (Melikian et al.,
1996; Helenius and Aebi, 2001). Therefore, it is unlikely that
internuclear differences (SNcv vs. SNrm+VTA) in DAT glycosylation
are due to differences in the enzymatic phenotype of DA cells, since
this would affect the surface expression of other important proteins.
Several studies indicate that other factors modulate DAT membrane
expression and activity, including D2 and D3 DA receptor activation
(Cass and Gerhardt, 1994; Joyce et al., 2004), and direct interaction
with various presynaptic proteins (Torres et al., 2001). Although
many functional aspects of these interactions remain unknown, it is
possible that they can also modulate the glycosylation status of DAT.

Taken together, our results strongly suggest that the glycosylation
status of DAT is involved in the degeneration of DA cells in PD. Further
studies focused on the differential modulation of DAT glycosylation
and trafficking between mesostriatal subpopulations may contribute
to understanding the mechanisms underlying this relationship.
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