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The dopamine transporter (DAT) mediates reuptake of
released dopamine and is the target for psychostimulants,
such as cocaine and amphetamine. DAT undergoes marked
constitutive endocytosis, but little is known about the fate
and sorting of the endocytosed transporter. To study DAT
sorting in cells lines, we fused the one-transmembrane seg-
ment protein Tac to DAT, thereby generating a transporter
(TacDAT) with an extracellular antibody epitope suited for
trafficking studies. TacDAT was functional and endocytosed
constitutively in HEK293 cells. According to an ELISA-based
assay, TacDAT intracellular accumulation was increased by
the lysosomal protease inhibitor leupeptin and by monensin,
an inhibitor of lysosomal degradation and recycling. Monen-
sin also reduced TacDAT surface expression consistent with
partial recycling. In both HEK293 cells and in the dopamin-
ergic cellline 1Rb3An27, constitutively internalized TacDAT
displayed primary co-localization with the late endosomal
marker Rab7, less co-localization with the “short loop” recy-
cling marker Rab4, and little co-localization with the marker
of “long loop” recycling endosomes, Rabll. Removal by
mutation of N-terminal ubiquitination sites did not affect
this sorting pattern. The sorting pattern was distinct from a
bona fide recycling membrane protein, the f3,-adrenergic
receptor, that co-localized primarily with Rab11 and Rab4.
Constitutively internalized wild type DAT probed with the
fluorescently tagged cocaine analogue JHC 1-64, exhibited
the same co-localization pattern as TacDAT in 1Rb3An27
cells and in cultured midbrain dopaminergic neurons. We
conclude that DAT is constitutively internalized and sorted
in a ubiquitination-independent manner to late endosomes/
lysosomes and in part to a Rab4 positive short loop recycling
pathway.
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The dopamine transporter (DAT)? mediates reuptake of
dopamine from the synaptic cleft and terminates in this way
dopaminergic signaling and mediates recycling of released
dopamine (1-3). Alteration in dopamine signaling and DAT
function is coupled to neurological and psychiatric diseases
including schizophrenia, bipolar disorder, attention deficit
hyperactivity disorder, Tourette syndrome, and Parkinson dis-
ease (2, 4, 5). DAT is the principle target for widely abused
psychostimulants, such as cocaine and amphetamine (1-3).
The transporter belongs to the family of neurotransmitter-so-
dium symporters (also called the SLC6 (solute carrier 6) family
or Na™/Cl™-coupled transporters) that also includes the trans-
porters for other neurotransmitters, such as the norepineph-
rine, serotonin, glycine, and y-aminobutyric acid transporters.
Neurotransmitter-sodium symporter proteins utilize the trans-
membrane Na* gradient as a driving force for transport of sub-
strate and are further characterized by additional co-transport
of C1™ (2, 3, 6).

Numerous studies have supported that DAT is subject to
dynamic regulation in the plasma membrane, thereby provid-
ing a means of attenuating or increasing the strength of dopam-
inergic signaling. The most intensively studied mechanism is
the regulatory effect of protein kinase C (PKC) activation. It has
been demonstrated in several DAT-transfected heterologous
cell lines as well as in synaptosomes that activation of PKC by
phorbol esters, such as phorbol 12-myristate 13-acetate (PMA),
down-regulates dopamine transport (6—13). The sustained
DAT down-regulation in response to PKC activation is believed
mainly to be a result of DAT endocytosis through a clathrin-de-
pendent mechanism (6,7, 9, 10). In addition, DAT trafficking is
regulated by other protein kinases, such as MAPK and Akt (14,
15), as well as by substrates and inhibitors (16).

DAT also undergoes a marked constitutive endocytosis, a
property that first was described in heterologous cell lines (6,
10, 17). Subsequent mutational analyses suggested that this
constitutive internalization is promoted by a non-conventional
trafficking motif in the DAT C terminus (10, 18) and possibly
negatively regulated by residues residing in the membrane-
proximal DAT N terminus (19). Recently, we demonstrated by

2The abbreviations used are: DAT, dopamine transporter; PMA, phorbol
12-myristate 13-acetate; EGFP, enhanced GFP; CFT, (—)-2-B-carbome-
thoxy-3-B-(4-fluorophenyl)tropane; ANOVA, analysis of variance; SERT,
serotonin transporter; hDAT, human DAT; PKC, protein kinase C.
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using the fluorescent cocaine analogue JHC 1-64 as label that
DAT endogenously expressed in cultured midbrain dopamin-
ergic neurons undergoes constitutive internalization (8). The
constitutive DAT internalization was dynamin-dependent, and
internalized transporter partially co-localized with the early
endosomal marker Rab5 and with endocytosed transferrin (8).

A major question is the fate of the constitutively internalized
transport protein. Previous studies in heterologous cells have
indicated that DAT might be sorted to a recycling pathway (10,
17); however, postendocytic sorting of constitutively internal-
ized DAT has not yet been analyzed in dopaminergic neurons,
and postendocytic sorting of constitutively internalized DAT in
heterologous cells has not been analyzed in dynamic imaging
experiments using co-expressed markers of distinct endocytic
compartments. In the present study, we investigated the pos-
tendocytic sorting of constitutively internalized DAT in both
heterologous cells and cultured dopaminergic neurons. We
took advantage of a fusion protein between the one-transmem-
brane segment protein Tac and DAT, which provides a trans-
porter (TacDAT) with an extracellular N-terminal antibody
epitope. In the absence of a DAT antibody directed toward an
endogenous extracellular epitope, TacDAT enables the appli-
cation of antibody feeding experiments and implementation of
ELISA-based trafficking assays. Moreover, by use of the fluo-
rescent cocaine analogue JHC 1-64, we are able to analyze pos-
tendocytic sorting of DAT in cultured dopaminergic neurons.
Taken together, our data suggest that constitutively internal-
ized DAT is sorted to a late endosomal/lysosomal degradative
pathway as well as in part to a “short loop” recycling pathway in
both neurons and cell lines.

