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Bundle Axons Indicates Its Long-Range Transport Primarily
by Membrane Diffusion with a Limited Contribution of
Vesicular Traffic on Retromer-Positive Compartments
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Dopamine transporter (DAT) controls dopamine neurotransmission by clearing synaptically released dopamine. However, traffick-
ing itineraries of DAT, which determine its cell-surface concentration near synapses, are poorly characterized. It is especially
unknown how DAT is transported between spatially distant midbrain somatodendritic and striatal axonal compartments. To exam-
ine this “long-range” trafficking, the localization and membrane diffusion of HA-epitope tagged DAT in the medial forebrain bun-
dle (MFB) of a knock-in mouse (both sexes) were analyzed using confocal, super-resolution and EM in intact brain and acute
brain slices. HA-DAT was abundant in the plasma membrane of MFB axons, similar to the striatum, although the intracellular
fraction of HA-DAT in MFB was more substantial. Intracellular HA-DAT colocalized with VPS35, a subunit of the retromer com-
plex mediating recycling from endosomes, in a subset of axons. Late endosomes, lysosomes, and endoplasmic reticulum were abun-
dant in the soma but minimally present in MFB axons, suggesting that biosynthesis and lysosomal degradation of DAT are
confined to soma. Together, the data suggest that membrane diffusion is the main mode of long-range DAT transport through
MFB, although the contribution of vesicular traffic can be significant in a population of MFB axons. Based on HA-DAT diffusion
rates, plasma membrane DAT in MFB axons turns over with a halftime of ;20d, which explains the extremely slow turnover of
DAT protein in the brain. Unexpectedly, the mean diameter of DAT-labeled MFB axons was observed to be twice larger than
reported for striatum. The implications of this finding for dopamine neuron physiology are discussed.
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Significance Statement

The dopamine transporter (DAT) is a key regulator of dopamine neurotransmission and a target of abused psychostimulants.
In the present study, we examined, for the first time, mechanisms of the long-range traffic of DAT in intact brain and acute
brain slices from the knock-in mouse expressing epitope-tagged DAT. Using a combination of confocal, super-resolution and
EM, we defined DAT localization and its membrane diffusion parameters in medial forebrain bundle axonal tracts connecting
midbrain somatodendritic and striatal axonal compartments of dopaminergic neurons. In contrast to the widely accepted
model of long-range axonal transport, our studies suggest that DAT traffics between midbrain and striatum, mainly by lateral
diffusion in the plasma membrane with only a limited contribution of vesicular transport in recycling endosomes.

Introduction
Dopamine (DA) signaling plays a major role in modulating cog-
nition, locomotion, motivation, and reward-seeking behaviors
(Giros and Caron, 1993; Dani and Zhou, 2004). Dysregulation
of DA signaling is linked to addiction and neuropsychiatric
disorders, including Parkinson’s disease, schizophrenia, atten-
tion-deficit/hyperactivity disorder, and autism spectrum dis-
order (Snyder, 2002; Gainetdinov and Caron, 2003; Iversen
and Iversen, 2007; Wise, 2008; Gowrishankar et al., 2014;
Volkow and Morales, 2015). Dopaminergic neurons in SNc
and VTA project to the dorsal striatum (dStr), NAc, and
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frontal cortex, forming nigrostriatal, mesolimbic, and meso-
cortical pathways, respectively (Ciliax et al., 1999). Striatal DA
axons are arborized extensively, with each branch having
numerous varicosities containing active zones, mitochondria,
and synaptic vesicles (Nirenberg et al., 1996; Hersch et al., 1997;
Matsuda et al., 2009). The branched axonal network is con-
nected to midbrain soma by minimally arborized axonal
“tracts” within the medial forebrain bundle (MFB), which spans
;3-4 mm in rat brain (Matsuda et al., 2009). This subcompart-
ment has not been well characterized, and the mechanisms of
“long-range” transport of organelles and macromolecules
between striatum and soma are not known.

Mechanisms of long-range axonal transport have been stud-
ied extensively in DRGs and other peripheral neurons, with a
substantive literature on dynein-mediated retrograde transport
of early and late endosomes in cultured neurons (Surana et al.,
2020). Anterograde axonal transport of transmembrane proteins
synthesized in the ER and post-translationally modified in the
Golgi apparatus in the soma is mediated by kinesin-dependent
microtubular transport (Surana et al., 2020). Additionally, local
translation of membrane proteins in axonal termini, including
transmembrane proteins, such as Robo3.2 and CD166 antigen, is
an emerging mechanism for the regulation of synaptic protein
turnover (Colak et al., 2013; Jung et al., 2014; González et al.,
2016; Y. Wu et al., 2017; Luarte et al., 2018). However, evidence
for rough ER in mature CNS axons is sparse, and conventional
Golgi apparatus has not been demonstrated in presynaptic areas
of the intact brain (Luarte et al., 2018).

Plasma membrane DA reuptake transporter (DAT) controls
the duration and intensity of DA neurotransmission (Giros et al.,
1991, 1996; Jaber et al., 1997). DAT plasma membrane density
and proximity to release sites are therefore critical for regulation
of DA neurotransmission. The itineraries and mechanisms of
axonal trafficking of DAT in intact dopaminergic neurons have
not been well defined, and how optimal concentrations of DAT
are maintained near synaptic areas remains unknown. EM
studies of rodent dopaminergic axons and immunofluorescence
analyses of acute brain slices have demonstrated that DAT is
predominantly located in extrasynaptic areas of the plasma
membrane, with a small pool of intracellular DAT, suggesting
minimal constitutive trafficking of DAT in the NAc and dStr
(Nirenberg et al., 1996, 1997; Hersch et al., 1997; Ciliax et al.,
1999; Block et al., 2015). A relatively large fraction of DAT is
detected in endosomes, ER, and Golgi in midbrain soma and
proximal dendrites, indicative of more extensive DAT traffick-
ing in these compartments (Nirenberg et al., 1996, 1997;
Hersch et al., 1997; Ciliax et al., 1999; Block et al., 2015).
However, the kinetics and mechanisms of transport of newly
synthesized DAT from midbrain to striatal synapses are
unknown. Furthermore, whether and how axonal DAT, des-
tined for degradation, is delivered back to the somatodendritic
compartment remain to be elucidated.

In this study, we analyzed the localization and membrane
diffusion parameters of DAT within MFB axonal tracts of dopa-
minergic neurons of a knock-in mouse that expresses DAT
tagged with an extracellular hemagglutinin epitope (HA11)
(Rao et al., 2012). Immunofluorescence imaging and immuno-
gold labeling with EM demonstrated a relatively small pool of
DAT in intracellular compartments and predominant plasma
membrane localization of DAT in MFB axons. We propose that
lateral diffusion in the plasma membrane is the main means of
DAT bidirectional transport between midbrain and striatum,

whereas the contribution of vesicular transport is significant
only in a limited population of neurons.

Materials and Methods
Animals. HA-DAT knock-in mice (on the C57BL/6J background)

were maintained in 12 h light/dark cycle at constant temperature and
humidity. Food and water were available ad libitum. All procedures were
conducted in accordance with the National Institutes of Health’s Guide
for the care and use of laboratory animals and with the approval of the
Institutional Animal Care and Use Committee of the University of
Pittsburgh. Mice of both sexes were used in all experiments.

Reagents. Antibodies were purchased from the following sources:
mouse monoclonal antibodies against the HA11 epitope (16B12) were
from BioLegend (mms-101p); rabbit monoclonal anti-HA11 were
from Cell Signaling (3724S); rat monoclonal anti-lysosome-associated
membrane protein 1 (LAMP1) antibodies were from the University of
Iowa Developmental Studies Hybridoma Bank (1D4B) (Chen et al.,
1985); and rabbit polyclonal antibodies against early endosomal anti-
gen 1 (EEA1) (ab2900), CD63 (ab216130), and Rab5 (ab13253) were
from Abcam. Rabbit and goat polyclonal antibodies against vacuolar
protein sorting-associated protein 35 (VPS35) were from Thermo
Fisher Scientific (PA5-21898) and NovusBio (NB100-1397), respec-
tively. Rabbit polyclonal antibody to vesicular monoamine transporter
2 (VMAT2) was kindly provided by Robert Edwards (UCSF School of
Medicine). Rabbit polyclonal KDEL antibody was from Invitrogen
(PA1-013), and rabbit polyclonal anti-reticulon 3 (RTN3) antibody
was from Millipore (ABN1723). Rabbit polyclonal b -IV spectrin anti-
body was kindly provided by M. N. Rasband (Baylor College of
Medicine). Normal rabbit IgG was from Santa Cruz Biotechnology (sc-
2027). Rat IgG2a k Iso Control was from eBioscience (14-4321-82).
Secondary donkey anti-mouse, anti-rat, and anti-rabbit AffiniPure
antibodies conjugated with AlexaFluor-488 (A488), Cy5, or Cy3 were
from Jackson ImmunoResearch Laboratories, and gold-conjugated sec-
ondary antibodies were from Aurion (800.022). A488-conjugated goat
anti-mouse Fab fragment antibodies (115-547-003) and Cy3-conju-
gated goat anti-mouse Fcg -specific Fab fragment antibodies were from
Jackson ImmunoResearch Laboratories (115-167-185). Secondary goat
anti-mouse and anti-rabbit AffiniPure antibodies conjugated with
AlexaFluor-568 (A11004) and AlexaFluor-660 (A21074) were from
Invitrogen. All other reagents and supplies were from Thermo Fisher
Scientific unless noted otherwise.

