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Abstract
Dopamine (DA) transporter (DAT) functions at the surface of dopaminergic neurons to clear
extracellular DA. DAT surface levels are regulated by endocytosis. However, the
endosomelysosome system is not well characterized in dopaminergic neurons and the endocytic
trafficking of endogenous DAT is poorly studied. Hence we analyzed the distribution of endocytic
compartments and DAT localization in cultured rat embryonic and postnatal neurons using
fluorescence microscopy. Early Rab5 and EEA.1 containing endosomes were mostly found in
somatodendritic regions of neurons, whereas endosomes containing recycling markers were
primarily found in axons. In axons, DAT was located mainly in recycling endosomes and plasma
membrane whereas in cell bodies and dendrites DAT was detected in early, late and recycling
endosomal compartments. Subcellular fractionation of adult rat striatal synaptosomes
demonstrated that DAT is enriched in fractions containing plasma membrane and recycling
endosomes. This pattern of DAT distribution was not altered upon activation of protein kinase C
in postnatal DA neurons. Altogether, our data suggest that axonal DAT mainly shuttles between
the plasma membrane and recycling endosomes, whereas in the somatodendritic region of neurons
DAT traffics through all conventional endosomal pathways.

INTRODUCTION
The dopamine transporter (DAT) is primarily responsible for termination of dopamine (DA)
neurotransmission through reuptake of extracellular DA (Giros et al., 1996). DAT is a 12-
transmembrane domain protein and a member of the SLC6 gene family of Na+/Cl−-
dependent neurotransmitter transporters that also includes serotonin, GABA, norepinephrine
and glycine transporters. By regulating neurotransmission through removal of signaling
molecules from the extracellular space, transporters such as DAT play a critical role in
numerous physiological and cognitive functions. For example, DA is involved in cognition,
locomotion, motivation and reward-related behaviors. Abnormal DA signaling results in
several neurological disorders such as Parkinson's disease, Schizophrenia, bipolar disorder
and Attention Deficit Hyperactivity Disorder (ADHD). Additionally, psychostimulant drugs
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like cocaine and amphetamine are known to target DAT and modulate DA
neurotransmission (Giros and Caron, 1993; Uhl et al., 1996). The importance of DAT is
exemplified by the experiments in mice with genetic deletion of the DAT gene (Giros et al.,
1996). These mice display severe abnormalities in cognition and locomotion. Other
phenotypes of the DAT−/− mice such as hyperactivity and reduction in psychostimulant
drug-induced responsiveness closely resemble those of the patients with ADHD
(Gainetdinov et al., 1999). These and other studies indicate the importance of analyzing
DAT modulation to further understand the role DA signaling and DAT function has in
human disorders.

DAT is exclusively expressed in dopaminergic neurons (DA neurons) (Gainetdinov et al.,
1999). The cell bodies of DA neurons are located in the ventral mesencephalic region of the
brain consisting of the substantia nigra (SN) and ventral tegmental area (VTA). Axonal
projections of DA neurons primarily innervate regions involved in controlling locomotion,
reward processing and cognition, such as the dorsal striatum, nucleus accumbens and the
prefrontal cortex. DAT protein is synthesized and processed in the endoplasmic reticulum
(ER) and Golgi apparatus, both of which are located in the soma of DA neurons. Mature,
fully N-glycosylated DAT is delivered from Golgi to the plasma membrane of the soma,
dendrites and axons.

DAT can participate in the DA clearance only when it is present on the plasma membrane.
DAT plasma membrane expression is regulated by the process of endocytosis (Pristupa et
al., 1998; reviewed in Melikian, 2004). DAT is thought to undergo constitutive and
regulated endocytosis (Zahniser and Sorkin, 2009). In the past decade, the mechanisms of
phorbol ester induced endocytic trafficking of DAT were extensively studied in non-
neuronal expression systems. Studies indicate that protein kinase C (PKC) activation leads
to endocytosis of DAT through clathrin coated pits (Daniels and Amara, 1999; Sorkina et
al., 2005) and accumulation of the transporter in early, recycling and late endosomes
(Melikian and Buckley, 1999; Sorkina et al., 2005; Miranda et al., 2007).

Constitutive endocytosis of DAT was also first observed in non-neuronal cells (Chi and
Reith, 2003; Loder and Melikian, 2003). Several molecular determinants in the carboxy- and
amino-termini of DAT are thought to control its constitutive endocytosis (Holton et al.,
2005; Sorkina et al., 2005; Sorkina et al., 2009). Constitutive internalization appears to be
clathrin-dependent and leads to accumulation of internalized DAT in early, recycling and
late endosomes (Loder and Melikian, 2003; Sorkina et al., 2005; Eriksen et al., 2010).

