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Abstract
The dopamine transporter (DAT) is a crucial regulator of dopaminergic neurotransmission which
undergoes constitutive and substrate-mediated trafficking to and from the membrane. Although,
considerable research has been done to elucidate the regulation of substrate-stimulated DAT
trafficking, less is known about which trafficking proteins are involved in constitutive DAT
trafficking. Rab proteins are GTPases known to regulate the trafficking of proteins to and from
specific endocytic compartments. Rabs 8 and 11, in particular, are involved in trafficking proteins
from intracellular compartments to the plasma membrane. In this study, we sought to determine
whether Rabs 8 and 11 would modulate DAT activity and trafficking in N2A neuroblastoma cells.
We used Rab mutations known to confer constitutively active or dominant negative activity of these
proteins to investigate the role of Rab activity in constitutive DAT trafficking and function. We found
that constitutively active Rab 11 upregulates DAT function and surface expression while neither the
constitutively active nor the dominant negative mutant of Rab 8 had any effect on DA uptake.
Furthermore, immunofluorescence experiments revealed that dominant negative Rab 11
overexpression results in decreased surface DAT indicating a necessary function of Rab 11 in DAT
trafficking to the plasma membrane. These data show for the first time a functional role of Rab
proteins in the constitutive recycling of DAT to the plasma membrane.
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The neurotransmitter dopamine (DA) can efficiently be removed from the synaptic cleft by
reuptake into the nerve terminal by the dopamine transporter (DAT). DAT is an important
regulator of dopaminergic neurotransmission as it is the key mechanism by which dopamine
signaling is terminated [1]. The DAT is a presynaptic plasma membrane protein with a
predicted topology of twelve transmembrane domains with intracellular N and C tails [9].
Substantive evidence demonstrates dynamic regulation of DAT trafficking to and from the
membrane which occurs constitutively and in the presence of DAT substrates (For review, see
[15,19]). Constitutive DAT internalization was found to be clathrin-mediated in various
heterologous cell lines including madin-darby canine kidney (MDCK), human embryonic
kidney (HEK) and porcine aortic endothelial (PAE) cells [6,20,23]. DAT undergoes
constitutive internalization into early and recycling endosomes as indicated by its co-
localization with endosomal markers [16,22,23]. Rab proteins regulate trafficking of proteins
to specific endosomal compartments and are thought to mediate tethering or delivery to the
plasma membrane [29]. Rab 8 localizes to the trans golgi network (TGN) and regulates the
trafficking of proteins from the TGN to the plasma membrane [2]. Rab 11 predominantly
localizes to the pericentriolar recycling endosomes and is thought to regulate trafficking of
proteins from the recycling endosomes to the plasma membrane [21,25,29]. The DAT recycles
into the endocytic recycling compartment [16]. Loder and Melikian [13] demonstrated that
DAT proteins recycle into Rab 5 containing endosomes in PC12 cells. Treatment with the PKC
activator phorbol myristate acetate or the DAT substrate amphetamine (AMPH) for 1-2 hours
induced DAT internalization into Rab 11- and Rab 5-containing compartments [22]. Notably,
the authors in that study found a small amount of DAT co-localized in Rab 11-containing
endosomes in the absence of treatment indicating constitutive trafficking to these endosomes.
Furthermore Rab proteins have been implicated in trafficking of other transporters such as the
insulin-sensitive glucose transporter GLUT4 [28]. The role of Rab protein function in DAT
trafficking and activity has not been investigated. In the present study, we utilized constitutively
active (CA, GTP-bound) or dominant negative (DN, GDP-bound) mutants of Rab to investigate
their role in DAT function. Here we show in N2A neuroblastoma cells that a constitutively
active form of Rab 11 upregulates DAT activity and trafficking to the surface while the
dominant negative decreases DAT surface expression. These data indicate a sufficient and
necessary role of Rab 11 in constitutive DAT trafficking.