Immunofluorescence staining of cryosections. Mice of both sexes
were anesthetized with xylazine/ketamine and subject to transcardial
perfusion with ice-cold PBS followed by freshly prepared 4% PFA in
PBS. Brains were gently removed and postfixed in the same fixative for
4 h, and then rinsed with PBS and cryoprotected by incubating in 20%
sucrose in PBS at 4°C overnight or until brains sank to the bottom of
the tube, followed by 30% sucrose in PBS at 4°C until ready for cryosec-
tioning. Immediately before cutting, brains were embedded in OCT
Tissue-Tek compound (Sakura Finetek) and deep frozen in liquid
nitrogen. Tissue was sectioned at 50 mm with a CM3050 cryostat (Leica
Microsystems). Free-floating cryosections were washed and then
treated to inhibit endogenous peroxidase by 10min incubation in 1%
hydrogen peroxide. Tissue was then washed, permeabilized with 0.1%
Triton-X-100 for 1 h, and preincubated with blocking buffer contain-
ing 10% normal donkey serum (D9663, Sigma Millipore), 3% BSA
(A2153, Sigma Millipore), 0.1% Triton X-100 (Sigma Millipore) in PBS
for 1 h at room temperature followed by incubation with primary anti-
bodies at 4°C in PBS containing 10% normal donkey serum, 0.1%
Triton X-100, and 3% BSA for 48 h. Primary antibodies were diluted to
1:1000, except for b -IV spectrin (1:400) unless indicated otherwise.
After three washes in PBS, sections were incubated with corresponding
secondary antibodies for 1 h at room temperature, or 24 h for b -IV
spectrin. Nuclei were stained with Hoechst 33342 (62249, Thermo
Fisher Scientific). Sections were mounted with Prolong gold antifade
mounting medium (P36930, Thermo Fisher Scientific).

Spinning disk confocal microscopy. To obtain high-resolution three-
dimensional (3D) images of DA neurons in brain slices, a z stack of

Bagalkot et al. · Dopamine Transporter in Medial Forebrain Bundle Axons J. Neurosci., January 13, 2021 • 41(2):234–250 • 235



confocal images was acquired using a spinning-disk confocal system
based on an Axio Observer Z1 inverted fluorescence microscope
(Carl Zeiss) equipped with a 63� Plan Apo PH, 1.4NA objective,
computer-controlled Spherical Aberration Correction unit, Yokogawa
CSU-W1, Vector photomanipulation module, Photometrics Evolve
16-bit EMCCD and Hamamatsu Orca-Flash4.0 CMOS cameras, envi-
ronmental chamber, piezo stage controller and lasers (405, 445, 488,
515, 561, and 640nm), all controlled by SlideBook 6 software (Intelligent
Imaging Innovations). Flash4.0 was used for imaging of fixed samples,
and Evolve was used in experiments with living brain slices. Typically,
10-30 serial two-dimensional (2D) confocal images of cryosections were
recorded at 400 nm intervals. Colocalization of HA-DAT with endocytic
markers was visually evaluated by identifying clear overlapping struc-
tures that could be followed in multiple z planes.

The length of axon initial segments (AISs) and the distances of the
proximal ends of AIS from the soma were measured in HA-DAT-labeled
neurons costained with b -IV spectrin using the SlideBook ruler tool. To
measure the diameter of HA-DAT-labeled axons outside or within the
AIS, a segment mask was generated to select voxels containing HA-DAT
fluorescence. Ten measurements of the axon width in the confocal sec-
tion from the 3D image stack that displayed a maximal cross-section
were made, and mean values for each individual axon were calculated.
In the case of AIS, 10 measurements of the diameter were made through-
out the entire length of AIS, from its proximal to distal ends at identical
length intervals between measurements.

Quantification of colocalization. A z stack of x-y confocal double-la-
beled images were cropped to generate new images consisting of a z
stack of three consecutive confocal sections with maximally strong labeling
and similar penetration of both antibodies, typically mouse or rabbit HA11
against HA-DAT (488nm channel fluorescence) and an organelle marker
or VMAT2 (640nm channel fluorescence). These images were deconvolved
using the no-neighbor algorithm of SlideBook6. Background-subtracted
images were then used to generate an automated segmentation Mask #1 to
select voxels positive for 488nm channel fluorescence and colocalization
Mask #2 (common voxels positive for 488nm and 640nm channel fluores-
cence) using an Interactive Segmentation tool of SlideBook6 and the same
minimal fluorescence threshold as in Mask #1. The fraction of HA-DAT
(488nm channel) colocalized with an organelle marker (640nm channel) of
the total HA-DAT was calculated as the ratio of integrated fluorescence
intensities of the 488 nM channel in Mask #2 to that of Mask #1 in each 3D
image containing multiple axons.

To compare the fraction of HA-DAT and VMAT2 colocalized with
VPS35 in dopaminergic axons, colocalization was quantified on cryosec-
tions colabeled with all three antibodies. Three-plane 3D images were
generated and deconvolved as above for double-labeled images. The
fraction of HA-DAT (488nm channel) colocalized with VPS35 (640nm
channel) was calculated as described above for double-labeled images.
Total fluorescence of VMAT2 (561nm channel) in dopaminergic axons
was quantified by generating Mask #1-561 containing voxels common
for 561 and 488nm channel fluorescence (HA-DAT). Colocalization
mask of VMAT2 and VPS35 in dopaminergic neurons was generated by
selecting voxels positive for 561, 488, and 640 nm channel fluorescence
(Mask #2-561) with the minimal fluorescence thresholds of 488 and
640nm channel fluorescence to be identical to those thresholds used for
calculating the HA-DAT/VPS35 colocalization in the same image. The
fraction of VMAT2 colocalized with VPS35 of the total VMAT2 fluores-
cence in dopaminergic neurons was then calculated as the ratio of inte-
grated fluorescence intensities of the 561 nm channel in Mask #2-561 to
that in Mask #1-561 in each image containing multiple axons.

Preparation of acute brain slices. Procedures followed were similar to
those described previously (Block et al., 2015). Six- to 8-week old HA-
DAT mice were killed by isoflurane inhalation followed by decapitation.
Brains were removed and submerged into an ice slush of oxygenated (by
bubbling with carbogen, 95% O2 and 5% CO2) cutting-specific ACSF (in
mM) as follows: 87 NaCl, 2.5 KCl, 1.25 NaH2PO4, 25.7 NaHCO3, 7.0
MgSO4, 0.5 CaCl2, 25 dextrose, 75 sucrose, 0.15 ascorbic acid, 1.0 kynur-
enic acid). Microtome blades were used to make sagittal cuts in a stain-
less-steel slicing block along the midline and at 0.8 and 1.6 mm lateral.
Slices were allowed to recover in carbogen-bubbled normal ACSF

(nACSF, in mM) as follows: 124 NaCl, 4 KCl, 1.25 NaH2PO4, 25.7
NaHCO3, 1.2 MgSO4, 2.45 CaCl2, 11 dextrose, 0.15 ascorbic acid) for
30min at room temperature.

Fluorescence recovery after photobleaching (FRAP) analysis. For
labeling of HA-DAT, slices were incubated in 0.5 ml nACSF at room
temperature with 10mg/ml anti-HA antibodies for 30min, adding 0.1 ml
freshly oxygenated nACSF every 5min. Unbound HA antibodies were
removed by incubation for 20min in oxygenated nACSF. Slices were
then incubated in 0.5 ml nACSF at room temperature with 5mg/ml
A488-conjugated goat anti-mouse Fab fragment antibodies for 30min,
adding 0.1 ml freshly oxygenated nACSF every 5min. Unbound anti-
bodies were removed, and slices were equilibrated to FRAP assay tem-
perature by incubation for at least 20min in oxygenated nACSF at room
temperature or 37°C

To image living dopaminergic neurons, acute sagittal brain slices
were transferred to MatTek dishes containing oxygenated nACSF and
placed within the microscope’s 37°C environmental chamber. Images
were acquired using the spinning disk confocal imaging system
described above. Typically, 50 time-lapse images were collected at 3-5 s
intervals from a single confocal plane 10mm deep from the cut face of
the slice. Photobleaching was performed on user-selected regions (axo-
nal length of ;6.35mm) using 80% laser power for 3ms. Regions were
chosen based on a lack of crowding with other HA-DAT-expressing
structures and a continuity of signal intensity and focus on either side of
the bleached region. Regions from images with stable focus and minimal
sample lateral movement were analyzed using the “FRAP” module in
SlideBook6 software to obtain values of tD (recovery half-time) and mo-
bile fraction (Mf, or fraction recovered). To account for image-wide pho-
tobleaching during the duration of the experiment, signal intensities of
analyzed regions were normalized over time to those of an unbleached
region. The diffusion coefficient D was calculated as described previously
(Blasius et al., 2013). Briefly, the axon in a FRAP experiment can be
modeled as a cylinder where the length of the bleached region is 2a. The
cylindrical symmetry reduces the model to a one-dimensional (1D)
problem where concentration (or fluorescence intensity) can be
described as a function of time (t) and distance (x) along the axon.
Diffusion coefficient was calculated using Equation 1: D = (a/x1/2)