Much less is known about constitutive and regulated endocytosis of endogenous DAT in DA
neurons. Electron microscopy studies in rat DA neurons demonstrated that DAT is located
in the plasma membrane of juxtasynaptic areas of axons and distal dendritic processes while
it is mostly present on internal membrane compartments like ER, Golgi and multivesicular
bodies in the soma and proximal dendrites (Ciliax et al., 1995; Nirenberg et al., 1996;
Nirenberg et al., 1997a; Nirenberg et al., 1997b). Constitutive endocytosis of exogenously
expressed epitope-tagged DAT was observed in cell bodies and axonal processes of cultured
embryonic DA neurons (Sorkina et al., 2006). Recent studies using fluorescent cocaine
analogues revealed presence of internalized DAT in Rab5- and transferrin receptor (TfR)
positive vesicles in the cell bodies of cultured postnatal DA neurons (Eriksen et al., 2009).

It should be emphasized that the endosomal system is not well characterized in DA neurons.
In particular, the types of endosomes present in the long and highly complex axons of DA
neurons are unknown, and the subcellular distribution of endogenous endosomal markers in
these neurons has not been studied. Likewise, localization of internalized axonal DAT has
not been defined. Hence, in this study we investigated the distribution of endocytic
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compartments and the localization of intracellular pool of DAT by analyzing the distribution
of natively expressed endosomal proteins in DA neurons using fluorescent microscopy and
subcellular fractionation. Our analysis showed that the axonal compartment of DA neurons
is enriched in recycling endosomes but is deficient in other types of endosomes, whereas the
somatodendritic compartment contains all types of endosomes. Analysis of DAT distribution
revealed similar patterns with its preferential localization in recycling endosomes and
plasma membrane in axons, and various types of endosomes in the soma and dendrites.
Activation of PKC in postnatal DA neurons did not change this distribution pattern of DAT.

RESULTS
Endocytic compartments in different regions of rat DA neurons

We analyzed the distribution of various types of endosomes in different regions of
embryonic rat DA neurons using three-dimensional (3-D) fluorescence microscopy imaging
and deconvolution. DA neurons in embryonic ventral mesencephalic cultures were identified
by staining for tyrosine hydroxylase (TH) (Pickel et al., 1975). TH-positive neurons were
stained with endocytic markers and the staining patterns in the soma, dendrites and axons of
these neurons were investigated. The somatic regions were identified by DAPI staining of
cell nuclei. Tau-1 is typically utilized as a marker for axonal processes (Kempf et al., 1996).
However, in postnatal DA neurons, Tau-1 antibody stained all dendritic as well as axonal
processes (Supplemental Figure S1), likely because these neurons were not terminally
differentiated at early developmental stages. On the other hand, MAP2 antibody specifically
stained the somatodendritic compartments and not the axons. The morphological features of
dendrites and axons correlated very well with MAP-2 and Tau-1 (after subtraction of the
MAP-2-positive staining of dendritic processes) staining, respectively. Axonal processes
were defined as very long, very thin, typically homogeneous in morphology and having
characteristic small “swellings” or “varicosities” (Pickel et al., 1981; Bouyer et al., 1984;
Descarries et al., 1996; Sesack et al., 1998). Growth cones were identified as axonal
widenings with filopodia-like extensions normally present at the end of the axonal
processes. Dendrites were typically wider than the axons, much shorter and more smooth
(did not contain varicosities or spines), and displayed rather heterogeneous morphology.
Because simultaneous staining of cultures with the DA neuronal marker, endosome markers
and a third antibody species (to detect MAP2 and/or Tau-1) was practically impossible, in
subsequent experiments of double-staining of cultures we used the above morphological
features to distinguish between dendrites and axons.

To investigate the distribution of early endosomes, immunofluorescence staining was
performed with antibodies to resident early endosomal proteins, Rab5 and early endosomal
antigen 1 (EEA.1) (Gorvel et al., 1991; Mu et al., 1995). Rab5 is a small GTPase protein
while EEA.1 is a downstream Rab5 effector involved in endosome fusion. As shown in
Figure 1A and B, Rab5- and EEA.1-positive early endosomes were found in abundance in
the cell bodies of TH-positive neurons. These structures were also found in the proximal as
well as distal dendritic regions. Also, numerous puncta of clathrin, which is the major
structural component of coated pits and vesicles, were found in these regions of DA neurons
(Figure 1 C).