Rab GTPase DNA constructs with single point mutations known to confer either a GDP bound/
dominant negative state or a GTP-bound/constitutively active state were generated. N2A
neuroblastoma cells stably expressing human DAT were transiently transfected with the
constitutively active mutants of Rab 8 (Q67L) and 11 (Q70L) or the dominant negative mutant
of Rab 8 (T22N) and Rab 11 (S25N) using Lipofectamine-PLUS reagent kit. These mutants
have previously been described [8]. All Rab proteins contain an N-terminal Green Fluorescent
Protein (GFP) tag for labeling. GFP-Rab fusion proteins correctly localize to membranes [2,
21]. As a transfection control, cells were transiently transfected with the GFP-vector alone.
[3H]dopamine uptake assay: 24 hours after transfection, cells were plated in quadruplicate (4
wells/transfection) onto coated 24-well plates and incubated for another 24 hours. Cells were
washed twice with Krebs Ringers Hepes (KRH) buffer composed of (in mM): 25 HEPES, 125
NaCl, 4.8 KCl, 1.2 KH2PO4, 1.3 CaCl2, 1.2 MgSO4, and 5.6 glucose. KRH was removed and
uptake was initiated with the addition of [3H]dopamine (10 nM, Perkin Elmer) + unlabeled
dopamine in KRH at 25°C in the presence or absence of the DAT blocker 10 μM GBR12935
to determine non-specific binding. Five minutes after treatment, cells were rapidly washed
twice with KRH and 1% sodium dodecyl sulfate was added to solubilize cells. Lysed cells were
collected and scintillation fluid was added to the vials before radioactive counting on a
Beckman Liquid Scintillation counter. One well per transfection was assayed for protein
content (Bio-Rad DC protein assay kit) and data were plotted as pmol DA uptake/mg protein.
Specific uptake was determined in the presence and absence of the DAT inhibitor GBR12935
(10 μM). [3H]WIN35428 binding assay: Cells were plated as described for the [3H]dopamine
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uptake assay. Cells were washed twice with 4°C KRH to stop constitutive DAT trafficking.
[3H]WIN35428 binding was initiated by the addition of 4 nM [3H]WIN35428 + 70 nM
unlabeled 2 beta-carbomethoxy-3-beta-(4-fluorophenyl)-N-methyltropane in 4°C KRH buffer
in the presence or absence of 10 μM GBR12935 to determine non-specific binding. Thirty
minutes after [3H]WIN35428 treatment, cells were rapidly washed two times with cold KRH.
Cells were counted for radioactivity as in the [3H]dopamine uptake assay. One well per
transfection was assayed for protein content and data were plotted as pmol [3H]WIN35428
bound/mg protein. Immunofluorescence experiments: N2A cells were transiently co-
transfected with DAT containing a hemagglutinin (HA)-epitope in the extracellular loop
(generously supplied by Dr. Jonathan Javitch, Columbia University) and GFP vector, GFP-
Rab 11CA, or GFP-Rab 11DN. Twenty-four hours after transfection cells were replated onto
coated glass coverslips and incubated at 37°C for 24 hours. Immunofluorescence assays were
carried out at ∼10-15°C. Cells were washed twice with phosphate buffered saline supplemented
with calcium and magnesium (PBS/Ca/Mg) and blocked with 2% normal goat serum. Surface
labeling of DAT was achieved by incubating cells with 1:250 anti-HA (Covance) followed by
1:250 of secondary goat α-mouse AF594 (Invitrogen). In some cases, cells were permeabilized
to determine total DAT content using 0.1% triton X-100 in PBS/Ca/Mg followed by anti-DAT
(MAB369: Millipore Biomedical Research) or anti-HA and corresponding secondary antibody
conjugated to AF594 (Goat anti-mouse) or AF647 (Goat anti-rat, Invitrogen). Cells were
mounted onto glass slides using ProLong Gold anti-fade reagent (Invitrogen). Cells were
imaged on an Olympus FluoView 500 confocal microscope. Sequential scans were taken to
prevent overlap of laser signal. Z-slices of cells were compressed and quantified using Image
J software (NIH). Background was subtracted from each image. A total of 28 cells (28 for
surface, 23 for total) were analyzed from three separate cultures.