2/tD
where a value of x1/2 was determined to be ;1.03,975 by plotting the
function g(x) in the range covering the value g(x1/2) = 0.5. To estimate
the half-time of DAT turnover in MFB axons (;1.5-2.5 mm in length in
mouse brain), a “photobleaching”model was used, in which the “photo-
bleached” region was considered to be 2 mm (2a) and recovery occurred
from both sides, the soma and the striatal complex, assuming unlimited
source of DAT in both of these regions. Therefore, Equation 1 is con-
verted to Equation 2 as follows: tD = (a/x1/2)

2/D, where a = 1 mm.
To examine potential endocytosis of HA-DAT/antibody complexes

during FRAP experiments at 37°C, acute slices were incubated with
mouse HA11 antibodies and Cy3-conjugated Fab fragment of goat anti-
mouse Fc-specific antibodies (2.5mg/ml) at room temperature as
described above. After subsequent 40 min incubation at 37°C, slices
were incubated in nACSF with 5mg/ml A488-conjugated Fab fragment
of secondary goat anti-mouse-IgG antibodies (that is not Fc-specific) at
4°C for 30min to label exclusively cell-surface HA11:HA-DAT com-
plexes. After washing 3 times with 4°C nACSF, slices were fixed in 4%
PFA for 30min at 4°C. 3D imaging was performed using a spinning disk
confocal system, and colocalization of 488 nm (plasma membrane HA-
DAT) and 561 nm (total surface plus internalized HA-DAT) channel flu-
orescence was estimated by calculating Pearson correlation coefficient
using SlideBook6.

Stimulated emission depletion (STED) super-resolution 3D micros-
copy. Free-floating sagittal sections were obtained using a cryostat, per-
meabilized as mentioned above, and labeled with antibodies against HA-
DAT and VPS35, followed by fluorophore-conjugated secondary anti-
bodies. HA-DAT STED imaging was performed using a TCS SP8 super
resolution STED microscope (Leica Microsystems) with a pulsed white
light laser and an AOBS detection system (Leica Microsystems). Images
were collected using the 775 nm STED laser line with 40% 3D STED
using the Leica Microsystems STED objective (HC PL APO 100�/
NA1.40 oil) with a 200Hz scan speed and 6� line averaging. Pixel size
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was set to 19nm/pixel; step size was set to 1.50mm, and pinhole was set
at 87.3mm (0.575AU). HA-DAT was visualized using AlexaFluor-568,
exciting at 575 nm and detecting between 588 and 657 nm and tempo-
rally gated between 1.01 and 5.01ns. VPS35 was visualized with

AlexaFluor-660, exciting at 663 nm and detecting between 672 nm and
758nm and temporally gated between 1.0 and 6.0 ns.

Labeling of HA-DAT in vivo by stereotactic injections of HA11 anti-
bodies. Eight- to 10-week-old HA-DAT mice of either sex were used.

Figure 1. Coimmunolabeling of HA-DAT with EEA1 and Rab5 in MFB axons and soma of dopaminergic axons. Brains were fixed by cardiac perfusion with PFA and prepared for sectioning as
described in Materials and Methods. Sagittal cryosections were labeled with antibodies against HA and EEA1 (A–C) or Rab5 (D–F) followed by fluorophore-conjugated secondary antibodies. 3D
stacks of confocal images were acquired through 640 nm (red, EEA1 or Rab5), 488 nm (green, HA-DAT), and 405 nm (blue, Hoechst) channels from MFB (A,B,D,E) and midbrain (C,F) regions.
Maximum intensity projections of three consecutive x-y confocal sections are shown. B, E, Insets, High-magnification images corresponding to white rectangles in A and D, respectively. B, Red
arrows indicate varicosities in the axon. White punctate lines indicate boundaries of representative axons. E, White arrows indicate examples of HA-DAT/Rab5 colocalization in axonal varicosity.
A, D, White circles represent examples of characteristic perinuclear EEA1 and Rab5 labeling in HA-DAT-negative (nondopaminergic) cells. C, F, Overlap of EEA.1 and Rab5 with HA-DAT in the
soma of dopaminergic cells. Scale bars: A, C, D, F, 10mm; B, E, 2mm. G, Quantification of the fraction of HA-DAT colocalized with endosome/lysosome markers from images generated as in A
and D, and images of HA-DAT colabeling with LAMP1, CD63, and VPS35 generated as in Figures 2 and 3. Cryosections labeled with normal rabbit or rat IgGs used at the same concentrations
(2mg/ml) and imaged as corresponding specific rabbit or rat IgGs against endolysosomal markers were used as control for nonspecific overlap of the fluorescence signals. Scatter dot plot repre-
sents mean values with SDs (n= 8-13 images depicting multiple axons). p values were calculated against control IgGs using one-way ANOVA followed by Fisher’s LSD multiple comparison test.
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Anesthesia was induced with intraperitoneal injection of xylazine/keta-
mine. Mice were placed in a digitalized stereotactic frame with nontrau-
matic ear bars (Stoelting) equipped with a mouse adaptor. A dental drill
was used to create two bilateral holes over MFB. Using a 5ml Hamilton
syringe, 5ml of mouse HA.11 antibody (final concentration 0.1mg/ml in
PBS) was injected bilaterally directly into the MFB (coordinates relative
to bregma, AP=61.5 mm; ML=61.5 mm; DV=�5.2 mm), according
to Paxinos and Watson (1998) at the rate of 1ml/min, and the injection
needle was left in place for 10min before retraction to allow proper dif-
fusion and to prevent reflux of the antibody. Mice were kept on a warm
hotpad for ;2 h after surgery and then killed using isoflurane, followed
by decapitation. Brains were removed and after an initial sagittal cut
along the midline, 0.8-mm-thick slices were made using microtome

blades and a stainless-steel slicing block. Slices were fixed for 1 h with
freshly prepared 4% PFA, followed by incubation with the secondary
A488-conjugated donkey anti-mouse-IgG antibody in PBS at 4°C over-
night to label HA-DAT on the surface of neurons. Slices were then
washed with PBS, permeabilized with 0.3% Triton X-100, and incubated
with rabbit monoclonal HA11 antibody (to label all HA-DAT not occu-
pied by mouse HA11) and goat polyclonal VPS35 antibody in PBS at
4°C overnight. Secondary donkey anti-rabbit-IgG and anti-goat-IgG
AffiniPure antibodies conjugated with Cy3 and Cy5, respectively, were
applied for 1 h at room temperature. Nuclei were stained with Hoechst
33342. Sections were imaged in 35 mmMatTek dishes through 488, 561,
and 640nm (VPS35) channels using spinning disk confocal microscope
at least 5mm deep from the surface of the slice as described above.

Figure 2. Coimmunolabeling of HA-DAT with LAMP1 and CD63 in MFB axons and soma of dopaminergic axons. Brains were fixed by cardiac perfusion with PFA and prepared for sectioning
as described in Materials and Methods. Sagittal cryosections were colabeled with rabbit or mouse HA11 antibodies, and antibodies against LAMP1 (A–C) or CD63 (D–F), respectively, followed
by fluorophore-conjugated secondary antibodies. 3D stacks of confocal images were acquired through 640 nm (red, LAMP1 and CD63), 488 nm (green, HA-DAT), and 405 nm (blue, Hoechst)
channels from MFB (A,B,D,E) and midbrain (C,F) regions. B, E, Insets, High-magnification images corresponding to white rectangles in A and D, respectively. White punctate lines indicate
boundaries of representative axons. All images are maximum intensity projections of three consecutive x-y confocal sections, except in B (inset) where a single confocal section is shown.
Examples of characteristic perinuclear LAMP1 and CD63 labeling in HA-DAT-negative (nondopaminergic) cells are indicated by white oval and circles in A and D. LAMP1 and CD63 colabeling
with HA-DAT in the soma of dopaminergic cells is illustrated in C and F, respectively. Scale bars: A, C, D, F, 10mm; B, E, 2mm.
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Colocalization of 488nm (plasma membrane HA-DAT) and 561nm (total
HA-DAT) channel fluorescence was estimated by calculating Pearson corre-
lation coefficient using SlideBook6.

EM. Four HA-DAT mice were used for EM examination of the ni-
grostriatal portion of the MFB. Two of the subjects were control animals
from our prior investigation of the effects of amphetamine (Block et al.,
2015) and were acutely injected intraperitoneally with saline before
being killed 1 h later. The other 2 subjects were naive. All mice were
anesthetized with pentobarbital (60-100mg/kg i.p.) and then adminis-
tered the zinc chelator diethyl-dithiocarbamate (1 g/kg i.p.) for 5-15min
before death to prevent artifactual silver binding to endogenous zinc
(Veznedaroglu and Milner, 1992). Animals were then perfused intracar-
dially with 5-10 ml of heparin-saline 100 U/ml, followed by 50-100 ml of
1% glutaraldehyde, and 4% PFA in 0.1 M PB, pH 7.4. Brains were then

removed from the skull, kept in fixative for 30-
60min, and then transferred to PB before
being sectioned at 50mm on a vibratome.