To characterize the distribution of recycling endosomes, neurons were stained with
antibodies to transferrin receptor (TfR) and Syntaxin13. TfR is constitutively internalized
and recycled, and at steady state accumulates in “late” recycling endosomes (Maxfield and
McGraw, 2004). Syntaxin13 is an endosomal SNARE located on early and recycling
endosomes where it facilitates recycling internalized cargo back to the plasma membrane
(Advani et al., 1998; Prekeris et al., 1998). As shown in Figures 1D and E, both TfR and

Rao et al. Page 3

Mol Cell Neurosci. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Syntaxin13 stained vesicular and tubular-shaped structures in the cell bodies and dendrites
of TH-positive neurons.

To identify the late endocytic compartments, DA neurons were stained with antibodies to
Rab7, a resident late endosomal protein (Zerial and McBride, 2001). Rab7-positive
endosomes were also present in the somatodendritic regions of the DA neurons (Figure 1F).
The specificity of the Rab7 antibody, which has not been well characterized, was confirmed
by demonstrating the efficient staining of Rab7-GFP transiently expressed in COS1 cells
(Supplemental Figure S2).

We next examined the endosomal populations in axonal processes of DA neurons. The
axonal processes including the varicosities were enriched in clathrin (Figure 2A), which is
consistent with the presence of high concentration of clathrin coated pits and vesicles near
the active zone of the synapse. The early endosomes containing Rab5 or EEA.1 were
occasionally found in the axonal varicosities and extensions (Figure 2B and C).
Interestingly, TfR and Syntaxin13 positive endosomes were observed much more frequently
than Rab5/EEA.1-labeled early endosomes in varicosities (Figure 2D and 2E). A pool of
Rab7 positive late endosomes was also found in axons of the DA neurons (Figure 2F). The
growth cones of DA neurons exhibited similar distribution patterns of different endocytic
markers with the exception of Rab7 positive vesicles which were found at much lower
abundance (Supplemental figure S3).

To directly compare the relative abundance of individual endosomal populations in different
regions of the DA neuron, a quantitative analysis of the multiple imaging experiments
represented in Figures 1, 2 and S3 was performed. To this end, the apparent concentration of
endocytic vesicles positive for a marker, i.e. number of vesicles per 10 μmt3 volume of DA
neuron (TH immunofluorescence) was calculated (Figure 3). As shown in Figure 3, the
concentrations of EEA.1- and Rab5-positive early endosomes were, respectively, 50% and
75% lower in the axonal processes and growth cones than in the somatodendritic regions of
DA neurons. In contrast, TfR- and Syntaxin13-positive recycling endosomes had
approximately twofold higher concentration in the axonal processes and growth cones than
in the soma and dendrites. On the other hand, Rab7-positive late endosomes were found in
similar densities in all regions of the neurons except in the growth cones where the densities
were significantly lower compared to other regions of the neuron. The apparent
concentrations of all endosomal markers were similar in the cell body and proximal
dendritic regions. Essentially similar patterns of endosome distribution were observed in
cultured postnatal DA neurons (data not shown). Together, the data presented in Figures 1–3
suggest that recycling is the major pathway of post-endocytic trafficking of cargo proteins in
axons whereas multiple endocytic trafficking pathways occur in the somatodendritic
compartment of DA neurons.

Subcellular localization of DAT in different regions of DA neurons
Following the characterization of sub-neuronal distribution of endosomes, we next examined
whether DAT is targeted to these endosomes. DAT was found to be present in early,
recycling and late endosomes in non-neuronal cells (Loder and Melikian, 2003; Sorkina et
al., 2005; Miranda et al., 2007). To study the localization of endogenous DAT in
endosomes, rat embryonic DA neurons were co-stained with the DAT antibody and
antibodies to resident endosomal proteins. Analysis of colocalization of DAT with
endosomal markers showed that a small pool of DAT is associated with clathrin-positive
structures, EEA.1- and Rab5-containing early endosomes, TfR- and Syntaxin13-positive
recycling endosomes, and Rab7-containing late endosomes in the somatodendritic region of
DA neurons (Figure 4). A small fraction of DAT was also associated with diffusely
distributed and clustered Na+/K+ ATPase, a marker of the plasma membrane.
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In contrast, only a small amount of DAT was co-localized with the markers of endosomes in
axonal processes of embryonic and postnatal cultured DA neurons. Since postnatal DA
neurons are more differentiated and express higher amounts of DAT, the frequency of
detection of DAT in endocytic compartments was higher as compared to the embryonic
neurons. DAT colocalized with Rab5-postive early endosomes more frequently in postnatal
DA cultures than embryonic cultures (Figure 5). However, in both embryonic and postnatal
DA neurons, DAT was rarely co-localized with EEA.1 or Rab7 endosomes (data not
shown), whereas DAT co-localization with TfR- and Syntaxin13-positive recycling
endosomes was substantially higher (Figure 5 and Supplemental Figure S4). Axonal DAT
was also co-localized with clathrin punctae and plasma membrane (Fig. 5 and Supplemental
Fig. S4). It should be noted that synapses of DA neurons are very small and hence individual
endosomes and other organelles within one synapse cannot be resolved by diffraction-
limited conventional fluorescence microscopy. Therefore, apparent co-localization of DAT
with an endosomal marker within one synapse or small varicosity (typically containing two
active zones) does not necessarily indicate the presence of DAT within the same endocytic
structure as the marker. Overall, immunofluorescence analysis (Figure 5 and Supplemental
Figure S4) shows that only a small pool of axonal DAT is located in endosomes and that
internalized DAT preferentially traffics to the recycling endosomal compartments directly or
via an intermediate Rab5-positive compartments.