EXPERIMENTAL PROCEDURES

Molecular Biology—TacDAT was generated by a two-step
PCR procedure. First, FLAG-Tac was amplified from pcDNA3
FLAG-Tac (20) with primers generating an overhang identical
to the N-terminal part of DAT. Second, DAT was amplified
from a synthetic cDNA encoding the human DAT (synDAT)
(21) in pcDNA3 with a 5" overhang identical to the C-terminal
part of FLAG-Tac. The products from the first round of PCR
were used as template for generating a TacDAT fragment that
subsequently was cloned into the pcDNA3 synDAT vector
using Kpnl and BamHI. The HA-DAT 3KR mutant in pcDNA3
was made by changing lysines 19, 27, and 35 to arginines in
HA-DAT (8, 22) using QuikChange site-directed mutagenesis
(Stratagene). The plasmid pcDNA3.1 FLAG-f,-adrenergic
receptor was a kind gift from Dr. Mark von Zastrow, University
of California, San Francisco, CA; pJPA5 transferrin receptor-
GFP was a kind gift from Dr. Bo van Deurs, University of
Copenhagen, Copenhagen, Denmark; and pEGFP-Rab4 was a
kind gift from Dr. José A. Esteban, Universidad Auténoma de
Madrid, Madrid, Spain. The plasmids pEGFP-Rab7 and
pEGFP-Rab11 were kind gifts from Dr. Katherine W. Roche,
National Institute of Neurological Disorders and Stroke,
Bethesda, MD. The plasmids pHsSynXW enhanced GFP
(EGFP)-Rab7 and -Rabl1 were generated by PCR, amplifying
the ¢cDNA encoding region EGFP-Rab7 and -Rabll from
pEGFP-Rab7 and pEGFP-Rabll, respectively. After digestion
with BsiWI + Mlul, fragments were ligated into the lentiviral
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transfer vector pHSynCXW (8). EGFP-Rab4 was cloned into
pHsSynXW by excising EGFP-Rab4 from pEGFP-Rab4 with
Nhel and Sall and ligated into pHsSynXW digested with Spel
and Sall. The sequences of the cDNAs were verified by
sequencing.

Cell Cultures and Lentivirus Production—HEK293 cells and
1Rb3An27 cells were grown in DMEM with 10% FCS and trans-
fected using standard Lipofectamine 2000 protocols (Invitro-
gen) 2 days prior to the experiment. Postnatally derived rat
midbrain dopaminergic neurons were prepared as described
previously (8) using a protocol modified from that of Rayport et
al. (23). Briefly, the cultures were obtained from the ventral
midbrain of 1-3-day-old pups. The dissected tissue sample was
digested in a papain solution for 30 min at 37 °C while slowly
superfusing with a mixture of 95% O, and 5% CO.,. The digested
tissue was carefully triturated into single cells using increas-
ingly smaller pipette tips. The cells were centrifuged at 500 X g
for 5 min and resuspended in warm SF1C consisting of 50%
modified Eagle’s medium, 40% DMEM, and 10% Ham’s F-12
nutrient mixture (all from Invitrogen) supplemented with 2.5
mg/ml bovine serum albumin, 0.35% D-glucose, 0.5 mM gluta-
mine, 1% heat-inactivated calf serum (Invitrogen), 5 mm
kynurenic acid, 12 units/ml penicillin, 12 pg/ml streptomycin,
0.05% liquid catalase, and diPorzio (24). The neurons were
plated on a monolayer of glial cells grown in Lab-Tek wells
(Nunc). The cells were allowed to settle for ~2 h before addi-
tion of glial cell line-derived neurotrophic factor (Millipore Bio-
science Research Reagents) (10 ng/ml). The next day 5-fluoro-
deoxyuridine was added to inhibit growth of glial cells.

Lentiviral vectors were produced as described previously (8)
according to procedures modified from Naldini et al. (25).
HEK293T packaging cells were transiently triple transfected
with the following: 1) packaging plasmid encoding viral struc-
ture proteins (pBRA8.91), 2) envelope plasmid encoding the
envelope protein vesicular stomatitis virus glycoprotein
(pMD.G), and 3) transfer plasmid containing the gene of inter-
est (pHsSynXW EGFP-Rab4, -Rab7, or -Rab11). The transfec-
tions were performed in DMEM (Invitrogen) supplemented
with 10% FBS (Invitrogen) using calcium phosphate precipita-
tion. Medium was replaced with fresh medium after 5 h.
Approximately 48 and 72 h after transfection, media containing
lentivirus were collected, centrifuged, filtered, and concen-
trated by ultracentrifugation at 50,000 X g for 1.5 hat4 °C. The
virus-containing pellet was resuspended in modified Eagle’s
medium (Sigma) at Y2so of the original volume and stored in
aliquots at —80 °C. The neuronal cultures were incubated with
concentrated lentivirus on days 2-3 in vitro, and experiments
were performed 8 —12 days after infection.

[PH]Dopamine Uptake Experiments—Uptake assays were
carried out as described previously (21) using 2,5,6-[*H]dopam-
ine (30 -60 Ci/mmol, PerkinElmer Life Sciences) and HEK293
cells transfected with equal amounts of pcDNA3 synDAT or
pcDNA3 TacDAT plated in 24-well plates (10° cells/well). The
uptake assays were carried out 2 days after transfection for 3
min at room temperature (20-22 °C) in uptake buffer (25 mm
HEPES, 130 mMm NaCl, 5.4 mm KCl, 1.2 mm CaCl,, 1.2 mm
MgSO,, 1 mm L-ascorbic acid, 5 mm D-glucose, and 1 M cate-
chol-O-methyltransferase inhibitor Ro 41-0960 (Sigma), pH
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7.4). A serial dilution of non-labeled dopamine, cocaine, or
nomifensine was added to the cells prior to initiation of uptake
with ~10 nm [*H]dopamine.

[N-methyl-°H](—)-2-B-Carbomethoxy-3-B-(4-fluorophe-
nyl)tropane (PH]CFT) Binding Experiments—Binding experi-
ments were carried out using [PH]JCFT (76 Ci/mmol;
PerkinElmer Life Sciences) essentially as described (26). Briefly,
HEK293 cells transiently transfected with equal amounts of
pcDNA3 synDAT or pcDNA3 TacDAT were plated in 24-well
plates (10° cells/well) 1 day after transfection, and the binding
experiment was carried out 2 days after transfection. A serial dilu-
tion of non-labeled CFT was added to the cells prior to addition of
3 nm [PH]CFT and incubation for 60 min at 4 °C in uptake buffer.

ELISA Internalization Assay—HEK293 cells were transfected
with pcDNA3 Tac or pcDNA3 TacDAT using Lipofectamine
2000 (Invitrogen) at a 1:3 ratio to obtain similar surface expres-
sion and seeded in 96-well plates (35,000 cells/well) the next
day. The experiment was performed 2 days after transfection.
First, the cells were incubated with M1 (1 ug/ml) in DMEM for
30 min at 4°C, and then medium was replaced with 37 °C
DMEM and placed at 37 °C (or 4 °C for surface quantification)
for various periods with different compounds to drive internal-
ization. To strip off surface M1, the cells were incubated with an
acid strip buffer (0.5 M NaCl and 0.2 m acetic acid) for 5 min on
ice, then washed twice with phosphate-buffered saline (PBS),
fixed in 4% paraformaldehyde in PBS, and again washed twice in
PBS. The cells were then blocked and permeabilized in PBS
with 5% goat serum and 0.05% Triton X-100 for 30 min (back-
ground subtraction was done with cells that were not perme-
abilized). Then the cells were incubated with horseradish per-
oxidase-conjugated goat antimouse antibody (1:1000; Pierce) in
PBS + 5% goat serum for 30 min and washed two times in
blocking buffer and two times in PBS. SuperSignal ELISA
Femto Maximum Sensitivity Substrate (Pierce) was added to
the wells, and the luminescence was detected in a Wallac
Victor2 plate reader after 2 min.