Sections were treated with 1% sodium bor-
ohydride in PB for 30min and then rinsed in
PB. Tissue was then transferred to a cryopro-
tectant before being subjected to freezing at
�80°C and thawing in room temperature PB.
The cryoprotectant was then rinsed, and the
sections were transferred to 0.1 M TBS, pH 7.6.
Tissue was then incubated for 30min in block-
ing solution containing 3% normal donkey se-
rum, 1% BSA, and 0.04% Triton X-100 in TBS.
Afterwards, primary monoclonal anti-HA
(HA11) antibody was added to this solution,
and the tissue was incubated for ;36 h at 4°C.
Sections were then rinsed thoroughly in TBS
before being transferred to 0.01 M PBS, pH 7.4.
Another blocking solution was then used to
incubate the tissue for 30min: 3% normal don-
key serum, 0.8% BSA, and 0.1% coldwater fish-
skin gelatin (Aurion) in PBS. To this solution
was added 1:50 goat anti-mouse IgG conju-
gated to gold particles sized 0.8 nm (Aurion).
Tissue remained in secondary antibody over-
night before being rinsed thoroughly in block-
ing solution followed by PBS. Sections were
treated for 10min in 2.5% glutaraldehyde in
PBS and rinsed again. Sections were then incu-
bated in 1:10 proprietary enhanced condition-
ing solution (Aurion) before placement in
R-Gent SE-EM reagents (Aurion) for 1-2 h.
After the silver enhancement of bound gold,
tissue was rinsed again in 1:10 enhanced
conditioning solution before being trans-
ferred to PB.

To prepare tissue for EM examination, sec-
tions were treated with 1% osmium tetroxide
in PB for 30min to fix lipids and then rinsed
in PB. Tissue was then dehydrated in increas-
ing concentrations of ethanol followed by pro-
pylene oxide. Incubation in epoxy resin began
with an overnight treatment in 1:1 propylene
oxide and Embed-812 (Electron Microscopy
Sciences) followed by straight epoxy resin for
2-3 h. Sections were then cured for 72 h at 60°
C between commercial plastic sheets kept flat
by heavy weights. Regions of the MFB that
contained the densest concentration of dopa-
minergic axons were identified in these sec-
tions by light microscopic comparison with
tissue from WT mice labeled by immunoper-
oxidase for TH. These regions were photo-
graphed before being cut out and annealed to
blocks of solid epoxy resin. The tissue was
trimmed to a trapezoid shape containing the

ROI, and ultrathin sections were sliced from the surface of this region at
60nm. Tissue collected onto copper 400 mesh grids was then contrast-
stained with uranyl acetate and lead citrate and examined in an FEI
Morgagni TEM.

The nigrostriatal portion of the MFB was identified at low magnifica-
tion as areas of clustered axons containing immunogold-silver labeling
for HA-DAT. Such areas could only be seen near the surface of the tissue
at the interface with plastic resin, as antibodies typically do not penetrate
well below this depth. These regions were then analyzed at 18,000-
28,000� and photographed when axons with specific immunoreactivity
were encountered; these were defined as containing at least three immu-
nogold particles on the membrane or 5 particles in total. Additional pho-
tomicrographs were taken from the same regions as well as immediately

Figure 3. Coimmunolabeling of HA-DAT and VPS35 in MFB axons and soma of dopaminergic axons. Brains were fixed by
cardiac perfusion with PFA and prepared for sectioning as described in Materials and Methods. Sagittal cryosections were la-
beled with antibodies against VPS35 and HA11 followed by fluorophore-conjugated secondary antibodies. 3D stacks of
images of MFB (A), region just caudal to striatum (B), and midbrain (C) were acquired using a spinning disk confocal system
through 640 nm (red, VPS35), 488 nm (green, HA-DAT), and 405 nm (blue, Hoechst) channels. Maximum intensity projections
of three consecutive x-y confocal sections are shown. Insets, Split-channel images of areas indicated by white rectangles.
Arrows indicate examples of HA-DAT and VPS35 colocalization. A, White circles represent examples of characteristic VPS35
labeling in HA-DAT-negative (nondopaminergic) cells. C, Typical distribution of VPS35 endosomes in dopaminergic neuron
soma. Scale bars, 10mm.
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adjacent fields to estimate nonspecific labeling in profiles
comparably sized to axons labeled for HA-DAT. Digital
micrographs were imported into MicroBrightField
Neurolucida program version 9, and profiles were then
traced and analyzed for area and perimeter. Diameter
was determined manually from the micrographs as the
straight line across the widest part of the short axis
(Sesack et al., 1998). Using a calibrated cursor, gold par-
ticles were categorized as membrane-associated when
they were within 20nm of the plasmalemma. Other gold
particles were considered intracellular, and those within
20nm of organelles were recorded. Circular organelles
;40-50 nm in diameter were considered to be vesicles;
larger organelles were measured for area and perimeter.
Assuming a relatively circular shape, organelle diameter
was then estimated as 2� the square root of area/p .

Statistical analysis. All statistical analyses were per-
formed using GraphPad Prism software (GraphPad). For
comparisons of each two groups, unpaired Student’s
t test was used after verification of equal variance using
F test. Welch’s correction was performed when the var-
iance across groups was assumed to be unequal. For multi-
ple comparison analyses, a one-way ANOVA followed by
Tukey’s or Fisher’s LSD multiple comparison tests was
used. All experiments were performed at least three times.
Differences were considered significant when the p value
was ,0.05, with the specific p values detailed within each
figure legend.

Results
Immunofluorescence analysis of HA-DAT
localization in endosomes and lysosomes in
MFB axons
Sagittal sectioning and spinning disk confocal mi-
croscopy enabled imaging of the entire length of
axonal tracts, from the midbrain through the MFB
to the region caudal to striatum. HA-DAT was
found to be distributed along the entire length of
axons that displayed randomly dispersed widen-
ings and varicosities (Fig. 1A,B). HA-DAT fluo-
rescence was seen mostly as an uninterrupted
continuous signal along large parts of these axons,
although clusters of HA-DAT were frequently
observed (Fig. 1A,B). To test whether clustered
HA-DAT fluorescence represented cell-surface
clusters or intracellular vesicles, such as endosomes
or lysosomes, HA-DAT was coimmunolabeled
with the resident proteins of these compartments.

Compartments containing EEA1, a marker of
early and sorting endosomes, were not detected
in MFB axonal tracts labeled with the HA11 anti-
body (Fig. 1A,B). Similarly, Rab5, a small GTPase
enriched in all types of early endosomes and in newly formed
endocytic vesicles, was largely excluded from HA-DAT-labeled
MFB axons (Fig. 1D,E). Rarely, small puncta of colocalized
HA-DAT and Rab5 were observed in axonal varicosities (Fig.
1E). At the same time, characteristic punctate distribution of
EEA1 and Rab5 was observed clearly in neighboring cells
surrounding MFB axons (Fig. 1A,D) and in dopaminergic neu-
ronal soma in the midbrain (Fig. 1C,F), thus confirming the speci-
ficity and the sensitivity of EEA1 and Rab5 immunolabeling.
Quantifications demonstrated that the fraction of HA-DAT colocal-
ized with EEA.1 and Rab5 inMFB axons was small and comparable
with such fraction resulting from nonspecific signal overlap meas-
ured using normal IgG (Fig. 1G). Consistent with the occasional

detection of Rab5/HA-DAT compartments (Fig. 1E), quantifica-
tions suggested a trend for specific colocalization of Rab5 and HA-
DAT in a few images (Fig. 1G). However, this colocalization was
not statistically significant (Fig. 1G). Late endosomes and lysosomes,
labeled with LAMP1 and CD63, were also not unambiguously
detected along MFB axonal tracts labeled with HA11 antibody (Fig.
2A,B,D,E), whereas these compartments exhibited a characteristic
pattern of perinuclear distribution in cells surrounding MFB axons
(Fig. 2A,D) and in the soma of dopaminergic neurons (Fig. 2C,F).
Individual LAMP1 puncta were seldomly seen overlapping with do-
paminergic axons. However, staining with nonspecific normal IgG
also resulted in randomly distributed puncta that occasionally over-
lapped with the HA11 labeling. Fractions of HA-DAT colocalized
with LAMP1 and CD63 were extremely small and not different

Figure 4. STED imaging of HA-DAT and VPS35 in MFB axons. Brains were fixed by cardiac perfusion with
PFA and prepared for sectioning as described in Materials and Methods. Sagittal cryosections were labeled with
antibodies against VPS35 and HA11 followed by fluorophore-conjugated secondary antibodies. 3D stacks of x-y
STED images of HA-DAT (green) and VPS35 (red) immunofluorescence were acquired. Maximum intensity pro-
jections of three consecutive x-y optical sections (merged channels) are shown. a, b Insets, High-magnification,
split-channel images of areas indicated by white rectangles. Arrows indicate examples of HA-DAT and VPS35
colocalization. Scale bars: Insets, a, 3mm; b, 1mm.
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from an HA-DAT fraction colocalized with nonspecific IgG
(;1%–3%; Fig. 1G), confirming an absence of detectable quantities
of specifically labeled late endosomes and lysosomes in MFB dopa-
minergic axons (Fig. 1G).