We further analyzed if the distribution pattern of DAT changes as a result of activation of
PKC by PMA, which in non-neuronal cells results in accumulation of DAT in endosomes.
The percent of total DAT fluorescence co-localized with an endocytic marker was calculated
after treatment of postnatal DA neurons with 1 μM PMA or DMSO (Fig. 6). We found that
activation of PKC did not cause any significant changes in association of DAT with
endocytic compartments or the plasma membrane in different regions of the DA neurons.

DAT co-fractionates with the plasma membrane and recycling endosomes in striatal
synaptosome preparations

The fluorescence microscopy data strongly suggest that in the axonal processes of cultured
dopaminergic neurons DAT is distributed between the plasma membrane and recycling
endosomes. In the adult brain, DAT is mostly concentrated in dopaminergic axons that
largely innervate the striatum (Tashiro et al., 1989; Mura et al., 1995). Therefore, to confirm
our findings in embryonic and postnatal DA neurons, we investigated the subcellular
distribution of DAT in adult rat striatal synaptosomes using differential centrifugation.
Synaptosomes were lysed by hypo-osmotic shock and the resulting membrane
compartments were separated to obtain the following fractions as shown in Figure 7: plasma
membrane fraction enriched in Na+/K+ ATPase (P1); endosomal fraction enriched for Rab5,
TfR, Syntaxin13 and Rab7 (P2); synaptic vesicle and coated vesicle fraction enriched in
synaptophysin and clathrin, respectively, (P3), and a cytoplasmic fraction (S3). DAT was
found to be concentrated in the P1 and P2 fractions that are enriched in plasma membrane
and endocytic vesicles, respectively. DAT was absent in the P3 fraction strongly suggesting
that it does not associate with synaptic vesicles.

The “endosomal” fraction obtained by differential centrifugation consisted of the plasma
membrane and all endosomal subtypes. To better separate different populations of
endosomes, striatal synaptosome homogenates were subjected to sucrose density gradient
centrifugation. This technique allowed us to better resolve different endocytic
compartments. As shown in Figure 8, fractions #2–5 contained Rab5- and EEA.1-positive
early endosomes and Rab7-positive late endosomes. The lighter fraction # 1 likely
corresponded to synaptosomal cytosol. Fractions #5–7 were enriched in synaptophysin, a
marker specific for synaptic vesicles, while fractions # 7–10 were enriched in TfR- and
Syntaxin13-positive recycling compartments and the plasma membrane. DAT primarily co-
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fractionated with TfR, Syntaxin13 and Na+/K+ ATPase. Consistent with the fluorescence
imaging of axons in DA neuronal cultures described in previous sections, subcellular
fractionation analysis suggested that axonal DAT in adult rat brain is restricted to the plasma
membrane and recycling endosomal compartments.

Discussion
The main objective of this study was to characterize different populations of endocytic
vesicles in different regions of DA neurons and analyze the association of DAT with these
endocytic organelles. The basic endosome/lysosome membrane system is well characterized
in non-neuronal cultured cells (Maxfield and McGraw, 2004). Limited information about the
distribution of the endosomal compartments in several types of cultured neurons is also
available (Horton and Ehlers, 2003; Wu et al., 2009). DA neurons have highly complex
axon morphology and they do not form terminal synapses but contain active zones in
multiple small varicosities along the processes (Nirenberg et al., 1996; Nirenberg et al.,
1997a). The endosomal compartments within these axonal varicosities have not been
characterized. Labeling of endosomes with fluorescent markers in DA neurons has been
problematic because heterologous expression of proteins is notoriously difficult in these
neurons. Also, overexpression of resident endosomal proteins may affect the morphology
and distribution of endosomes. Therefore, we analyzed the organization of the endosomal
compartment and DAT localization in DA neurons by immunofluorescence and
immunoblotting of endogenous endosomal markers. It should be noted that these markers
have not been visualized in DA neurons with the exception of the TfR (Eriksen et al., 2009).