Surface ELISA—HEK293 cells, transfected with plasmids
encoding HA-hDAT, TacDAT, FLAG-f3,-adrenergic receptor,
or transferrin receptor-GFP, were seeded in 96-well plates
(35,000 cells/well) the day before the experiment. On the day of
the experiment, the cells were incubated with monensin (25
M) or vehicle for 1 h at 37 °C. Next, the cells were fixed in 4%
paraformaldehyde in PBS for 20 min on ice; washed twice in
PBS; blocked in PBS + 5% goat serum for 30 min; and incubated
with M1 (1:5000) for TacDAT and FLAG-f3,-adrenergic recep-
tor, HA.11 antibody (1:1000; Covance, Princeton, NJ) for HA-
DAT, and anti-GFP for GFP-transferrin receptor (1:2000) in
PBS + 5% goat serum for 60 min. Following four washes in PBS,
the cells were then incubated with horseradish peroxidase-con-
jugated goat anti-mouse antibody against M1 and HA.11 or
horseradish peroxidase-conjugated goat anti-rabbit antibody
against anti-GFP for 30 min and subsequently washed four
additional times in PBS. The horseradish peroxidase activity
was measured as described above.

Immunofluorescence Antibody Internalization Assays—
HEK293 cells or 1Rb27An3 cells were transfected with Lipo-
fectamine 2000 2 days prior to the experiment and seeded on
coverslips treated with polyornithine the next day. The cells
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were incubated with M1 antibody (1 ug/ml) in DMEM for 30
min at 4 °C. The medium was then replaced with 37 °C DMEM
and placed at 37 °C for various periods to drive internalization.
The internalization was stopped by washing with cold PBS fol-
lowed by fixation in 4% paraformaldehyde in PBS, and cells
were washed three times in PBS and permeabilized in PBS with
5% goat serum and 0.2% saponin. Alexa Fluor 568 anti-mouse
antibody (1:500; Molecular Probes) against M1 in PBS + 5%
goat serum was added for 30 min, and then the specimens were
washed three times in PBS prior to mounting.

For the co-localization experiments, cells were transfected
with equal amounts of plasmid encoding TacDAT or FLAG-
tagged f3,-adrenergic receptor and EGFP-Rab4, -Rab7, or
-Rab11 and seeded on coverslips treated with polyornithine. On
the day of the experiment, the cells were incubated with Alexa
Fluor 568-conjugated M1 antibody for 30 min at 4 °C, and the
medium was then replaced with 37 °C DMEM (+ 10 uMm isopro-
terenol for experiments with the 3,-adrenergic receptor) and
placed at 37 °C for 1 h to allow internalization. The cells were
subsequently fixed in 4% paraformaldehyde in PBS and
mounted. The stained cells were visualized using a Zeiss LSM
510 confocal laser-scanning microscope using an oil immersion
numerical aperture 1.4 63X objective (Zeiss, Jena, Germany).
EGFP was excited with the 488 nm laser line from an argon-
krypton laser, and the emitted light was detected using a 505—
550-nm band pass filter, whereas the Alexa Fluor 568 dye was
excited at 543 nm with a helium-neon laser, and the emitted
light was detected using a 585-nm long pass filter. The resulting
images were combined using ImageJ> software.

Co-localization Quantification—Quantification of co-local-
ization with EGFP-tagged Rab4, Rab7, and Rabl1l was done
using the RG2B co-localization plug-in to Image]® as described
(20, 27). Single cells were defined as regions of interest to avoid
noise from untransfected cells and nonspecific staining. A min-
imum threshold pixel intensity of 120 was set for each channel,
and the minimum ratio for pixel intensity between the two
channels was set to 0.5. Results are displayed as percent co-
localization as determined by dividing the area of co-localiza-
tion pixels by the total area over the threshold of the M1 signal.
30-35 cells were used for quantification under each condition.
Statistical significance was determined using a one-way
ANOVA with Bonferroni’s multiple comparison test. Differ-
ences were considered significant when p < 0.05.

DAT Internalization with JHC 1-64—1Rb3An27 cells or
dopaminergic neurons were grown in poly-L-ornithine-treated
Lab-Tek chambers. On the day of the experiment, the cells were
incubated with the rhodamine-conjugated fluorescent cocaine
analogue JHC 1-64 (28) in uptake buffer for the designated time
periods. To detect internalization in midbrain dopaminergic
neurons and 1Rn27An3 cells, the cultures were incubated with
5nMJHC 1-64 in uptake buffer for 30 min at 4 °C, the buffer was
removed and replaced with 37 °C uptake buffer, and the cul-
tures were incubated for 60 min at 37 °C. For the LysoTracker
co-localization experiment, we used LysoTracker Green (100
nM; Molecular Probes) in the last 10 min of incubation, and

3 W. S. Rasband (1997-2006) Imagel, National Institutes of Health.
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FIGURE 1. Thirteen-transmembrane segment fusion protein between DAT and Tac contains high affinity FLAG epitope and is functionally expressed
in plasma membrane of HEK293 cells. A, TacDAT is a head-to-tail fusion of hDAT (blue) and Tac (green) with an N-terminal M1 antibody FLAG epitope,
DYKDDDDK. B, non-permeabilizing immunostaining of HEK293 cells transfected with TacDAT using an M1 antibody recognizing the FLAG epitope. Scale bar,
10 um. C, [*Hldopamine (DA) uptake experiments in HEK293 cells transfected with TacDAT (green) or hDAT (blue). The data are shown as relative uptake in
percentage of [*Hldopamine uptake in wild type DAT (means =+ S.E., n = 3 of triplicate determinations). D, [*Hldopamine uptake after preincubating HEK293
cells expressing TacDAT or hDAT for 30 min at 4 °C with M1 antibody. Data are means = S.E. of n = 3. E, surface HA.11 and M1 ELISA signals from HEK293 cells
expressing TacDAT with an inserted HA tag in the second extracellular loop (Tac-HA-DAT). Values are means =+ S.E. of n = 3. A.U., arbitrary units.

subsequently the cells were washed in uptake buffer. After incu-
bation, the living cells were imaged at room temperature using
a Zeiss LSM 510 confocal laser-scanning microscope with a
63X numerical aperture 1.4 objective. JHC 1-64 was visualized
using a 543 nm helium-neon laser line and a 585-nm long pass
filter, EGEP was detected with a 488 nm argon-krypton laser
line and a 505-550-nm band pass filter, and the distribution of
JHC 1-64 on the neurons were analyzed with a Z-scan.

RESULTS

To enable the study of DAT trafficking with high specificity
and to detect even small amounts of DAT endocytosis, we
wanted to generate a DAT construct with a high affinity extra-
cellular antibody epitope. Instead of disrupting the extracellu-
lar loops, we decided to add an extra transmembrane segment
to the DAT N terminus. This was done by taking advantage of
the single transmembrane segment protein Tac and making a
“head-to-tail” fusion of the DAT and a Tac construct contain-
ingan M1 antibody FLAG epitope after the Tac signal sequence
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(20) (Fig. 1A). Note that Tac fusion proteins have been used
previously as a “silent reporter” in several trafficking studies
(18, 29-31).

