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Dopamine Transporter Is Rarely
Endocytosed in Striatum
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The dopamine transporter (DAT) limits
the spatial and temporal spread of dopa-
minergic signaling by taking up extracel-
lular dopamine. This function is thought
to be modulated by endogenous signaling
pathways. For example, phosphorylation of
DAT by protein kinase C (PKC) reduces do-
pamine uptake, whereas phosphorylation
by extracellular signal-regulated kinase in-
creases uptake. Although phosphorylation
might alter uptake by changing the Vmax of
the transporter, PKC-mediated phosphory-
lation has been proposed to reduce dopa-
mine uptake primarily by promoting DAT
endocytosis. It has further been proposed
that sorting of endocytosed DAT to recycling
endosomes underlies short-term reductions
in uptake, whereas targeting the transporter
for degradation in lysosomes underlies longer
term modulation (Vaughan and Foster, 2013,
Trends Pharmacol Sci 34:489).

To investigate these hypotheses and
examine which endocytic pathways pre-
dominate under physiological conditions,
Block et al. used knock-in mice expressing
hemagglutinin-tagged DAT and exam-
ined DAT localization in acute brain slices
and by electron microscopy. In the mid-
brain, most DAT (�75%) was associated
with intracellular membranes, particu-
larly within somata, where it was found
primarily on nuclear, endoplasmic reticu-
lum, and Golgi membranes. DAT was oc-
casionally colocalized with markers of
early, recycling, or intermediate/sorting
endosomes in vesicular structures in the
midbrain, but it never colocalized with
markers of late endosomes or lysosomes.

Plasma membrane expression of DAT
was higher in dopaminergic axons in the
striatum than in the midbrain. Further-
more, DAT density was greater in axonal
varicosities (putative presynaptic sites)
than along intervening shafts, and most
axonal DAT (�85%) was associated with
the plasma membrane. Surprisingly,
markers of early and recycling endosomes

were rarely observed in dopaminergic ax-
ons, and DAT never colocalized with these
markers. Moreover, markers of interme-
diate/sorting endosomes and lysosomes
were never detected in dopaminergic ax-
ons. Finally, although amphetamine can
induce DAT endocytosis in cultured neu-
rons, amphetamine administration in vivo
or in slices did not significantly change the
subcellular distribution of DAT.

These results indicate that constitutive
endocytosis rarely occurs in the axons of do-
paminergic neurons, and when it does oc-
cur, internalized proteins are likely recycled
to the plasma membrane rather being de-
graded in lysosomes. Thus, modulation of
dopamine uptake must be regulated pri-
marily by changes in DAT Vmax or lateral
diffusion of DAT within the membrane.
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Transcranial direct current stimulation
(tDCS) is increasingly being used to study
and/or enhance human brain function. An-
odal tDCS applied to different cortical regions
has been reported to enhance sensory percep-
tion, motor learning, motor performance,

workingandepisodicmemory,andothercog-
nitive functions. Importantly, these improve-
ments often persist for several hours after
stimulation. Although effects vary across
studies and are often limited to select task
elements and/or groups of participants, it is
hoped that tDCS might ultimately be used
to enhance recovery from injury, treat neu-
ropsychiatric conditions, and improve cog-
nitive performance.

How tDCS exerts its effects on brain func-
tion is poorly understood. Effects during the
stimulationperiodarethoughttobelimitedto
changes in neuronal membrane potential,
specificallydepolarizationinthecaseofanodal
stimulation. Depending on its duration and
intensity, however, anodal tDCS can also
cause an increase in cortical excitability that
persists for several hours after stimulation
ends. This persistent effect requires activation
of voltage-sensitive Na� channels, Ca2�

channels, and NMDA receptors. It has there-
fore been suggested that tDCS enhances long-
termpotentiation(LTP;reviewedinStaggand
Nitsche, 2011, Neuroscientist 17:37).

Rohan et al. confirm this hypothesis.
Rats were given anodal tDCS or sham
treatment for 30 min, and brain slices
were taken 0.5 or 24 h later. Anodal tDCS
did not affect spontaneous activity or the
size of field EPSPs (fEPSPs) evoked by
electrical stimulation of Schaffer collater-
als in the hippocampus. But theta-burst
stimulation of Schaffer collaterals caused
a greater increase in the slope and ampli-
tude of subsequently evoked fEPSPs in
tDCS-treated rats than in controls. This
enhancement in LTP was still present 24 h
after stimulation, and it was blocked by an
NMDA receptor antagonist. tDCS also
enhanced paired-pulse facilitation, but
this effect neither persisted for 24 h nor
required activation of NMDA receptors.

These data suggest that tDCS enhances
LTP and affects presynaptic release proba-
bility at Schaffer collateral terminals in hip-
pocampus. Perhaps the most important
contribution of this study, however, is the
demonstration that the effects of in vivo
tDCS can be studied in slices taken 0.5–24 h
after stimulation. This should simplify fu-
ture investigations into the cellular mecha-
nisms underlying the effects of tDCS.
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DAT is expressed primarily in the plasma membranes of axons
(large arrows) in the striatum, but is excluded from synaptic
active zones (small arrow). An unlabeled spine (us) is indi-
cated. See Block et al. for details.
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