Both Rab 11 and Rab 8 have been shown to facilitate trafficking of proteins from intracellular
compartments to the plasma membrane. If these proteins affect constitutive DAT trafficking
and thus surface DAT, we would expect a change in DAT function reflected in the amount of
[3H]dopamine uptake. In order to determine whether Rab 11 or Rab 8 regulates DAT function,
N2A-human DAT cells were overexpressed with the CA or DN forms of GFP tagged Rab 11
and 8. As shown in Figure 1A, overexpression of GFP-Rab 11CA increased [3H]dopamine
uptake to 127% of GFP vector control (p<0.01 by one-way ANOVA). Although GFP-Rab
11DN slightly decreased DA uptake to 84 ± 7% of control, there was no statistical significance
when compared to GFP vector alone. Transfection of either the constitutively active or
dominant negative form of GFP-Rab 8 had no effect on [3H]dopamine uptake as shown in
Figure 1B. To determine whether this increase in function with GFP-Rab11CA was due to
more DAT on the surface, [3H]WIN35428 binding experiments were performed. WIN 35428
has been shown to measure DAT surface expression in numerous experiments and is presumed
to specifically label plasma membrane DAT [5, 12]. Figure 2 demonstrates an increase in
[3H]WIN35428 binding in cells transiently expressing GFP-Rab 11CA to 137% of control
(GFP vector alone), p<0.05 by one-way ANOVA. No significant difference was found between
GFP vector alone- and GFP-Rab 11DN-transfected cells. Changes in [3H]dopamine uptake
and [3H]WIN35428 binding will only be reflected when there is a large effect because cells
which do not contain overexpressed Rab 11 (i.e. cells which did not take up DNA) will also
be measured in these assays. This may result in an under-representation of the effect that occurs
in transfected cells.

In order to measure effects of Rab 11 on DAT surface expression in individual cells, we
performed immunofluorescence experiments. These experiments enabled us to exclude cells
which did not contain a sufficient (visible) amount of GFP, GFP-Rab 11CA or GFP-Rab 11DN.
In order to visualize and quantify surface DAT, a human DAT construct containing an HA tag
in the extracellular loop was used. The HA-DAT construct used in these experiments has
previously been described and has comparable function to wild-type DAT [24]. Non-
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permeabilized cells were reacted with anti-HA to label surface DAT followed by a secondary
antibody conjugated to a fluorescent (AF594, red) tag. To ensure that changes in surface DAT
did not reflect total amounts of DAT within the cell, some cells were permeabilized and reacted
with either an anti-DAT antibody that binds to the N-terminal tail of DAT or anti-HA. Cells
that were permeabilized and reacted with anti-HA for total DAT were not previously exposed
to antibody. The cells were then reacted with a secondary antibody conjugated to a fluorescent
tag. Figure 3A shows the surface labeling (anti-HA) of representative cells transfected with
GFP-vector (left panel) or GFP-Rab 11CA (right panel). Cells transfected with GFP-Rab 11CA
show increased surface DAT fluorescence intensity as compared to those transfected with GFP
vector alone. GFP-Rab 11CA transfected cells had a 2-fold increase in DAT surface expression
as compared to GFP vector alone (GFP = 31 ± 3.1%, 11CA = 67 ± 8.7 %, Figure 3B). In
contrast, GFP-Rab 11DN transfected cells demonstrated significantly decreased surface
staining as compared to GFP-vector alone as shown in figure 4. Figure 4A shows representative
cells co-transfected with HA-DAT and GFP vector (left) or GFP-Rab 11DN (right).
Quantification of surface DAT images demonstrates a significant decrease in surface labeling
in GFP-Rab11DN transfected cells compared to GFP vector transfected cells (GFP = 38 ±
3.3%, 11DN = 23 ± 4.5%, Figure 4B). Analysis of cells permeabilized and stained for total
DAT revealed lower but statistically insignificant total DAT levels (optical density
measurement) for 11CA and 11DN as compared to GFP; p = 0.14, by unpaired t-test for 11CA
(303 ± 24, n = 4) v. GFP (419 ± 59, n = 5) and p = 0.15 for 11DN (363 ± 77, n = 8) v. GFP
(612 ± 160, n = 6).