The resulting construct, TacDAT, was expressed transiently
in HEK293 cells, and immunostaining with the M1 monoclonal
anti-FLAG antibody demonstrated in the absence of permeabi-
lization a clear surface staining, confirming that the N-terminal
antibody epitope is exposed on the extracellular side of the
plasma membrane and that the protein is expressed at the cell
surface (Fig. 1B). TacDAT was functionally analyzed in [*H]do-
pamine uptake experiments in transiently transfected HEK293
cells (Fig. 1C). TacDAT mediated uptake with a K, value of
~0.40 uM as compared with ~0.92 um for DAT and displayed a
partially reduced uptake capacity (Fig. 1C and Table 1). We also
performed binding assays with the high affinity cocaine ana-
logue [PH]CFT, which showed an affinity for TacDAT of ~8 nm
compared with ~19 nm for DAT and a partially reduced B, ,,
(Table 1). The DAT inhibitors cocaine and nomifensine also
showed a slightly higher apparent affinity (~2-fold increase) for
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TABLE 1
Functional properties of TacDAT compared with DAT
All values are means (S.E. interval) for the K values and mean = S.E. for V,___and

B,,.. derived from three independent experiments performed in HEK293 cells. The
K, and K, values were calculated from the pIC,, values determined by non-linear
regression analysis of [*H]dopamine uptake and [*’H]CFT binding data as described
previously (12, 26). The S.E. intervals were calculated from pK = S.E. The K values
were calculated from IC, values determined by non-linear regression analysis of
uptake data and using the equation K, = IC.,/(1+ (L + K,,)) where L is the concen-
tration of [*’H]dopamine. The S.E. interval was calculated from pK * S.E. All data
calculations were done using Prism 5.0 from GraphPad Software, San Diego, CA.

DAT TacDAT
[*H]Dopamine K,,, (uM) 0.92 (0.62-1.4) 0.40 (0.36-0.47)
[*H]Dopamine V,.. 2486 + 236 511 + 104

(fmol/min/10°)
Cocaine K; (nm)
Nomifensine K (nm)
[*H]CET K, (nm)
[*HICFT B, (nm)

154 (128-187)

75.1 (49.3-114)

18.8 (15.3-23.0)
217 * 33

86.4 (66.6-112)

45.7 (31.9-65.4)

8.32 (7.80-8.87)
69.0 * 8.0

max

TacDAT as compared with DAT. Taken together, the data
show that TacDAT is functional with a pharmacology very sim-
ilar to that of DAT. Because our experiments would involve
TacDAT with M1 bound, we also made sure that binding of the
M1 antibody to TacDAT did not affect transporter function as
determined by measuring [*H]dopamine uptake in the pres-
ence of bound M1 antibody (Fig. 1D).

Previously, an HA tag was successfully introduced into the
second extracellular loop of DAT (22). We decided to compare
this tag directly with the FLAG tag in TacDAT and generated a
TacDAT construct harboring also the HA tag (Tac-HA-DAT).
Because of potential differences in expression and thereby in
the number of tagged transporters, such a direct comparison
would only be possible in this construct with both tags present
in the same protein. We tested the surface expression of Tac-
HA-DAT by using a cell surface ELISA and using either M1
anti-FLAG antibody or HA.11 anti-HA antibody. Interest-
ingly, the signal from the FLAG epitope was almost 10-fold
higher than the corresponding signal from the HA epitope
(Fig. 1E). This suggests that TacDAT might be advantageous
for quantitative studies of DAT trafficking.

Next, we wanted to test whether it was possible to character-
ize previously proposed DAT trafficking properties using Tac-
DAT in antibody-based internalization assays. HEK293 cells
transfected with TacDAT or with Tac as a negative control
were incubated with M1 antibody at 4 °C to label surface Tac or
TacDAT. Subsequently, the cells were incubated at 37 °C to
allow internalization for 30 min (Fig. 2A4). After 30 min of inter-
nalization, a visible intracellular accumulation of TacDAT was
seen, consistent with constitutive endocytosis as described pre-
viously for DAT (8, 10, 17) (Fig. 2C). No visible intracellular
accumulation of Tac was observed (Fig. 2B). To further inves-
tigate the trafficking properties of TacDAT, we stimulated
TacDAT-expressing HEK293 cells with PMA. Addition of
PMA (1 pMm) during the 30-min internalization period
increased substantially the amount of intracellular localized
TacDAT (Fig. 2C), suggesting that TacDAT is internalized in
response to PMA as also observed for DAT in HEK293 cells (6,
8). Tac alone did not respond to PMA (data not shown).

Taken together, our data suggest that TacDAT not only is
functional but also has retained the well described trafficking
properties of DAT in HEK293 cells. We decided, therefore, to
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use TacDAT in our further investigations. The presence of the
efficient extracellular FLAG epitope permitted the use of a
quantitative ELISA-based internalization assay. To perform the
assay, TacDAT- or Tac-expressing cells were labeled with M1
antibody at 4 °C before internalization was allowed for 5—60
min with or without addition of PMA or the substrate amphet-
amine. Surface antibody was removed by acid strip, and intra-
cellular transporter was measured by ELISA upon permeabili-
zation of cells (Fig. 2D). Internalization was calculated as the
amount of intracellularly accumulated TacDAT relative to ini-
tial TacDAT surface expression. In HEK293 cells transiently
expressing TacDAT, a time-dependent and saturating internal-
ization was observed (Fig. 2E). Incubation with either amphet-
amine (10 uM) or PMA (1 um) increased TacDAT internaliza-
tion over time (Fig. 2E), whereas in cells transfected with Tac,
no increase in the internalization was observed for PMA or
amphetamine at any time point as compared with untreated
Tac (Fig. 2E). The largest effects of the treatments were seen
after 60 min of incubation (Fig. 2F) with a tendency toward
saturation for all conditions (Fig. 2E).

We explored whether we could use the quantitative ELISA
to investigate the fate of the constitutively internalized
transporter (Fig. 2, C and E). Specifically, we attempted to
assess whether the internalized TacDAT was sorted to either
lysosomal degradation or recycling by using compounds
blocking either lysosomal degradation (the protease inhibi-
tor leupeptin) or both recycling and lysosomal degradation
(the cation ionophore monensin) (32). Leupeptin (100
pg/ml, 1 h) increased significantly the accumulated M1 anti-
body signal in HEK293 cells transiently expressing TacDAT,
whereas no significant effect was seen in cells transiently
expressing Tac (Fig. 34). An even more pronounced effect
was observed for monensin (25 uMm, 1 h) on the intracellular
accumulation of TacDAT (Fig. 34). This effect could be the
result of either inhibited lysosomal degradation or inhibited
recycling. If it was the result of blocking recycling, a concom-
itant decrease in surface expression would be expected dur-
ing the same period. We tested this using the surface ELISA
and observed a significant decrease in both TacDAT (88 =
2.2% of vehicle) and HA-DAT surface expression (94 = 0.2%
of vehicle) upon monensin treatment (Fig. 3B). In parallel,
we tested the effect of monensin on the surface expression of
the well established recycling membrane proteins, the
B,-adrenergic receptor (33, 34) and the transferrin receptor
(35). As expected, both the B,-adrenergic receptor (76 *
3.5% of isoproterenol-treated) and the transferrin receptor
(79 = 3.8% of vehicle) were affected by monensin and to a
higher degree than for any of the DAT constructs (Fig. 3B).
As a control, we tested the effect of monensin on non-ago-
nist-treated and thereby non-internalized B,-adrenergic
receptor and found no significant effect of monensin (Fig.
3B). Altogether, the ELISA results suggest that constitutively
internalized DAT in HEK293 cells is sorted both to lysoso-
mal degradation and in part to a recycling pathway.