By contrast, coimmunolabeling of MFB cryosections with
HA11 and antibodies to VPS35, a component of the retromer
complex involved in the recycling of cargo from endosomes to the
plasma membrane or Golgi complex (Burd and Cullen, 2014),
revealed significant colocalization of HA-DAT and VPS35 in the

puncta along axonal tracts (Fig. 3A,B).
This result is consistent with a recent
report proposing that VPS35 is involved in
DAT trafficking in NAc (S. Wu et al.,
2017). Colocalization of HA-DAT with
VPS35 was especially apparent in the axo-
nal region caudal to striatum (Fig. 3B).
The mean fraction of HA-DAT colocal-
ized with VPS35 was ;7% (Fig. 1G).
Interestingly, axons were heterogeneous in
the abundance of retromer compart-
ments: some contained a lineup of multi-
ple VPS35-labeled puncta, whereas others
contained only a single or no detectable
VPS35-labeled vesicles. The substantial
variability in the fraction of HA-DAT
colocalized with VPS35 is also evident in
Figure 1G. VPS35 endosomes were abun-
dant in the soma (Fig. 3C), suggesting that
retromer may be involved in DAT traffic
in all subcompartments of a dopaminergic
neuron.

To analyze HA-DAT/VPS35 colocali-
zation at a higher resolution, 3D STED
super-resolution fluorescence imaging
was performed. STED imaging allowed
clear visualization of the plasma mem-
brane in some axons and revealed a
highly clustered HA-DAT distribution
along the plasma membrane (Fig. 4), con-
sistent with the DAT localization pattern
in cultured neurons demonstrated by
super-resolution microscopy (Rahbek-
Clemmensen et al., 2017). A small frac-
tion of HA-DAT puncta were colabeled
with the VPS35 antibody (Fig. 4), thus
further confirming the localization of
HA-DAT in recycling endosomal car-
riers. Together, data in Figures 1–4 dem-
onstrate that a relatively small pool of
DAT is located in VPS35-positive, possi-
bly recycling endosomes, whereas early,
sorting, and late endosomes as well as
lysosomes are abundant in neuronal
soma but appear not to penetrate into
MFB axons to a significant extent.

Comparison of localization patterns of
DAT and VMAT2 in MFB axons
To compare HA-DAT localization in
MFB axons with that of another trans-
membrane protein enriched in dopami-
nergic neurons, we analyzed localization
of the VMAT2. VMAT2 was found to be
highly colocalized with HA-DAT-positive

MFB axons (Fig. 5A), although VMAT2 was also located in
nondopaminergic processes, presumably, serotonergic axons.
Quantifications revealed that, on average, 37% of HA-DAT flu-
orescence (15% SD; n= 10) was colocalized with VMAT2.
Importantly, the localization pattern of VMAT2 in MFB axons
was predominantly punctate compared with a less-punctate,
mostly uninterrupted immunolabeling of HA-DAT along these
axons (Fig. 5A, insets). To examine whether the punctate

Figure 5. Coimmunolabeling of HA-DAT, VMAT2, and VPS35 in MFB and midbrain. Brains were fixed by cardiac perfusion
with PFA and prepared for sectioning as described in Materials and Methods. Sagittal cryosections were colabeled with mouse
HA11 and antibodies against VMAT2 (A,D), or with mouse HA11, VMAT2, and goat polyclonal VPS35 antibodies (B,C) fol-
lowed by fluorophore-conjugated secondary antibodies. A, D, 3D stacks of images were acquired in MFB (A) and midbrain
areas (D) of cryosections through 640 (red, VMAT2), 488 nm (green, HA-DAT), and 405 nm (blue, Hoechst) channels.
Maximum intensity projections of three consecutive x-y confocal sections are shown. A, Insets, High-magnification images of
the region indicated by white rectangles. D, Dopaminergic neuron soma. Scale bars, 10mm. B, C, 3D stacks of images were
acquired in MFB through 488 nm (green, HA-DAT), 561 nm (red, VMAT2), and 640 nm (cyan, VPS35) channels.
Representative images (single confocal sections) with examples of individual axons containing (a images) or not containing
VPS35 puncta (b images). Two arrows indicate axon. Scale bars, 2mm. Quantification of the fractions of HA-DAT and VMAT2
colocalized with VPS35 in dopaminergic axons was performed as described in Materials and Methods. Data points correspond-
ing to values of fractions of VMAT2 and HA-DAT colocalized with VPS35 quantified in the same images are shown in the
same colors. Scatter dot plot represents mean values with SDs. p value was calculated using paired Student’s t test (n of 8
images containing multiple axons).
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pattern of VMAT2 localization in axons is because of its localiza-
tion in endosomes, triple immunolabeling of VMAT2, HA-
DAT, and VPS35 was performed, and the fractions of two
transporters colocalized with VPS35 in dopaminergic axons were
quantitated and compared in the same images. Representative
examples of individual axons shown in Figure 5B demonstrate
heterogeneity in the abundance of VPS35 endosomes in different
HA-DAT/VMAT2-positive axons and variability in the extent of
VPS35 colocalization with two transporters in individual MFB
axons. Importantly, the fraction of VMAT-2 colocalized with
VPS35 was higher than that of HA-DAT with VPS35 in each
image analyzed, and overall, significantly higher for VMAT2/
VPS35 than HA-DAT/VPS35 colocalization (Fig. 5C). Interestingly,
while both HA-DAT and VMAT2 are located in vesicles and ER
network throughout the soma, VMAT2 was more concentrated
in the perinuclear area, suggesting that sorting of these two

transporters begins in the soma (Fig. 5D). Unlike DAT, VMAT2
has a strong di-leucine internalization signal (Tan et al., 1998), and
therefore, can be efficiently internalized and accumulated in endo-
somes. Therefore, the data in Figure 5 illustrate an example of a
transmembrane cargo that, in contrast to DAT, may largely rely on
vesicular transport mechanisms for long-distance trafficking.

ER-localized DAT is confined to the soma with traces
detected in MFB axons
The prevalent pattern of continuous, uninterrupted fluorescence
of HA-DAT in MFB axons may correspond to HA-DAT local-
ization in the plasma membrane or tubular ER. Immunolabeling
with antibodies that detect resident ER proteins containing the
ER-targeting KDEL sequence motif in their luminal domains
demonstrated that these ER proteins were not observed in HA-
DAT-positive axons in MFB (Fig. 6A,B). By contrast, KDEL

Figure 6. Coimmunolabeling of HA-DAT with markers of ER and AIS in MFB axons and midbrain. Brains were fixed by cardiac perfusion with PFA and prepared for sectioning as described in
Materials and Methods. Sagittal cryosections were labeled with HA11 and KDEL (A,B) or b IV-spectrin (C,D) antibodies followed by fluorophore-conjugated secondary antibodies. 3D stacks of
x-y confocal images of MFB (A) and midbrain (B–D) were acquired through 640 nm (red, KDEL or b IV-spectrin), 488 nm (green, HA-DAT), and 405 nm (blue, Hoechst) channels. Maximum in-
tensity projections of three consecutive x-y confocal sections are shown. A, White circles represent examples of characteristic perinuclear KDEL labeling in HA-DAT-negative (nondopaminergic)
cells. Insets represent high-magnification images of the region indicated by white rectangles. B, Asterisks indicate soma of dopaminergic neurons. Arrows indicate examples of HA-DAT and
KDEL colocalization. C, White rectangles represent the position of the AIS. Multiple puncta of b IV-spectrin in the surrounding neuropil likely represent nodes of Ranvier in nondopaminergic my-
elinated neurons. D, High magnification of the area indicated by white rectangles in C represents an example of AIS diameter measurements (indicated by white lines) using image segmenta-
tion. Scale bars, 10mm. E, Measurements of an apparent diameter of dopaminergic axons in the AIS and MFB regions distal to AIS, AIS length, and the distance of the soma-proximal edge of
AIS from the soma. Data are mean6 SD; n= 10-20 axons.
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proteins could be readily detected in nondopaminergic cells in
MFB (Fig. 6A) and the soma of dopaminergic neurons where
KDEL staining strongly overlapped with HA-DAT (Fig. 6B). In
some of the latter cells, KDEL staining extended 20-40mm from
the soma into the proximal part of the axon, where KDEL was
seen colocalized with HA-DAT (Fig. 6B). Interestingly, AISs in
dopaminergic neurons were found to be located at a similar dis-
tance from the soma (30-40mm; Fig. 6C–E), suggesting that the
AIS may limit or minimize further extension of the ER into the
axonal processes. At its origin, the AIS of dopaminergic axons
reportedly has a mean diameter of 0.37mm, tapering by half over
the AIS length (González-Cabrera et al., 2017). Our measure-
ments from confocal images, however, yielded somewhat larger
dimensions (mean of 0.65mm), which were comparable to the
size of MFB axons (mean of 0.5mm) and did not demonstrate
narrowing of the axon at the AIS (Fig. 6C–E).

Similarly to KDEL proteins, RTN3, a resident ER protein,
including the smooth ER, was largely undetectable in MFB axons
(Fig. 7A), but enriched in the perinuclear area of dopaminergic
and other cells (Fig. 7A,B). Infrequently, traces of RTN3 were
detected in HA11-labeled axons (Fig. 7A, insets), although the
extent of HA-DAT/RTN3 colocalization was technically difficult
to quantify because of an extensive RTN3 labeling in cells sur-
rounding HA-DAT-labeled axons and thus low signal-to-noise
ratio. Notably, RTN3 labeling extended from the soma into den-
drites and proximal axons in dopaminergic neurons (Fig. 7B). It
is important to consider that, even if the ER labeled by these two
markers in MFB axons is below the detection limit of the fluores-
cence imaging, considering the ratio of HA-DAT and ER marker
fluorescence in the soma (Figs. 6C, 7B), and assuming that such
a ratio is maintained throughout the ER in axons, the amount of
HA-DAT in axonal ER is expected to be negligible. Together, the
data in Figures 6 and 7 suggest that the HA-DAT distribution

pattern in MFB axons is consistent with a predominant localiza-
tion in the plasma membrane and a minimal presence in the ER.