This paper describes the novel finding that Rab 11 activity regulates DAT function and
trafficking. By utilizing mutants of Rab GTPase proteins, we demonstrated that DAT
trafficking and function was increased in cells expressing a constitutively active form of Rab
11. For Rab 11CA transfected cells, [3H]WIN35428 binding and [3H]dopamine uptake both
increased to a similar degree (127 ± 9.7% of GFP vector for [3H]dopamine uptake and 136.6
± 15% of GFP vector for [3H]WIN35428 binding). When looking at individual cells to ensure
that all cells analyzed contained GFP-Rab 11 DNA, we found even greater effects with GFP-
Rab 11CA as compared to GFP vector alone (Figure 3). Although we did not see an effect of
GFP-Rab 11DN in the [3H]dopamine uptake or [3H]WIN35428 binding assays, when
measuring individual cell effects, we found decreased DAT surface expression in GFP-Rab
11DN-transfected cells as compared to GFP vector-transfected cells (Figure 4). While Rab 8
had no effect on [3H]dopamine uptake, it should be noted that we can’t rule out a role of Rab
8 in DAT trafficking as immunofluorescence experiments with Rab 8 were not performed.

These data demonstrate a specific role for Rab 11 to regulate trafficking of DAT to the plasma
membrane. Based on co-fractionation studies in DAT-PC12 cells, the predominant location of
intracellular DAT at steady state is in the pericentriolar recycling endosome [16], which is also
the main location of Rab 11 [29]. The most parsimonious explanation of our data, therefore,
is that upregulation of Rab11 increased trafficking to the membrane of DAT which originated
from these recycling endosomes. Our data support the finding that intracellular DAT is
localized to Rab 11-containing vesicles constitutively and in response to DAT substrates
[22].

Historically, proteins known to be sorted by Rabs have been receptors such as transferrin
receptor, α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate (AMPA) receptor and
epidermal growth factor receptor [4,8,17]. However, increasing evidence has showed that
channels and transporters are also trafficked through Rab dependent pathways [10,14]. Since
endosomal compartments can be somewhat fluid, it can be difficult to distinguish in which
compartments a protein resides. Both Rabs 11 and 8 have been localized to the TGN as well
as the pericentriolar recycling endosome [2,21,29], however Rab 8 is thought to be the
predominant mediator of protein trafficking from the TGN to the plasma membrane [29].

Furman et al. Page 4

Neurosci Lett. Author manuscript; available in PMC 2010 September 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Differentiating the role of Rab 11 versus Rab 8 in affecting DAT function helps determine the
specific compartment to which DAT is localized.