Rab proteins are small GTPases that organize membrane
protein trafficking (36) and serve as markers of distinct endo-
somal compartments. To get further insight into DAT sorting,
we used confocal imaging together with co-expression of
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FIGURE 2. Visualizing and quantifying TacDAT internalization using M1 antibody-based internaliza-
tion assays. A, to detect TacDAT internalization, we established a conventional antibody internalization
assay in which we first labeled the cells with M1 antibody at 4 °C to label surface TacDAT at a temperature
that blocked trafficking. Next, the cells were incubated at 37 °C in new medium for 30-60 min to allow
internalization of TacDAT. For surface detection alone, the cells were kept at 4 °C. Subsequently, cells were
fixed, permeabilized, and incubated with secondary fluorophore-conjugated antibody. The fluorescence
was visualized using confocal microscopy. B, confocal images of HEK293 cells expressing Tac assayed as
just described. C, the same assay with HEK293 cells expressing TacDAT. During the 30-min incubation at
37 °C, cells were incubated with or without the PKC activator PMA (1 um). The images are representative of
at least three similar experiments. D, brief description of ELISA-based internalization assay. As for the
conventional microscopy-based internalization assay described above, cells were first labeled with M1 at
4 °C and then either incubated at 4 °C for surface detection or incubated at 37 °C for various periods to
allow internalization. After the internalization period, the cells were placed on ice, and the surface anti-
body was stripped off using an acid strip buffer. After fixation, the cells were permeabilized, and the
intracellular accumulated antibody was detected with a horseradish peroxidase-conjugated secondary
antibody. The internalization signal was expressed as the proportion of the start surface signal. E, intra-
cellular accumulation assessed by ELISA (as just described) in HEK293 cells transiently expressing TacDAT
or Tac. Internalization was performed without or with PMA (1 pum) or amphetamine (10 um) for the indi-
cated times. Values are means = S.E. of n = 6. F, intracellular accumulation after 60 min of internalization
(means £ S.E.of n = 6; **, p < 0.01; ***, p < 0.001; one-way ANOVA with Bonferroni’s multiple comparison
test). amph, amphetamine; ', minutes.

TacDAT and Rab proteins tagged with EGFP in HEK293 cells.
This included EGFP-Rab4 to visualize early endosomes and the
“short loop recycling” pathway, EGFP-Rab7 to visualize late
endosomes, and EGFP-Rabl11 to visualize recycling endosomes
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and the “long loop” recycling path-
way (36, 37). The internalization
assay was carried out with 1 h of
internalization as described in Fig.
2A except that we used a primary
fluorophore-conjugated M1 anti-
body. This allowed us to visualize
internalization without permeabi-
lizing the cells, thereby keeping the
cells intact and not disrupting any
membranes or endosomal compart-
ments. According to the resulting
confocal images, TacDAT co-local-
ized only to a very limited degree
with EGFP-Rabll with distinct
localization patterns for the M1 sig-
nal and the EGFP signal (Fig. 3C).
For EGFP-Rab4, we observed dis-
persed co-localized vesicles, al-
though the overall localization pat-
tern appeared distinct from
TacDAT (Fig. 3C). In contrast, we
observed prominent co-localization
for EGFP-Rab7 with multiple vesic-
ular structures showing overlapping
M1 and EGFP signals (Fig. 3C).

To assess whether constitutive
internalization and postendocytic
sorting were dependent on cell type,
TacDAT was expressed in the
dopaminergic cell line 1Rb3An27
(38). Similar to our observations in
the HEK293 cells, TacDAT inter-
nalized constitutively, whereas no
detectable constitutive internaliza-
tion was observed in cells trans-
fected with Tac (Fig. 4A). Because
the 1Rb3An27 cells are difficult to
transfect and because of poor cell
adherence, we were not able to
obtain a sufficiently high specific
signal to carry out the ELISA inter-
nalization assay. Instead, we per-
formed co-localization experiments
like those carried out in the HEK293
cells. Similar to our observations in
these cells, the confocal images indi-
cated that TacDAT had the highest
degree of co-localization with
EGFP-Rab7 as supported by many
co-localized vesicular structures
(Fig. 4B). For EGFP-Rab4, we
observed again dispersed co-local-
ized vesicles, whereas co-localiza-

tion with EGFP-Rab11 was poor (Fig. 4B). Quantification of
the co-localization supported this with EGFP-Rab7 co-local-
ization being significantly higher than the co-localization
with EGFP-Rab11 (one-way ANOVA, p < 0.01, Bonferroni’s
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FIGURE 3. Monensin and leupeptin affect DAT trafficking, and TacDAT co-localizes with late endo-
somal marker Rab7 in HEK293 cells. A, intracellular accumulation measured by ELISA (described in Fig.
2D) in HEK293 cells transfected with Tac or TacDAT. The protease inhibitor leupeptin (leu) (100 ng/ml) or
the recycling inhibitor monensin (mon) (25 um) was included as indicated during the 1 h of internalization
(means = S.E. of n = 4; *, p < 0.05; **, p < 0.01; one-way ANOVA, Dunnett’s multiple comparison test).
B, surface expression determined in a surface ELISA of TacDAT, HA-DAT, control B,-adrenergic receptor
(B,AR), isoproterenol (iso)-internalized B,-adrenergic receptor, and EGFP-transferrin receptor (TfR) after
1-h treatment with monensin (25 um) (means = S.E. of n = 3-4; *, p < 0.05; **, p < 0.01; paired t test).
C, confocal microscopy images of co-localization between TacDAT and EGFP-tagged Rab4, Rab7, and
Rab11 after 1 h of Alexa Fluor 568-conjugated M1 antibody internalization in HEK293 cells. Left panels
show Alexa Fluor 568 signal (M1), middle panels show EGFP signal, and right panels show the overlay of the
two channels. Data are representative of at least three independent experiments.

multiple comparison test) and with intermediate EGFP-
Rab4 co-localization (Fig. 4D). This suggests that constitu-
tively internalized TacDAT is primarily sorted to a late endo-

AV ON
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somal pathway with some sorting
also to an early endosome/short
loop recycling pathway.