Immunolabeling of HA-DAT in MFB axons in intact brain
by injecting HA11 antibodies
The data in previous figures ruled out the existence of a signifi-
cant pool of HA-DAT in endocytic compartments and ER in
MFB axons, suggesting that the intensive HA-DAT immunolab-
eling is mainly associated with the plasma membrane. To directly
visualize cell-surface HA-DAT in the intact mouse brain, we per-
formed stereotactic injections of the HA11 antibody into the
MFB area (Fig. 8A). As shown in Figure 8B, injected antibodies
are expected to bind cell-surface HA-DAT, but not HA-DAT
that is associated with intracellular membranes at the time of
injection. Subsequent incubation of fixed and detergent-per-
meabilized sagittal slices with rabbit HA-epitope antibodies
(RaHA) is expected to allow the immunolabeling of intracellular
HA-DAT as well as cell-surface HA-DAT that was not occupied
by HA11 (Fig. 8B). Figure 8C shows a strong HA11fluorescence
(green), corresponding to plasma membrane HA-DAT, and
RaHA (red), corresponding to total HA-DAT. HA11 and RaHA
labeling patterns were highly similar and strongly overlapped
along axons with rarely detectable puncta that was labeled with
RaHA but not with HA11 (corresponding to intracellular HA-
DAT) (Fig. 8C). Pearson correlation coefficients were high with
a mean value of 0.59, despite that injected HA11 inevitably
exhibited nonspecific binding to nondopaminergic cells (Fig.
8C). Colabeling with the VPS35 antibody demonstrated that
only few RaHA-labeled dots (not labeled with HA11) could be
defined as endosomes (Fig. 8C, right, insets). These data demon-
strate the predominant localization of HA-DAT in the plasma
membrane of MFB axons in intact brain.

Figure 7. Coimmunolabeling of HA-DAT and RTN3 in MFB axons and midbrain. Brains were fixed by cardiac perfusion with PFA and prepared for sectioning as described in Materials and
Methods. Sagittal cryosections were labeled with HA11 and RTN3 antibodies followed by fluorophore-conjugated secondary antibodies. 3D stacks of x-y confocal images of MFB (A) and mid-
brain (B) were acquired through 640 nm (red, RTN3), 488 nm (green, HA-DAT), and 405 nm (blue, Hoechst) channels. Maximum intensity projections of three consecutive x-y confocal sections
are shown. A, White circles represent examples of characteristic perinuclear RNT3 labeling in HA-DAT-negative (nondopaminergic) cells. Insets, High-magnification images of the area indicated
by white rectangles in A. A, Small arrows indicate examples of traces of RTN3 fluorescence colocalized with HA-DAT in distal MFB axons. B, Small arrows indicate RTN3 fluorescence in soma-
proximal axons positive for HA-DAT. Large arrow indicates a dendrite. Scale bars, 10mm.
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Quantification of morphologic features and HA-DAT
subcellular distribution in MFB using immunogold-labeling
EM
At the ultrastructural level, profiles containing specific immuno-
gold labeling for HA-DAT were localized primarily within the
nigrostriatal portion of the MFB (Fig. 9A) and were often sur-
rounded by additional immunoreactive structures. Examination

of other portions of the MFB outside this relatively clustered
zone revealed considerably fewer profiles with immunolabeling.
The identification of immunogold-bearing structures as axons
was based in part on their expression of HA-DAT, as well as
their failure to receive synaptic input and their tendency to be
surrounded by small-to-medium sized unlabeled axons (Fig.
9B–D). Clusters of vesicles ordinarily used to identify axons were

Figure 8. Labeling of HA-DAT in MFB axons by stereotactic injection of HA11 antibodies in vivo. A, Stereotactic injections of HA11 antibodies into the MFB area were performed as described
in Materials and Methods. B, Schematics of the experimental protocol for labeling plasma membrane and intracellular HA-DAT. Injected antibody binds to a fraction of plasma membrane HA-
DAT and internalizes during animal recovery after injections (; 2 h). Animals are then killed, brains are dissected, and sagittal slices are prepared and fixed. Fixed slices are incubated with the
secondary A488-conjugated donkey anti-mouse-IgG antibody (aM-A488) at 4°C to label HA11:HA-DAT complexes remaining on the surface of neurons. Following permeabilization with Triton
X-100 (TX-100), slices are incubated with rabbit monoclonal anti-HA antibody (RaHA) to label intracellular HA-DAT as well as cell-surface HA-DAT that was not occupied by HA11. In the same
incubation, goat polyclonal VPS35 antibody (not shown in the protocol scheme) is included. Secondary donkey anti-rabbit and anti-goat antibodies conjugated with Cy3 and Cy5 are finally
used to detect RaHA and VPS35 antibodies, respectively. C, 3D stacks of x-y confocal images were acquired from slices in 35 mm MatTek dishes through 488 nm (green, HA11), 561 nm (red,
RaHA), and 640 nm (cyan, VPS35) channels. Maximum intensity projections of three consecutive x-y confocal sections are shown. In the merge A488/Cy3-2 image, A488 fluorescence (HA11,
surface HA-DAT) was shifted 4 voxels relative to Cy3 fluorescence (RaHA, total HA-DAT), as shown by an arrow for better visualization of highly similar patterns of A488 and Cy3 fluorescence.
Colocalization of 488 nm (plasma membrane HA-DAT) and 561 nm (total HA-DAT) channel fluorescence was also estimated by calculating Pearson correlation coefficient (PCC) using SlideBook6
(n= 6). Insets, High-magnification images of the region indicated by white rectangle in the merge image of HA11, RaHA, and VPS35 fluorescence. Small arrows indicate VPS35 puncta in the
axon that do not colocalize with HA-DAT puncta. Large arrow indicates an example of HA-DAT (RaHA) localization in VPS35 containing endosome that lacks HA11. Scale bar, 10mm.
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seen rarely in labeled profiles, typically at sites with presynaptic-
like features (Fig. 9E). Otherwise, round ;40-50 nm vesicular
(circular) profiles were observed individually within profiles la-
beled for HA-DAT, which also contained somewhat larger,
endosome-like organelles and mitochondria (Fig. 9).

From the four HA-DATmice examined, 210 immunogold-la-
beled profiles (47-60 per animal) with these morphologic fea-
tures were assessed for their size and for the subcellular
localization of HA-DAT. The short-axis diameter of HA-DAT-
labeled profiles ranged from 0.12 to 1.24mm (Fig. 9E), with a

mean of 0.52 mm (6 0.03 SEM; Table 1). Despite the variable
diameter range within the population of HA-DAT axons,
there was relative consistency across animals, with the coeffi-
cient of variation being only 6%. Labeled profiles showed sim-
ilar interanimal consistency for perimeter and area (Table 1).
Measurements of the diameter of MFB axons on confocal
images (exemplified in Figs. 1–8) yielded a similar mean 6
SEM value of 0.50 6 0.02 mm (Fig. 6E), although such meas-
urements reflect an apparent rather than precise dimension of
axons because of diffraction-limited resolution and variability

Figure 9. Images illustrating the region sampled by EM and representative axonal profiles varying in size and expressing primarily plasmalemmal immunogold-silver labeling for HA-DAT in the mouse.
A, The approximate region of the MFB examined for nigrostriatal axons (ns; gray trapezoid represents sectioning by ultramicrotomy) lies medial to the cerebral peduncle (cp) and subthalamic nucleus
(STh). Modified from Paxinos and Watson (1998) to resemble mouse brain. f, Fornix; LH, lateral hypothalamus; ml, medial lemniscus; mt, mammillothalamic tract; ZI, zona incerta. B–E, Axons (indicated
by large black arrows) of increasing short-axis diameter (0.31, 0.48, 0.72, and 0.78mm, respectively) show immunogold-silver labeling for HA-DAT exclusively on the plasma membrane and are sur-
rounded by numerous unlabeled axons of comparable or smaller diameter. B, Right, Gold particles represent low levels of nonspecific labeling seen in this material. E, Small white arrow indicates a cluster
of vesicles at an apparent presynaptic specialization. Scale bar: (E) B-E, 0.4mm. F, Frequency histogram of diameter measurements from 210 axons labeled for HA-DAT from the nigrostriatal portion of
the MFB of 4 HA-DAT knock-in mice. The data indicate considerable variability in the short-axis diameter measured in the electron microscope from single sections.
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in fluorescence intensities. A similar width range of MFB
axons was estimated from measurements in STED images of
HA-DAT (Fig. 4).

