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SLC6A3 coding variant Ala559Val found in two autism

probands alters dopamine transporter function and trafficking
E Bowton1,2,8, C Saunders2,3,8, IA Reddy1,2, NG Campbell1,2, PJ Hamilton1,2, LK Henry4, H Coon5, D Sakrikar2,3,

JM Veenstra-VanderWeele2,6, RD Blakely2,3, J Sutcliffe1,2,6, HJG Matthies1,2,7,9, K Erreger1,2,7,9 and A Galli1,2,7,9

Emerging evidence associates dysfunction in the dopamine (DA) transporter (DAT) with the pathophysiology of autism spectrum
disorder (ASD). The human DAT (hDAT; SLC6A3) rare variant with an Ala to Val substitution at amino acid 559 (hDAT A559V) was
previously reported in individuals with bipolar disorder or attention-deficit hyperactivity disorder (ADHD). We have demonstrated
that this variant is hyper-phosphorylated at the amino (N)-terminal serine (Ser) residues and promotes an anomalous DA efflux
phenotype. Here, we report the novel identification of hDAT A559V in two unrelated ASD subjects and provide the first mechanistic
description of its impaired trafficking phenotype. DAT surface expression is dynamically regulated by DAT substrates including the
psychostimulant amphetamine (AMPH), which causes hDAT trafficking away from the plasma membrane. The integrity of DAT
trafficking directly impacts DA transport capacity and therefore dopaminergic neurotransmission. Here, we show that hDAT A559V
is resistant to AMPH-induced cell surface redistribution. This unique trafficking phenotype is conferred by altered protein kinase C β

(PKCβ) activity. Cells expressing hDAT A559V exhibit constitutively elevated PKCβ activity, inhibition of which restores the AMPH-
induced hDAT A559V membrane redistribution. Mechanistically, we link the inability of hDAT A559V to traffic in response to AMPH
to the phosphorylation of the five most distal DAT N-terminal Ser. Mutation of these N-terminal Ser to Ala restores AMPH-induced
trafficking. Furthermore, hDAT A559V has a diminished ability to transport AMPH, and therefore lacks AMPH-induced DA efflux.
Pharmacological inhibition of PKCβ or Ser to Ala substitution in the hDAT A559V background restores AMPH-induced DA efflux
while promoting intracellular AMPH accumulation. Although hDAT A559V is a rare variant, it has been found in multiple probands
with neuropsychiatric disorders associated with imbalances in DA neurotransmission, including ADHD, bipolar disorder, and now
ASD. These findings provide valuable insight into a new cellular phenotype (altered hDAT trafficking) supporting dysregulated DA
function in these disorders. They also provide a novel potential target (PKCβ) for therapeutic interventions in individuals with ASD.
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INTRODUCTION

Genetic factors are firmly established as important components in
the etiology of autism spectrum disorder (ASD).1 Rare genetic
variation of nucleotides in protein-coding DNA (single-nucleotide
variants (SNV) or small insertion/deletion variants (INDELS)), as
well as rare genomic copy number variants, are significant risk
factors for ASD and other neuropsychiatric disorders.2–8 Several
groups have conducted whole-exome sequencing on ASD
families, and collectively, these studies indicate that discrete
coding variants contribute to the overall genetic risk for ASD.3,9–11

A hallmark of recent discoveries in this regard is that risk variants
exhibit variable expressivity and incomplete penetrance. Thus,
genetic variants associated with ASD can also occur in subjects
presenting other neuropsychiatric conditions including attention-
deficit hyperactivity disorder (ADHD).12 Although de novo muta-
tions can implicate a given genetic locus, single-nucleotide
variants within the same gene are inherited and reported as
possibly deleterious.13,14

The neurotransmitter dopamine (DA) has an important role in
the central nervous system by regulating a variety of functions,
including motor activity, motivation, attention and reward.15–17