Visual inspection of numerous images of primary mesostriatal cultures revealed that DA
neurons (TH- or DAT-positive) generally have fewer endosomes compared to the
surrounding neurons and glia. Endosomes were particularly scarce in axonal processes.
Quantitative analysis showed that recycling endosomes (containing Syntaxin13 or TfR)
were more frequently seen in axons while early/intermediate (EEA.1 positive) endosomes
were mainly restricted to the soma and dendrites. Interestingly, this is in contrast to the
findings in hippocampal and motor neurons where Rab5 and Syntaxin13 vesicles are present
in all regions while TfR and EEA.1 vesicles are restricted to the somatodendritic region of
neurons (Parton et al., 1992; de Hoop et al., 1994; Prekeris et al., 1998; Wilson et al., 2000;
Deinhardt et al., 2006).

Only a small pool of axonal DAT was found in endosomes, suggesting that most of the DAT
immunoreactivity in axons is associated with the plasma membrane. Indeed, a substantial
amount of DAT was co-localized with the clusters of Na+/K+ ATPase, a protein
concentrated at the cell surface. Our data are consistent with the electron microscopy
analysis of adult rat striatal DA neurons, which demonstrated predominant surface
localization of DAT in axons (Ciliax et al., 1995; Nirenberg et al., 1996; Nirenberg et al.,
1997a; Nirenberg et al., 1997b). Therefore, it can be proposed that only a small pool of DAT
is constitutively internalized or the rate of DAT recycling is very high in axons.

Importantly, DAT was co-localized mainly with recycling endosome markers in axons of
cultured neurons (Figs. 5 and 6). Subcellular fractionation studies also demonstrated the lack
of co-localization of axonal DAT with early/intermediate endosomes (Rab5 and EEA.1) in
adult striatum (Figs. 7 and 8). The small number of Rab5-containing endosomes and
presence of only a very small fraction of DAT in these endosomes in axons is surprising.
The general model of endocytosis presumes that the endocytic vesicles first deliver cargo to
early endosomes, which contain Rab5, and that recycling can occur either from these early
endosomes and “intermediate” endosomes (containing Rab5 and EEA.1) or after subsequent
sorting of the cargo, such as TfR, to the “late” recycling compartment. It can be speculated
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that in axonal varicosities and growth cones of DA neurons, internalized cargo like DAT or
TfR undergoes a more simplified routing involving shuttling between the cell surface and
“early/recycling” endosomes (containing the recycling endosome SNARE – Syntaxin 13).

Certainly, light microscopy cannot resolve individual organelles within the small varicosities
of DA axons. For instance, it could be possible that after internalization, DAT is sorted to
synaptic vesicles, which are located in close proximity to endosomes and plasma membrane.
Recent studies have demonstrated the interaction of DAT with the synaptic vesicle protein,
synaptogyrin-3, and proposed an association of DAT with synaptic vesicles (Egana et al.,
2009). GABA transporter, another closely-related neurotransmitter transporter (Deken et al.,
2003), as well as choline transporter (Ferguson et al., 2003) have been reported to be present
in vesicles that are enriched in synaptic vesicle proteins. Although in the latter studies
sucrose velocity gradients demonstrated co-fractionation of the choline transporter with
synaptophysin, DAT was completely excluded from these fractions. Earlier, Melikian and
Buckley (1999) reported that in pheochromocytoma (PC12) cells, DAT is excluded from the
synaptic vesicles. Our experimental data (Figures 7 and 8) are coherent with these
observations strongly suggesting that DAT is unlikely to associate with synaptic vesicles.

In contrast to axons, all types of endosomes were detected in the soma of DA neurons and
proximal dendrites. This is consistent with the study that used fluorescently-labeled cocaine
analogues to demonstrate association of DAT with vesicles containing internalized
transferrin, transfected heterologous Rab5 and Rab7 (Eriksen et al., 2009; Eriksen et al.,
2010). Previously, electron microscopic immunolabeling demonstrated the localization of
DAT in multivesicular endosomes in the soma of DA neurons of SN and VTA (Ciliax et al.,
1995; Nirenberg et al., 1997a; Nirenberg et al., 1997b). Thus, we propose that trafficking
pathways of internalized DAT and other cargo in somaptodendritic compartment are similar
to the classical pathways of internalization, recycling and degradation described in non-
neuronal cultured cells.