The majority of immunogold-silver particles for HA-DAT
were localized to the plasma membrane of axons within the ni-
grostriatal MFB (Figs. 9, 10) similar to axon varicosities in the
striatum (Block et al., 2015). The exact fraction of plasma mem-
brane gold, however, appeared to be lower within the MFB
(;68%; Fig. 10) than the dorsolateral striatum (85%) (see Block
et al., 2015). In addition to plasmalemmal labeling for HA-DAT,
gold particles were also observed intracellularly (Figs. 9, 10), in
some cases in close association with small membrane compart-
ments. The extent to which gold particles were associated with
the plasma membrane versus intracellular membranes or the
cytoplasm was significant by ANOVA with Tukey’s multiple com-
parison (p, 0.001; Fig. 10H). For the intracellular organelles asso-
ciated with HA-DAT gold, a few of these were the approximate
size of synaptic vesicles (Fig. 10A,E), whereas others had slightly
larger dimensions and appeared to be small endosomes (Fig.
10A–F). Occasionally, the latter compartments contained multiple
immunogold particles for HA-DAT (Fig. 10C,D,F). Based on the
mean area of immunolabeled organelles and assuming circularity,
the average diameter of intracellular structures was estimated at
;66nm. Finally, HA-DAT immunogold labeling was infrequently
observed within multivesicular bodies (Fig. 10G). In fields inter-
mixed with or immediately adjacent to those sampled for specific
labeling, 173 profiles (31-51 per animal) with similar morphologic
appearance to those labeled for HA-DAT and comparable to them
in area and perimeter (p� 0.29, unpaired Student’s t test assuming
unequal variance) were assessed for nonspecific labeling. This was
estimated as 10.2% for gold particles associated with the plasma
membrane, 19.7% for particles associated with intracellular mem-
branes, and 21.2% for gold particles in the cytoplasm. These esti-
mates were used to adjust the data for specific labeling before
graphing and statistical analysis (Fig. 10H).

FRAP analysis of DATmobility in living brain slices
Fluorescence and EM analysis of MFB axons demonstrated that
most HA-DAT molecules were located in the plasma membrane,
suggesting a major contribution of lateral diffusion in the long-
distance traffic of DAT between somatodendritic and axonal
compartments of dopaminergic neurons. To measure the diffu-
sion rates of HA-DAT in axonal membranes, HA-DAT was
immunolabeled with HA.11 antibody that was complexed with
the Fab fragment of secondary anti-mouse-IgG A488-conjugated
antibody, in living acute sagittal brain slices. These slices have
been characterized in our previous study (Block et al., 2015).
Figure 11A shows examples of live-cell images of MFB axonal
tracts. The localization pattern of HA-DAT:antibody complexes

was similar to that of HA-DAT on fixed cryosections, with con-
tinuous HA-DAT fluorescence along axons, occasional axonal
varicosities, and HA-DAT clusters. In agreement with measure-
ments in fixed neurons (Fig. 6E), MFB axons on live slices were
apparently thicker (;twofold) than axonal segments between vari-
cosities in the striatum (Fig. 11A). The FRAP method was used to
measure the parameters of HA-DAT diffusion (recovery half-time
tD, and the Mf) in MFB axonal areas and compare these parame-
ters with those obtained in intervaricose axonal segments in the
dStr. As shown in examples of FRAP imaging (Fig. 11B), an ;6
mm length of axon was photobleached and then monitored for flu-
orescence recovery. Given the cylindrical shape of axons, a 1D dif-
fusion model was applied to calculate diffusion coefficients D
using tD values as described in Materials and Methods. The mean
value of D was found to be ;0.55 m2/s in MFB and 0.89 m2/s in
dStr, suggesting a slightly faster diffusion in striatal axons (Fig.
11C). Interestingly, on average, only ;35% of HA-DAT fluores-
cence was recovered in both MFB and striatal axons (Fig. 11D), in-
dicative of a substantial immobile pool of HA-DAT.

The fact that the fluorescence recovery data were fit using the
analytic solution for a diffusion process suggests a minimal con-
tribution of the vesicular traffic in these measurements. Indeed,
vesicular-type rapid movement of HA-DAT puncta was not
observed in the time frame of FRAP experiments (5min time-
lapse imaging). Furthermore, to rule out the contribution of
endocytic trafficking in FRAP measurements, they were per-
formed at room temperature (typically 22°C), conditions dra-
matically impairing endocytosis, including endocytosis of DAT
(Wiley and Cunningham, 1982; Block et al., 2015; Sorkina et al.,
2018). Figure 11C shows that mean values ofD at room tempera-
ture were slightly lower (0.41 m2/s in MFB and 0.84 m2/s in dStr)
than these values at 37°C, which agrees with prior reports of
weak temperature dependence of the mobility of integral mem-
brane proteins (Hillman and Schlessinger, 1982).

Finally, to directly demonstrate the predominantly plasma
membrane localization of HA-DAT under conditions of FRAP
experiments at 37°C, acute slices were incubated with the HA11
antibody and the Cy3-labeled Fab fragment of the secondary
antibody recognizing specifically the Fcg domain of mouse IgG
at 37°C. This procedure enables labeling of HA-DAT located at
the cell surface and capable of endocytosis (see experimental
scheme in Fig. 11E). HA11:HA-DAT complexes remaining at
the cell surface were then labeled with A488-conjugated Fab frag-
ments of the secondary antibody recognizing the entire mouse
IgG at 4°C. In this approach, Cy3 fluorescence (red) that does
not overlap with A488 fluorescence (green) is considered as
internalized HA11:HA-DAT complexes. However, Cy3 and
A488 fluorescence signals were remarkably well colocalized with
the mean value of Pearson correlation coefficient of 0.7660.11
(SD; n=6); structures labeled with Cy3 but not with A488 were
rare, suggesting minimal, if any, endocytosis of HA11:HA-DAT
complexes or HA11 alone under the conditions of the FRAP
measurements (Fig. 11F). Thus, if diffusion is the major mecha-
nism of DAT long-distance transport, values of D presented in
Figure 11 predict (using Eq. 2) that ;21d would be necessary to
turn over 50% of the plasma membrane DAT in MFB axonal
tracks (on average 2 mm in length), assuming an unlimited
source of DAT in mesencephalon and striatum.

Discussion
We aimed to determine how DAT is transported between
midbrain and striatum by examining DAT localization and

Table 1. Size of axons labeled for HA-DAT in the mouse nigrostriatal pathway

Animal No. of axons Perimeter (mm) Area (mm2) Diameter (mm)

1 47 2.304 0.349 0.514
2 48 2.462 0.397 0.431
3 60 2.342 0.380 0.585
4 55 2.197 0.344 0.560
N 210
Mean 2.326 0.368 0.522
SEM 0.055 0.013 0.034
CV 2% 3% 6%

Quantitative data showing the size of axons labeled by immunogold-silver for HA-DAT in 4 knock-in mice. Size is esti-
mated by membrane perimeter, cross-sectional area, and short-axis diameter (see Materials and Methods).
Coefficients of variation (CV), 10% indicate relatively low variability in these measures across animals.
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membrane mobility in the MFB using confocal, super-resolu-
tion fluorescence, and EM. Observations from this analysis
are compared with published data on DAT localization in
dendritic and striatal axonal compartments of dopaminergic
neurons (Nirenberg et al., 1996, 1997; Block et al., 2015).
Overall, our studies demonstrate that the pattern of DAT
localization in the MFB is somewhat intermediate or “transi-
tional” between somatodendritic and striatal axonal com-
partments, i.e. the extensive plasma membrane component
resembles the striatum, whereas the intracellular DAT pool
in MFB axons is smaller than in soma but slightly larger than
in striatal axons. We therefore propose that bidirectional
DAT trafficking through the MFB involves primarily lateral
diffusion in the plasma membrane and, less commonly, ve-
sicular transport.

In characterizing intracellular DAT in MFB axons, VPS35
was the only endosomal protein found significantly colocalized
with DAT puncta; and overall, VPS35-labeled endosomes were
clearly detectable in some, although not all, dopaminergic axons
in MFB. Because microtubule-mediated vesicular transport is at
least 10- to 20-fold faster than membrane diffusion, the contribu-
tion of the former in DAT traffic through MFB can be significant
in the population of axons enriched with VPS35 vesicles.
Unfortunately, we have not yet identified adequate antibodies to
immunolabel cryosections for sorting nexins, which partner with
retromer to determine the specific pathway of retromer-medi-
ated recycling. Therefore, it is unclear whether VPS35-positive

compartments participate in anterograde or retrograde DAT
transport, local recycling, or all of these. Notably, the VPS35
D620N mutation has been implicated in familial Parkinson’s dis-
ease, and demonstrated to have pleiotropic effects on the endoly-
sosomal system, autophagy and mitochondrial dynamics in
neurons (Rahman and Morrison, 2019). Levels of DAT were
reduced, whereas those of VMAT2 were increased in the D620N
knock-in mouse (Cataldi et al., 2018), suggesting that VPS35 dys-
function may have a long-term impact on both anterograde and
retrograde traffic of these transporters.