To verify that the sorting pattern
observed for TacDAT was indeed a
specific property of the transporter
and not a pattern that would be seen
for any membrane protein, we did
parallel experiments in which we
transiently expressed a FLAG-
tagged [,-adrenergic receptor in
the 1Rb3An27 cells. The B,-adre-
nergic receptor is internalized upon
agonist treatment, and the internal-
ized receptor is efficiently recycled
(33, 34). In contrast to TacDAT, the
B,-adrenergic receptor transiently
expressed in 1IRb3An27 cells did not
constitutively internalize to any
detectable extent (data not shown);
however, treatment of the cells with
the agonist isoproterenol (10 um)
caused a marked time-dependent
internalization (supplemental Fig. S1).
Co-expression with the three
EGFP-Rab proteins showed for the
internalized receptor a pattern
markedly different from that seen
for internalized TacDAT. In the
confocal images, the M1 antibody
signal overlapped quite promi-
nently with the signal from both
EGFP-Rab4 and EGFP-Rabll,
whereas rather little overlap was
seen with the signal from EGFP-
Rab7 (Fig. 4D). Quantification of the
signals confirmed this by showing
significantly higher co-localization
of the internalized f,-adrenergic
receptor with EGFP-Rab4 and
EGFP-Rab11 than with EGFP-Rab7
(one-way ANOVA, p < 0.001, Bon-
ferroni’s multiple comparison test).
This pattern of co-localization is
consistent with postendocytic sort-
ing of the 3,-adrenergic receptor to
recycling pathways rather than to
degradation. Note that the associa-
tion of the B,-adrenergic receptor
with both the Rab4 pathway (39)
and the Rabll pathway (40) has
been described previously.

To exclude that TacDAT dis-
played different postendocytic sort-
ing as compared with DAT without

Tac fused to the N terminus, we performed experiments in
1Rb3An27 cells on non-tagged DAT using our previously
described rhodamine-coupled cocaine analogue JHC 1-64.
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FIGURE 4. TacDAT is constitutively internalized in the dopaminergic cell line TRb3An27 and co-localizes primarily with EGFP-Rab7 and inter-
mediately with EGFP-Rab4. A, experimentasin Fig. 2A on TRb3An27 cells expressing Tac or TacDAT. Pictures are representative of several experiments.
B, fluorescence co-localization between TacDAT and the EGFP-tagged endosomal marker Rab4, Rab7, or Rab11 after 1 h of internalization in the
presence of M1 antibody. C, fluorescence co-localization of FLAG-tagged [3,-adrenergic receptor (8,AR), a bona fide recycling membrane protein, with
EGFP-Rab4, -Rab7, or -Rab11 after 1 h of isoproterenol (10 um)-induced internalization. In both B and C, upper panels show Alexa Fluor 568 signal (M1),
middle panels EGFP signal, and lower panels show the overlay of the two channels. D and E, quantification of fluorescence co-localization in B and C
between internalized TacDAT (D) or internalized FLAG-tagged 3,-adrenergic receptor (E) and the EGFP-tagged endosomal marker Rab4, Rab7, or Rab11
(means = S.E.,, p < 0.01, one-way ANOVA, Bonferroni’s multiple comparison test). Co-localization data were analyzed from 30 images of each condition.

Representative images are shown in Band C.

This analogue enables fluorescent labeling of surface DAT in  internalization. Again we observed the most pronounced co-

live cells with high specificity and was used recently to dem-
onstrate constitutive internalization of endogenous DAT in
dopaminergic neurons (8). Cells transiently co-expressing
DAT and EGFP-tagged Rab4, Rab7, or Rab11 were labeled
with JHC 1-64 and analyzed by confocal imaging after 1 h of
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localization with EGFP-Rab7, less co-localization with EGFP-
Rab4, and very limited co-localization with EGFP-Rab11 (Fig.
5). We also carried out time series experiments in the
1Rb3An27 cells expressing both DAT and EGFP-Rab7, show-
ing that DAT-positive vesicles and EGFP-Rab7-positive vesi-
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FIGURE 5. Visualization of constitutive DAT internalization in live 1Rb3An27 cells using fluorescent cocaine
analogue JHC 1-64 reveals predominant co-localization with EGFP-Rab7. 1Rb3An27 cells expressing DAT
together with EGFP-Rab4, -Rab7, or -Rab11 were incubated with JHC 1-64 (5 nm) at 4 °C to label surface DAT and
subsequently incubated at 37 °C to drive internalization of DAT. After internalization, the live cells were imaged
using confocal microscopy. Left panels show rhodamine signal (JHC 1-64), middle panels show EGFP signal, and right
panels show the overlay of the two channels. Images are representative of three independent experiments.

cles were indeed identical as they co-migrated over time
(supplemental Fig. S2).

To test whether endogenously expressed DAT exhibited the
same postendocytic sorting pattern, we performed experiments
in cultured rat midbrain dopaminergic neurons. As mentioned,
we recently demonstrated a marked constitutive internaliza-
tion of DAT in these neurons by labeling DAT with the fluores-
cent cocaine analogue JHC 1-64 (8). To determine the sorting of
this constitutively internalized DAT, the dopaminergic cultures
were transduced at 2—3 days in vitro with lentivirus encoding
EGFP-Rab4, -Rab7, or -Rabl1. After 10—14 days in vitro, the
constitutive DAT internalization was analyzed using JHC 1-64
(1 h of internalization). As in the non-transduced neurons (8),
we observed clear constitutive DAT internalization (Fig. 6A).
The EGFP-tagged Rab proteins appeared to be expressed less
well in the neurons; however, we were able to identify EGFP-
positive vesicular structures in the cytoplasms of the somas and
proximal extensions (Fig. 6A4). As in the tested cell lines, the
most evident co-localization was seen between EGFP-Rab7 and
DAT/JHC 1-64 (Fig. 6A). We were also able to see DAT/JHC
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1-64-positive vesicles overlapping
with the signal from EGFP-Rab4,
although this signal generally
appeared rather diffuse. For EGFP-
Rab11, the co-localization appeared
very low (Fig. 64). To further study
whether the co-localization of DAT
with the late endosomal marker
Rab7 is a reflection of constitutively
internalized DAT being sorted to a
lysosomal degradation pathway, we
looked at the constitutive DAT
internalization in dopaminergic
neurons together with the lysoso-
mal marker LysoTracker Green.
Substantial co-localization between
internalized DAT and LysoTracker
was observed (Fig. 6B), altogether
supporting that constitutively inter-
nalized DAT most likely is sorted to
a lysosomal degradative pathway
with some possibly sorting also to a
Rab4-positive short loop recycling
pathway.