In addition, we found that treatment of postnatal DA neurons with PMA did not alter the
distribution pattern of DAT. These findings are consistent with the recent studies using
fluorescent cocaine analog where no visible re-distribution of DAT was observed in
response to PKC activation in postnatal DA neurons (Eriksen et al., 2009). However, since
the resolution of light microscopy is limited, the quantitative changes in DAT localization in
DA neurons upon PMA treatment might be difficult to detect. Studies using DAT with an
extracellular epitope (Sorkina et al., 2009) may allow clear separation between intracellular
and extracellular DAT and provide a more accurate measurement for the constitutive and
PKC-dependent endocytic activity in DA neurons.

In summary, while the basic organizations of endocytic pathways in neurons and
nonneuronal cells are thought to be similar, the uniqueness of DA neurons lies in the
extraordinary distances they cover from the ventral mesencephalon to different regions of
the brain including the striatum where they form synapses with a very large number of
striatal neurons (Matsuda et al., 2009). It can be hypothesized that this complex and
specialized organization of the axonal compartment of DA neurons exists at the expense of
the basic endocytic machinery which is reduced to limited quantities and types of
endosomes, and therefore to a limited amount of endocytic trafficking of plasma membrane
proteins in dopaminergic axons.
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Materials and Methods
Reagents

Antibodies were purchased from the following sources: monoclonal rat antibody against
DAT and mouse monoclonal TH antibody were purchased from Millipore (Bedford, MA).
Polyclonal rabbit antibody against TH was obtained from Pel-Freez Biologicals (Rogers,
AR), mouse anti-TfR was from Zymed (San Francisco, CA), rabbit anti-clathrin antibody
was from Abcam (Cambridge, MA), mouse anti-Na+/K+ ATPase was from Affinity
Bioreagents (Rockford, IL), and mouse anti-MAP2 was from Millipore (Bedford, MA).
Mouse anti-EEA.1, rabbit anti-Rab5, rabbit anti-Rab7 and mouse anti-Tau1 were purchased
from B.D. Transduction laboratories (San Jose, CA). Rabbit polyclonal anti-Syntaxin13
antibody was a kind gift from Dr. Rytis Prekeris (University of Colorado Denver, CO).
FITC and Cy3 conjugated secondary antibodies to mouse or rabbit and Cy3 conjugated
secondary antibody against rat (adsorbed against mouse serum) were purchased from
Jackson Immunoresearch Laboratories (West Grove, PA). All other chemical reagents were
from Fisher Scientific (Pittsburgh, PA), unless otherwise noted.

Cell cultures
Primary ventral mesencephalic cultures were obtained from E15 embryos of Sprague
Dawley rats as described previously (Sorkina et al., 2006). Pregnant dams were purchased
from Sasco Charles River (Wilmington, MA). Animal handling and procedures were in
accordance with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals and were approved by the Institutional Animal Care and Use committee at the
University of Colorado Health Sciences Center, Aurora, CO. Ventral mesencephalic cells
(480,000 viable cells/cm2) were co-cultured with striatal cells (120,000 cells/cm2) on 12 mm
glass coverslips pretreated with polyethylenimine. Cells were fed with 1 ml Neurobasal
media supplemented with 10 ng/ml GDNF (glial derived neurotrophic factor) and FDU (2-
fluorodeoxyuridine/uridine) the following day to prevent mitotic cell growth.

For postnatal mesencephalic cultures, neonatal pups aged P0–P3 were used as described
previously (Mani and Ryan, 2009). Briefly, pups were euthanized and decapitated. Brains
were quickly removed and rinsed in ice cold HBSS (Hank's buffered saline solution).
Coronal sections were taken and the mesencephalic dopamine region was dissected and
placed in ice cold HBSS until enzymatic degradation of connective tissue could be
performed. Papain (Worthington; Lakewood, NJ) (20U/ml EBSS per 4–5 brains) with a final
concentration of 0.5 μM kynurenic acid was used. Tissue was incubated in papain solution
for 12 minutes at 37°C in a water bath with constant carbogen application to maintain O2/
CO2 and pH levels. Tissue was carefully rinsed in previously warmed neurobasal A solution
and then triturated in supplemented neurobasal A solution (10% heat inactivated fetal bovine
solution, 1× B27, and glutamate (Invitrogen; Carlsbad, CA). Neurons were then filtered
through a 0.45 um filter (BD Biosciences) and viable cell numbers were determined using
the tryphan blue exclusion method. 140,000 cells were plated onto 12mm diameter glass
coverslips coated with poly-d-lysine (Millipore) in 1 ml of supplemented neurobasal A.
Neurons were allowed to settle and attach overnight and then treated with FDU the
following day. 10 ng/ml GDNF was also added to support DA neuron survival.