Numerous studies have focused on DAT internalization, usually following PKC activation or
substrate treatment, while fewer studies demonstrate trafficking proteins necessary for
constitutive DAT recycling. The mechanism of neurotransmitter transporter fusion to the
plasma membrane has been a strong research area of interest. It is now evident that soluble
N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) proteins are
important regulators of monoamine transporter trafficking [18]. The SNARE protein syntaxin
1A has been shown to interact with the N-terminus of DAT and regulate its activity [3,11].
Furthermore, in the norepinephrine transporter (NET), syntaxin has been demonstrated to
regulate clearance capacity of norepinephrine in a calcium and PKC-dependent manner [26,
27]. We found that syntaxin 1A is important for the substrate-stimulated translocation of DAT
to the plasma membrane [7]. It is generally believed that SNARE proteins are necessary for
the fusion of vesicles to the plasma membrane but that other proteins such as rabs may be
necessary to mediate the delivery and tethering of vesicles to allow for fusion. A potential role
for Rab 11 could be to assist in fusion of DAT-containing vesicles to the plasma membrane by
delivery or tethering. Since Rab 11CA mimics the rapid trafficking of DAT to the surface upon
amphetamine (AMPH) treatment [7], it is tempting to speculate that AMPH may act through
a Rab-11 dependent pathway to traffic DAT from the recycling endosome to the plasma
membrane. A similar mechanism has been demonstrated with another transporter GLUT4
which requires Rab 11 for transport from the endocytic recycling compartment to the GLUT4
storage vesicles which are primed for GLUT4 translocation to the plasma membrane [10].

However, it remains to be determined whether Rab 11 functions to increase the rate of DAT
exocytosis or slow down the rate of endocytosis. Also, further studies are needed to determine
whether Rab 11 directly interacts with DAT or whether there is an indirect interaction via a
Rab 11 binding protein.

Overall, these data demonstrate that Rab 11 is an integral part of constitutive DAT trafficking.
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Figure 1.
Rab 11CA increases [3H]DA uptake. A, DAT-N2A cells were transiently transfected with
GFP-vector (GFP, n = 17), GFP-Rab 11CA (11CA, n = 9) or GFP-Rab 11DN (11DN, n = 14)
and assayed for [3H]DA uptake (specific activity = 10 nM). p<0.0001 by one-way ANOVA.
Post hoc Bonferroni analysis shows a significant difference between GFP and 11CA
(**p<0.01) and between 11CA and 11DN (***p<0.0001, stars not shown) B, Cells were
transiently transfected with GFP-vector (GFP, n = 10), GFP-Rab 8CA (8CA, n = 5) or GFP-
Rab 8DN (8DN, n = 6). No significant difference by one-way ANOVA between any groups
was seen (p = 0.49). Data are plotted as pmol DA uptake per mg protein as a percentage of
GFP vector. Error bars represent SEM.
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Figure 2.
Rab 11CA increases [3H]WIN35428 binding. A, DAT-N2A cells were transiently transfected
with GFP-vector (GFP, n = 5), GFP-Rab 11CA (11CA, n = 5) or GFP-Rab 11DN (11DN, n =
5) and assayed for [3H]WIN35428 binding (specific activity = 4 nM). p <0.05 by one-way
ANOVA. Post hoc Bonferroni analysis shows a significant difference between GFP and 11CA
(*p <0.05). Data are plotted as pmol [3H]WIN35428 bound per mg protein as a percentage of
GFP vector. Error bars represent SEM.
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Figure 3.
Rab 11CA increases DAT surface expression. A, Representative images of N2A cells co-
transfected with HA-DAT and GFP-vector (left) or GFP-Rab 11CA (right). Surface labeling
of DAT is shown (average of 10 z-slices in the middle of the cell). B, Quantitation of surface
labeling of GFP vector (n = 7) or GFP-Rab 11CA (n = 9) using Image J software. Data are
plotted as percent DAT surface expression: optical density (OD) of surface (HA) staining
divided by the average total DAT staining. Error bars represent SEM. **p<0.01 by unpaired
two-tailed t-test.
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Figure 4.
Rab 11DN reduces DAT surface expression. A, Representative images of N2A cells co-
transfected with HA-DAT and GFP-vector (left) or GFP-Rab 11DN (right). Surface labeling
of DAT is shown (average of 10 z-slices in the middle of the cell). B, Quantitation of surface
labeling of GFP vector (n = 5) or Rab 11DN (n = 7) using Image J software. Data are plotted
as percent DAT surface expression: optical density (OD) of surface (HA) staining divided by
the average total DAT staining. Error bars represent SEM. *p<0.05 by unpaired two-tailed t-
test.
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