Previously, it has been suggested
that ubiquitination of three lysines
(Lys-19, Lys-27, and Lys-35) in the
DAT N terminus drives the internal-
ization observed in response to PMA
(41). To assess whether this ubiquiti-
nation might play a role also in consti-
tutive internalization as well as possi-
bly in postendocytic sorting of the
transporter, we generated an HA-
DAT mutant in which the three
lysines were mutated to arginines
(HA-DAT 3KR). We chose to use the
HA-DAT instead of TacDAT in these
experiments to exclude any interference from tethering of the N
terminus. Both HA-DAT and HA-DAT 3KR were expressed in
1RbAN27 cells, and constitutive internalization was determined
using a double staining internalization assay (supplemental
Fig. S3). According to the quantification, there was no signif-
icant difference between HA-DAT and HA-DAT 3KR,
although there was a tendency to a lower internalization for
HA-DAT 3KR (supplemental Fig. S3). This suggests that
most of the constitutive internalization observed does not
depend on ubiquitination of the DAT N terminus. To com-
pare the sorting of the constitutively internalized HA-DAT
and HA-DAT 3KR, we co-expressed the transporters together
with EGFP-Rab4, -Rab7, and -Rab11. Similar to TacDAT, we
observed that HA-DAT primarily co-localized with vesicular
structures positive for EGFP-Rab7, whereas there appeared to
be less co-localization with EGFP-Rab4 and EGFP-Rab11 (Fig.
7). The same co-localization pattern was observed for HA-DAT
3KR (Fig. 7). Altogether, these data suggest that neither consti-
tutive internalization of DAT nor the subsequent postendo-
cytic sorting depends on ubiquitination of the N terminus.

Merge
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FIGURE 6. Constitutive DAT internalization in cultured dopaminergic neurons is sorted to late endo-
somal/lysosomal pathway. A, postnatal mesencephalic primary cultures from rat pups were transduced
with lentivirus encoding EGFP-Rab4, -Rab7, or -Rab11 at days 2-3 in vitro. At days 10-14 in vitro, the
cultures were used for constitutive DAT sorting experiments by incubating the cultures with 5 nmJHC 1-64
at 4 °C to label surface DAT before the cells were incubated at 37 °C for 1 h to drive the constitutive
internalization. Subsequently, the live cells were imaged at room temperature using confocal microscopy.
Left panels show rhodamine signal (JHC 7-64), middle panels show EGFP signal, and right panels show the
overlay of the two channels. B, an experiment parallel to that in A was performed in non-transduced
dopaminergic neurons where LysoTracker Green (100 nm) was added during the last 10 min of incubation
before imaging. Left, JHC 1-64; middle, LysoTracker Green; right, overlay. Images are representative of at
least three batches of neuronal cultures.

DISCUSSION

dopaminergic neurons is constitu-
tively internalized (8). However, the
postendocytic sorting and fate of
the internalized transporter have
remained uncertain. In the current
study, we addressed this question in
both cell lines and dopaminergic
neurons using a series of different
complementary approaches.

DAT sorting was first studied
using a new DAT fusion protein
with an extra transmembrane seg-
ment. This TacDAT construct was
made by fusing the single trans-
membrane protein Tac to DAT. Tac
itself seems to be rather inert in its
trafficking properties, and several
studies have used Tac fusion pro-
teins to define trafficking signals in
cytosolic domains of membrane
proteins including DAT (18) and
other transporters (42, 43). Impor-
tantly, TacDAT displayed func-
tional properties that overall were
similar to DAT (Fig. 1C). Further-
more and in agreement with previ-
ously published data for DAT (6,
8-10, 44, 45), TacDAT was consti-
tutively internalized, and it was
internalized in response to PMA
and amphetamine stimuli (Fig. 2, C
and E). The observed trafficking
properties for TacDAT are thus
likely related to the DAT part of
TacDAT because Tac alone, in
agreement with previous observa-
tions (18), did not internalize to any
detectable degree, neither constitu-
tively nor in response to PMA (Fig.
2Cand E).

Antibodies recognizing extracel-
lular epitopes in membrane pro-
teins are highly desirable for
dynamic studies of their trafficking
properties; however, it has proven
notoriously difficult to develop an
efficient antibody against an endog-
enous extracellular epitope of the
DAT, and it has been difficult to
introduce extracellular antibody
tags in the extracellular domains of
the transporter. Nevertheless, Sor-
kin and co-workers (22) were capa-
ble of introducing an HA tag in the

large second extracellular loop (ECL2) and maintain transport

It is well established that DAT undergoes constitutive endo-  activity and wild type expression upon transfection. Use of the
cytosis in transfected heterologous cells (6, 10, 17), and recently  epitope has already allowed interesting new insight into DAT
it was demonstrated that also DAT endogenously expressed in  trafficking using both heterologous cells and transfected
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FIGURE 7. Sorting of constitutively internalized HA-DAT does not depend
on N-terminal ubiquitination. 1Rb3An27 cells were transiently transfected
with either HA-DAT (A) or a mutant (B) in which three main sites for ubiquiti-
nation (Lys-19, Lys-27, and Lys-35) were mutated to arginines (HA-DAT 3KR)
and EGFP-Rab4, -Rab7, or -Rab11. The cells were surface-labeled with HA.11,
and then internalization was driven for 1 h at 37 °C before staining and fixa-
tion. Left panels show Alexa Fluor 568 signal (HA.11), middle panels show EGFP
signal, and right panels show the overlay of the two channels. The images
shown are representative of at least two independent experiments.

dopaminergic neurons in culture (19, 22, 41). The present Tac-
DAT construct represents an alternative way of generating an
extracellular antibody epitope and carries several properties
that complement already existing approaches for studying
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DAT trafficking. The M1 FLAG antibody epitope at the Tac N
terminus harbors several desirable features. 1) It is outside the
DAT primary sequence and thus unlikely to interfere with DAT
function. 2) The M1 antibody bound to the FLAG epitope dis-
plays an almost 10 times higher signal per DAT molecule than
the HA.11 antibody on the HA epitope in extracellular loop 2
(Fig. 1E). 3) The M1 antibody can be stripped off from the
FLAG epitope, which is essential for the quantitative ELISA
internalization assays (Fig. 2E) and not possible for the HA.11
antibody bound to HA-DAT (22). 4) Labeling of the FLAG
epitope with M1 antibody can be done at 4 °C and thus at a truly
trafficking-restricted temperature. This is not the case for label-
ing of HA-DAT with HA.11, which is only possible at 18 °C or
higher (22). Furthermore, it interesting to consider extending
the use of Tac fusion constructs to other transporters in the
family. Importantly, fusing SERT and Tac head to tail results in
a TacSERT construct that upon expression in HEK293 cells
retains the trafficking properties of wild type SERT.* Thus, it
might be possible to use Tac fusion constructs as a general
means of tagging transporters, thereby allowing direct compar-
isons of trafficking properties between different transporters as
well as dissection of distinct trafficking signals. We should note,
however, that even though uptake and trafficking properties are
preserved in Tac fusion constructs tethering of the N terminus
might influence other less apparent functions; e.g. TacSERT was
found to display impaired reverse transport (46). This does not
preclude the use of Tac fusion constructs in trafficking studies but
underlines that although the constructs might be advantageous
observations should be supported by alternative strategies as also
done in the present study.