Immunofluorescence microscopy
All staining of embryonic and postnatal neurons was carried out after 7–10 days in vitro
(DIV). For the PMA treatment experiment, neurons were treated with 1 μM PMA (Sigma-
Aldrich) or DMSO for 30 minutes at 37°C.
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Neurons were fixed using freshly-prepared 4% paraformaldehyde (PFA) for 10 min
followed by permeabilization with 0.1% saponin in PBS containing 0.5% BSA. Cultures
were incubated with primary antibodies for 1 hr followed by washes with PBS and then
incubated with secondary antibody for 30 min. Coverslips were mounted using Prolong gold
with DAPI (Invitrogen). Syntaxin13, TfR and clathrin immunostaining was performed after
permeabilization with 0.1% Triton X-100 for 3 minutes. Because DAT staining was highly
inefficient in Triton X-100 permeabilized cells, sequential staining was carried out for co-
localization studies where saponin-permeabilized neurons were first stained with the DAT
antibody, then permeabilized with Triton X-100 and incubated with antibodies to clathrin/
syntaxin13/TfR. Rab5 staining in axons of postnatal neurons was also more efficient with
Triton X-100 permeabilization.

Fluorescent microscopy
Images were acquired through FITC, Cy3 and DAPI filter channels using Marianas™ epi-
fluorescence workstation and SlideBook 4.2 software (Intelligent Imaging Innovation) as
described previously (Sorkina et al., 2006). Z-stacks of 20–30 images were acquired at 300
nm intervals and deconvoluted using the constrained iteration method (with Gaussian noise
smoothing). Images were acquired using a 63X oil immersion objective lens with a 2 × 2
binning mode. Under these imaging acquisition conditions, one pixel in the image
corresponded to ~200 × 200 nm. To quantify the number of endocytic vesicles in different
regions of the DA neuron, several 3-dimensional images were acquired for each of the
endocytic markers. Areas positive for TH were selected as the area of interest using the
“mask selection” feature of Slidebook. The number of vesicles positive for an endocytic
marker within the masked TH positive region of DA neurons was calculated. The density of
positive vesicles per 10 μmt3 volume of neuron was calculated using the Slidebook program.
Images containing only the somatodendritic region or the axonal processes were used for
calculations. The soma of the neurons was selected using a manual mask tool and the
fluorescence intensity values were subtracted from those values obtained for the entire
somatodendritic region to calculate the density of vesicles in dendrites. For the PMA-treated
neurons, the amount of DAT fluorescent intensity co-localized with an endocytic marker
fluorescent intensity was calculated using SlideBook statistical module as described (Huang
et al., 2006). These values were presented as percent of DAT colocalized with the marker of
total DAT intensity in a particular region of DA neurons. The data were collected from at
least three different sets of DA neuronal cultures and obtained on different days of the
culture.