A virtual lack of EEA1-positive early/sorting endosomes and
CD63/LAMP1-containing late endosomes and lysosomes in
MFB was not unexpected, given that we have previously found
these compartments to be absent from dStr axons in ex vivo slice
preparations and cultured dopaminergic neurons (Rao et al.,
2012; Block et al., 2015). Absence of LAMP1 compartments in
dopaminergic axons strongly indicates that lysosomal degrada-
tion of membrane proteins in these neurons in the intact brain
occurs exclusively in soma. Certainly, membrane trafficking sys-
tems differ in distinct central and peripheral neurons. For exam-
ple, LAMP1 compartments have been detected in axons of
cultured DRG neurons where they participate in macroautoph-
agy (Maday and Holzbaur, 2016). In another study, LAMP1
compartments in distal DRG axons were proposed to be late
endosomes rather than lysosomes because they did not contain
cathepsin (Cheng et al., 2018). Transport of late endosomes and
autophagosomes from axonal termini to the soma for fusion

Figure 10. Electron micrographs depicting axons from the MFB (large black arrows) and the subcellular localization of intracellular gold particles representing HA-DAT. A, B, In addition to
immunoreactivity found along the plasmalemma, gold particles for HA-DAT are sometimes observed in association with vesicles (white arrowheads) or small endosomes (black arrowheads)
and are sometimes visible inside these structures. C, D, Occasionally, multiple gold particles for HA-DAT are found within single endosomes. E, F, Less commonly, HA-DAT labeling is observed
in or near slightly larger endosomes. C-F, Intracellular gold particles often lack visible contact with membranous structures in single planes of section (small white arrows). G, Immunogold-silver
particles for HA-DAT are infrequently observed in association with multivesicular bodies (mvb). Scale bars: (in G) A–G, 0.4mm. H, Subcellular distribution of gold particles for HA-DAT in MFB
axons for each of 4 mice (open circles), corrected for nonspecific labeling and shown as a percentage of the total gold particles. Solid lines indicate mean values across animals; those with dif-
ferent letters are significantly different (p, 0.0001).
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with lysosomes has been shown in DRGs
and cultured cortico-hippocampal neurons
(Cheng et al., 2015; Kononenko et al.,
2017). Thus, whereas the vast majority of
observations of sorting/late endosomes in
axons are made in studies of cultured neu-
rons often involving overexpression of resi-
dent endosomal proteins, future studies in
intact brain may determine whether the
confinement of these endosomes to the
soma is unique for dopaminergic neurons
or a more general property of CNS
neurons.

The distribution of specific ER markers
in dopaminergic neurons has not, to our
knowledge, been studied in intact mouse
brain. The tubular-cisternae ER network
and its “close-proximity” contacts with the
plasma membrane and various organelles
have been demonstrated in NAc axons
by 3D reconstructions of EM images,
although the type of neurons studied was
not specified (Y. Wu et al., 2017). The pres-
ence of ER in axons and synaptic areas has
also been shown in myelinated neurons in
culture and intact mouse brain using
several antibodies, including to KDEL
(González et al., 2016), and it has been pro-
posed that axonal ER may enable local lipid
and protein synthesis (Jung et al., 2014;
Luarte et al., 2018). However, we detected
only traces of ER in dopaminergic MFB
axons using KDEL and RNT3 antibodies.
It is possible that the concentration of
KDEL-containing proteins and RTN3 in
narrow tubules of smooth ER in axons is
below the detection limit of our micros-
copy system given the signal-to-noise ratio
of detection in brain tissue. Membrane
profiles that could be smooth ER were
observed in the MFB of dopaminergic
axons by EM, although importantly, rough
ER was not detected. However, even if
DAT is present in smooth ER in axons, the
amount of this ER-located DAT would be
negligible. Furthermore, our previous stud-
ies in cultured dopaminergic neurons
demonstrated that DAT mutants unable to
exit the ER were confined to the soma
(Miranda et al., 2004). Finally, immature,
ER-resident low-molecular-weight species
of DAT protein have been detected in the
midbrain but not in the striatum (Rao et
al., 2013). Hence, available evidence sug-
gests that, in dopaminergic neurons, the
function of ER in the translation and post-
translational modifications of transmem-
brane proteins like DAT is spatially limited
to the soma.

The lack of detectable ER in MFB axons beyond the AIS and
the predominant plasma membrane localization of DAT in these
axons suggest that DAT must be trafficked from ER to Golgi
complex (for completion of N-glycosylation) and to the plasma

membrane within the soma-proximal axonal region. AIS protein
networks present active and passive barriers to movements of ve-
sicular and plasma membrane cargo (Huang and Rasband, 2018;
Leterrier, 2018). DAT expression level in the plasma membrane
of the somatodendritic region is less than in MFB axons (Block

Figure 11. HA-DAT diffusion parameters and internalization in MFB and striatal dopaminergic axons measured in acute
sagittal slices. A–D, Acute sagittal brain slices were incubated with the HA11 antibody and Fab fragments of secondary
A488-conjugated anti-mouse-IgG antibody at 37°C or room temperature (22°C). Time-lapse images were acquired every
3-5 s at 37°C or 22°C before and after bleaching a small region of an axon. A, Examples of HA-DAT labeling of MFB and
striatum in live slices. Scale bars, 10mm. B, Selected time frames from the time-lapse sequence before and after bleaching
of a region of axons in the MFB and striatal areas. Scale bars, 5mm. C, D, Quantification of the diffusion coefficient (D) and
Mf from three independent series of FRAP experiments exemplified in B. Each data point represents calculations of an inde-
pendent FRAP time-lapse sequence. Differences between D values in MFB and dStr were significant at both 37°C and 22°C
(p= 0.012 and p= 0.008, respectively), whereas differences between D values measured at 37°C versus 22°C were not sig-
nificant. Differences between Mf values were not significant for all variants. One-way ANOVA with Tukey’s multiple
comparison test was used. E, Internalization assay in acute slices performed under condition recapitulating FRAP measure-
ments at 37°C. Slices were incubated with HA11 antibodies and then Cy3-conjugated Fab fragment of goat anti-mouse
Fcg -specific antibodies at room temperature. After 40min incubation at 37°C, slices were incubated in nACSF with 5mg/
ml A488-conjugated Fab fragment of goat anti-mouse-IgG antibodies for 30min at 4°C to label cell-surface HA11:HA-DAT
complexes. Slices were then fixed with 4% PFA. F, 3D imaging was performed through 561 nm (red, Cy3; surface plus
internalized HA-DAT) and 488 nm (green, A488; surface HA-DAT) channels. Maximum intensity projection images of z stack
of 8 consecutive confocal sections are presented. In the Merge2 image, A488 fluorescence was shifted 4 voxels relative to
the Cy3 fluorescence as shown by an arrow for better visualization of virtually identical patterns of A488 and Cy3 fluores-
cence. Insets, High-magnification images of regions indicated by white rectangles. Scale, 10mm.
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et al., 2015), but it remains to be determined whether the AIS of
dopaminergic neurons is a mechanistic transition point between
vesicular and diffusive modes of transport. The paucity of evi-
dence for ER or vesicular pools beyond the AIS implies that
DAT is transported mostly by lateral diffusion in the plasma
membrane through the length of the MFB. With only a minor
fraction of DAT localized to vesicles in MFB axons and capable
of using a faster microtubule-dependent transport, both antero-
grade and retrograde transport of DAT is projected to be slow,
which explains an extremely slow turnover of DAT protein in
vivo (t(1/2) . 6 d) (Fleckenstein et al., 1996). The inefficiency of
DAT long-distance trafficking is further exaggerated by the small
Mf of DAT (;35%) as demonstrated in our FRAP experiments.
For comparison, the Mf of DAT in cultured non-neuronal and
dopaminergic cells was ;60%-70%, with the exception of N2A
cells where this value was 30% (Adkins et al., 2007; Eriksen et al.,
2009; Rao et al., 2012; Sorkina et al., 2013). Interestingly, a simi-
larly small Mf of DAT was observed in filopodia of non-neuronal
cells and cultured neurons (Sorkina et al., 2009; Rao et al., 2012).
The large immobile pool of DAT in axons could be because of
DAT clustering in cholesterol-dependent microdomains
(Rahbek-Clemmensen et al., 2017).

EM analysis demonstrated that dopaminergic axons in the
MFB had variable diameters that averaged 0.52mm. This mea-
surement agreed with the dimensions estimated from confocal
and STED images of fixed neurons, as well as living neurons in
acute slices. Striatal dopaminergic axons have also been described
as variable in diameter (Groves et al., 1994), although the inter-
varicose segments are thinner, with a mean diameter of 0.24mm
(Pickel et al., 1981; Descarries et al., 1996). The difference in
thickness of striatal and MFB dopaminergic axons is especially
apparent in images just caudal to the striatum, where fibers tra-
versing the MFB begin transitioning to highly branched striatal
axons (Fig. 3B). This MFB-striatum transition may cause an or-
ganelle “traffic jam,” theorized to contribute to neuronal dysfunc-
tion and degeneration (Lin et al., 2019), therefore providing
pressure to further minimize vesicular traffic in the striatum.

The considerable size variability of dopaminergic axons in the
MFB is consistent with other ultrastructural reports of traversing
unmyelinated axons in both PNS and CNS, with internal move-
ment of mitochondria and organelles being described as the pri-
mary cause of fusiform widenings (Greenberg et al., 1990; Danks
et al., 1994; Shepherd et al., 2002). Having variable diameter
could slow action potential conduction velocity to something
lower than predicted by the smallest diameter of the axon
(Greenberg et al., 1990). Hence, the tendency for dopaminergic
axons to maintain a wider girth in the MFB might partly com-
pensate for the loss of speed posed by variable diameter
(Goldstein and Rall, 1974; Ritchie, 1982). It is also possible that
the overall enlarged diameter of dopaminergic axons in the MFB
serves to accommodate a higher concentration of mitochondria
needed for meeting the metabolic demands of heavily branched
striatal axons (Matsuda et al., 2009; Bolam and Pissadaki, 2012;
Pissadaki and Bolam, 2013). Indeed, mitochondrial content in
unmyelinated axons increases as a proportion of diameter, up to
a plateau at ;0.7mm (Perge et al., 2009). This supposition and
other theories about how variable diameter might impact organ-
elle and DAT trafficking along different portions of dopaminer-
gic axons will be a subject of future experimentation.
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