Using a quantitative ELISA-based internalization assay in
HEK?293 cells expressing TacDAT, we showed that the appar-
ent constitutive intracellular accumulation of TacDAT was
increased by both inhibitor of lysosomal proteases (leupeptin)
and the recycling/degradation inhibitor monensin (Fig. 34).
Monensin is a cationophore believed to exert its role on mem-
brane protein trafficking by dissipating the pH gradient across
the intracellular membranes, thereby bringing trafficking between
intracellular compartments to a hold as this is dependent on dif-
ferences in pH gradients (32). The apparent increase in intra-
cellular accumulation in response to monensin might accord-
ingly be an effect of both inhibiting sorting to lysosomal
degradation and inhibiting recycling back to the plasma mem-
brane. According to the surface ELISA, monensin reduced both
TacDAT and HA-DAT surface expression, suggesting a
detectable DAT recycling although to a lesser degree than
what was observed for both the 3,-adrenergic receptor and
the transferrin receptor (Fig. 3B). In another study using
transfected porcine aortic endothelial cells, DAT surface
expression and function were also reduced by monensin as
assessed by surface biotinylation and dopamine uptake
experiments (10). Regarding the uptake experiments, it is a
caveat, however, as also noted by the authors that monensin
as a sodium ionophore most likely would affect the sodium
plasma membrane sodium gradient, which is the driving

*T.N. Jgrgensen and U. Gether, unpublished observations.
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force for dopamine transport; i.e. a reduction in dopamine
uptake in response to monensin cannot necessarily be attrib-
uted to reduced surface expression (10).

In our further strategy to investigate DAT postendocytic
sorting, we used Rab proteins fused to EGFP in combination
with confocal imaging. The EGFP-tagged Rab proteins were
distributed in the cells as would be expected according to the
vesicular compartments that they label with a perinuclear
vesicular pattern for Rab4 (early endosomes/recycling) (47,
48), a pericentriolar localization for Rab11 (long loop recy-
cling) (48), and a large sized vesicular pattern for Rab7 (late
endosomes) (49) (see Figs. 2—6). In HEK293 cells, co-expres-
sion of TacDAT with the EGFP-tagged Rab proteins showed
the most pronounced co-localization with the late endoso-
mal marker Rab7 (Fig. 3C) and less co-localization with
Rab4 and Rabll. Similarly, in the dopaminergic cell line
1Rb3An27, we observed clear constitutive internalization,
and when probing the co-localization with the EGFP-tagged
Rab proteins in a quantitative manner, the highest co-local-
ization was observed with Rab7, which was significantly
higher than with Rab11 but not Rab4, which displayed an
intermediate co-localization with TacDAT (Fig. 4D). The
sorting pattern observed was most likely not an artifact of the
assay because only cells expressing TacDAT internalized M1
antibody (data not shown). In addition, parallel experiments
in the 1Rb3An27 cells with the B,-adrenergic receptor
exhibited a different co-localization pattern characterized by
highest co-localization with Rab4 and Rabll (Fig. 4E) as
expected for proteins well known to undergo efficient recy-
cling. This observation, based on the use of the exact same
antibody epitope and antibody, strongly supports that the
quantification does indeed reflect properties of the analyzed
protein. Furthermore, we observed the same co-localization
pattern as for TacDAT when using our previously described
fluorescent cocaine analogue JHC 1-64 as a label to follow pos-
tendocytic sorting of non-tagged DAT. Finally, we studied sort-
ing of the internalized endogenous DAT in dopaminergic pri-
mary cultures that were transduced with lentivirus encoding
EGFP-tagged Rab4, Rab7, or Rab11. Constitutive internaliza-
tion of endogenous DAT was visualized using the cocaine ana-
logue JHC 1-64, and we observed a sorting pattern similar to
that observed in the cell lines (Fig. 64). Additionally, we
observed a profound co-localization between DAT and lysoso-
mal marker LysoTracker, further supporting that constitutively
internalized DAT is sorted to late endosome/degradation in
dopaminergic neurons (Fig. 6B).

Previous reports have proposed that constitutively internal-
ized DAT is sorted to a recycling pathway (10, 17, 50). The
present data are in agreement with a detectable recycling of
DAT as we observed a reduction of TacDAT and HA-DAT
surface expression upon monensin treatment (Fig. 3B) and an
intermediate co-localization of constitutively internalized DAT
with EGFP-Rab4. Of note, DAT was suggested to undergo fast
constitutive recycling in transfected PC12 cells (17), which also
might be in agreement with our observation that DAT exhib-
ited some co-localization with Rab4. In a recent study, it was
proposed that DAT is recycled via a Rab11-dependent pathway
because the level of DAT in the plasma membrane was
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increased upon co-expression of constitutively active Rab11,
but all experiments were steady state experiments, and a dom-
inant negative Rab11 mutant did not exhibit any effect com-
pared with a GFP control when quantifying DAT surface bind-
ing (50). Moreover, Rab11 has been shown to be important for
Golgi to plasma membrane trafficking (51), thus affecting the
plasma membrane targeting of newly synthesized protein.
Other transporters in the neurotransmitter-sodium symporter
family, however, might associate with a Rab11-dependent path-
way; e.g. the neuronal glycine transporter GlyT2 co-localized
significantly with Rabll, and a dominant negative Rabll
mutant affected GlyT2 subcellular distribution (52). Of note,
we did not observe any redistribution of DAT upon co-expres-
sion with the dominant negative Rabll mutant (data not
shown).

It has been demonstrated that ubiquitination of three
lysines in the DAT N terminus is critical for mediating PMA-
induced internalization of DAT (41). Interestingly, lysyl ubiq-
uitination is also well known to operate as a signal critical for
lysosomal sorting of endocytosed integral membrane proteins
including certain G protein-coupled receptors (53-55). One
example is the CXCR4 chemokine receptor in which muta-
tional disruption of lysyl ubiquitination blocks trafficking of the
receptor to lysosomes and leads to recycling rather than lyso-
somal degradation (56-58) Our observations show a clearly
different pattern for DAT; i.e. neither constitutive internaliza-
tion nor postendocytic sorting is dependent on N-terminal lysyl
ubiquitination of DAT. Notably, a similar non-ubiquitin-de-
pendent sorting to lysosomal degradation has been described
for the 6-opioid receptor (59) even though the receptor is also
readily ubiquitinated (60).

In summary, our data suggest that constitutively internal-
ized DAT is sorted to late endosomes/lysosomes as well as in
part to recycling through a short loop recycling pathway.
The fact that the sorting pattern is the same in three different
cellular systems (HEK293 cells, 1Rb3An27 cells, and cul-
tured dopaminergic neurons) suggests that the constitutive
internalization depends on general cellular factors as
opposed to the PKC-mediated DAT internalization for
which the cellular environment seems to affect the PKC
stimulation to a high degree (8, 61). The sorting of DAT to
both degradation and recycling suggests a potential for DAT
to be directed to different pathways upon internalization. In
the future, it should be highly interesting to investigate to
what degree postendocytic sorting might be subject to regu-
lation and redirection by yet unknown mechanisms with
putative impact on the overall regulation of dopaminergic
signaling.
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