Subcellular fractionation
Adult male Sprague-Dawley rats were used for a modified method of preparation of
synaptosomes as described previously (Hoover et al., 2007). Briefly, following decapitation,
striatum was dissected out and homogenized in PBS containing 0.32 M sucrose and 20 mM
HEPES. The homogenate was centrifuged at 1000 ×g for 10 min and the pellet discarded.
The supernatant was spun at 12,500 ×g for 20 min. The resulting synaptosomal pellet was
fractionated using differential fractionation (Lim et al., 2001). Synaptosomes were lysed in
hypotonic media on ice for 45 min and centrifuged at 2000 × g for 20 min. The supernatant
was sequentially centrifuged at 32,000 × g for 1 hr and 100,000 × g for 2 hrs to obtain P2
and P3 pellets, respectively. The remaining supernatant was termed S3. All the above steps
of centrifugation were carried out using a TLA100.4 Beckman rotor. Protein concentrations
of all the fractions were measured using Bradford assay and equal amounts of total protein
were loaded on a 7.5% SDS PAGE gel and immunoblotted for specific antigens. These
experiments were repeated at least 3 times.
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Sucrose gradients were used for fractionation of membranes of striatal synaptosomes as
described (Ferguson et al., 2003). Briefly, synaptosomes were prepared using the above
method and lysed using hypotonic shock. The resulting vesicles were layered on a 9 ml 50–
1000 mM sucrose gradient and centrifuged in a SW40Ti Beckman rotor at 65,000 × g for 3
hrs. After centrifugation, 10 equal fractions were collected from the top of the gradient, and
protein precipitation was performed using 6% trichloroacetic acid (TCA) and 0.02%
deoxycholate. Total protein precipitated from each fraction was loaded on a 7.5% SDS
PAGE gel and resolved. Fractionation using sucrose gradients were carried out in at least 3
independent experiments.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Immunofluorescence detection of endosomal compartments in somatodendritic regions
of embryonic dopaminergic rat neurons
Embryonic ventral mesencephalic cultures were co-stained with mouse monoclonal TH
antibody (green) and rabbit polyclonal antibodies (red) to EEA.1 (A), Rab5 (B), clathrin (C),
TfR (D), Syntaxin13 (E) or Rab7 (F). The cell nuclei are stained with DAPI (blue). Z-stacks
of images were acquired through Cy3, FITC and DAPI filter channels and the merged
images are presented. Individual optical sections of deconvoluted 3-D images are shown.
The images depict the cell body and dendritic regions of TH positive neurons. The arrows
show examples of structures positive for the respective endocytic markers and located in TH
neurons. Scale bars, 5 μm.
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Figure 2. Endosomal compartments in the axonal processes of embryonic dopaminergic neurons
Embryonic ventral mesencephalic cultures were co-stained with mouse monoclonal TH
antibody (green) and rabbit polyclonal antibodies (red) to clathrin (A), EEA.1 (B), Rab5 (C),
TfR (D), Syntaxin13 (E) or Rab7 (F). Z-stacks of images were acquired through Cy3 and
FITC filter channels and the individual optical sections of deconvoluted 3-D images are
shown. The images depict the axonal processes and varicosities of TH positive neurons. The
arrows show examples of endocytic structures in axonal varicosities and extensions. Scale
bars, 5 μm.
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Figure 3. Quantification of the relative concentrations of endocytic compartments in different
regions of embryonic DA neurons
A number of endocytic structures (endosomes and clathrin-coated pits/vesicles) identified by
various endocytic markers present per 10 μmt3 volume of the DA neuron was calculated as
described in “Methods” in a large number of images exemplified in Figure 1, 2 and
Supplemental Figure 2. The concentration of endocytic structures was calculated for soma
(light purple), dendrites (dark purple), growth cones (yellow) and axonal processes (blue).
The bars represent mean values and the error bars are the standard errors of the mean.
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Figure 4. DAT is present in early, recycling and late endosomal compartments, and in the
plasma membrane in the soma of embryonic dopaminergic neurons
Embryonic ventral mesencephalic cultures were co-stained with rat monoclonal antibodies
to DAT (red) and antibodies to different endocytic or plasma membrane markers as
indicated (green). The cell nuclei are stained with DAPI (blue). Individual optical sections of
deconvoluted 3-D images are shown. The images depict the cell body and dendritic regions
of DAT-positive neurons. Z-stacks of images were acquired through Cy3, FITC and DAPI
filter channels and the merged images are presented with the “Yellow” indicating overlap of
red (Cy3) and green (FITC) fluorescence. Insets (on the right) represent high magnification
of the regions of the images indicated by white rectangles with examples of structures
positive for DAT and respective endocytic markers. Scale bars, 5 μm.
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Figure 5. DAT co-localizes with TfR, Syntaxin13, clathrin and Na+/K+ ATPase positive
structures in axons of postnatal DA neurons
Postnatal mesencephalic cultures were co-stained with rat monoclonal antibody to DAT
(red) and antibodies to TfR, Syntaxin13, clathrin or Na+/K+ ATPase (all in green). Z-stacks
of images were acquired through Cy3 and FITC filter channels and individual optical
sections of deconvoluted 3-D images are shown. The images depict the axonal processes and
varicosities of DAT-positive neurons. The arrows show examples of endocytic structures
that contain DAT in axonal varicosities and extensions. Scale bars, 2.5 μm.
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Figure 6. Treatment of postnatal DA neurons with PMA does not change the subcellular
distribution of DAT
Postnatal DA neurons were treated with 1 μM PMA or DMSO for 30 minutes at 37°C, and
stained for DAT and different endocytic markers. The percent of DAT fluorescent intensity
co-localized with a particular endocytic or plasma membrane marker was calculated and
plotted. These values for the soma, dendrites and axonal processes of the DA neurons are
shown.
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Figure 7. DAT is enriched in the plasma membrane and endosomal fractions of adult rat striatal
synaptosomes
Striatal synaptosomes were mildly homogenized and the homogenates were fractionated by
differential centrifugation as described in “Methods”. Crude striatal synaptosomes (S) and
fractions P1, P2, P3 and S3 were probed by Western blotting with different antibodies to
plasma membrane, endosomes, synaptic vesicles and DAT as indicated on the left.
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Figure 8. Sucrose gradient centrifugation of adult rat striatal synaptosomes demonstrates co-
fractionation of DAT with recycling endosomes and plasma membrane
Striatal synaptosomes were mildly homogenized and the homogenates were fractionated by
sucrose density gradient as described in “Methods”. The fractions were electrophoresed and
probed by Western blotting with antibodies to DAT and several organelle markers as
indicated.
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