Disrupted DA function has been associated with a number of
neuropsychiatric conditions, including ASD.18–22 Consistent with
this, DA dysfunction has been shown to occur in subjects with
ASD within DA brain regions involved in reward processing,
including the ventral striatum.23,24 For example, Abrams et al.25

found a striking pattern of underconnectivity between the voice-
selective left posterior bilateral superior temporal sulcus and
critical nodes in the dopaminergic system including the ventral
tegmental area (VTA) and the nucleus accumbens (NAc) on resting
state fMRI. The degree of underconnectivity between voice-
selective cortex and reward pathways predicted severity of
communication deficits in ASD children.25 Consistently, a study
by Gordon et al.26 demonstrated that genetic variation in the
dopamine transporter (DAT) impacts cross-network connectivity
that correlates with measures of impulsivity and inattention, two
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features of both ASD and ADHD.27 These data underscore the
significance of determining the molecular mechanisms underlying
impairments within the dopaminergic system associated with ASD
and related disorders with the intent to further define the etiology
of this devastating disease.
The DAT is a key regulator of DA homeostasis and

neurotransmission.28 DAT function and expression in dopaminer-
gic nodes have been linked to reward.29–31 Notably, in humans,
functional polymorphisms in DAT have been associated with
neuropsychiatric disorders.1,32–34 Genetic variation in the human
DAT (hDAT; SLC6A3) also alters both anticipation and reception of
rewards as well as motivational responses to social-emotional
cues.35–37 Consistent with a possible role of dysregulated DAT
function in ASD, we recently identified and characterized the first
de novo mutation in the hDAT associated with ASD.32 This de novo
mutation, T356M, causes profound impairments in hDAT function
as well as related behaviors, suggesting a connection between
ASD and disrupted DAT function.
Here, we report a second ASD-identified, hDAT missense

mutation (hDAT A559V). Notably, hDAT A559V has been
previously reported in one female with bipolar disorder38 and
independently in two male siblings with ADHD.33 Previously, we
have described an altered transport function in hDAT A559V,1,34,39

namely the ability of hDAT A559V to support anomalous DA efflux
(ADE) under basal conditions. Furthermore, the psychostimulant
amphetamine (AMPH), known to cause reverse transport of DA in
hDAT, fails to support AMPH-evoked DA efflux in hDAT A559V.1,39

Here, we present novel insights in hDAT A559V-substrate
recognition, hDAT A559V trafficking defects, a novel association
of hDAT A559V with signaling pathways linked to ASD, as well as a
mechanistic framework for ADE. These results implicate altered DA
homeostasis as a potential complication associated with ASD.

MATERIALS AND METHODS

DNA sequencing of ASD subjects
The samples in the ARRA Autism Sequencing Consortium study consisted
of 869 subjects (‘cases’) and 869 non-ASD comparison subjects (‘con-
trols’).40 ASD cases were previously assessed using the Autism Diagnostic
Interview-Revised41 and the Autism Diagnostic Observation Schedule-
Generic|.42 All cases met criteria for autism on the ADI and either autism or
ASD on the Autism Diagnostic Observation Schedule-Generic|. ASD cases
belong to various collections within the NIMH Center for Collaborative
Genomic Studies of Mental Disorders (NIMH Repository; http://nimhge
netics.org) maintained at the Rutgers University Cell and DNA Repository
(RUCDR; http://rucdr.org). Non-ASD control samples consist of subjects
pair-matched to cases by Eigen vector analysis of genotype data to be of
similar ancestry. All subjects provided informed consent, and the research
was approved by each institutional board. Exome capture, sequencing,
data processing and variant calling were conducted as described
previously.9,43,44 A559V variants were validated and inheritance within
the respective families determined by Sanger sequencing of proband and
parents. Amplifying primers were designed using Primer3 (http://frodo.wi.
mit.edu/) and subjected to a BLAST-Like Alignment Tool search to ensure
no significant matches existed elsewhere in the genome. Ideal annealing
temperature was determined, and polymerase chain reaction carried out
containing 7.1 nmol of amplifying primers and 12 ng of DNA in a final
volume of 20 μl. Sequence analysis was performed using Sequencher
v5.0.1 (Gene Codes, Ann Arbor, MI, USA).

Cell culture
The pcDNA3 expression vectors containing hDAT, hDAT A559V or hDAT
A559V S/A sequence were used as described previously.1,45 cDNA was
transiently transfected into human embryonic kidney cells (HEK293) and
co-transfected with enhanced green fluorescence protein (EGFP). Fugene-6
(Roche Molecular Biochemicals, Indianapolis, IN, USA) in serum-free media
was used to transfect cells using a 1:3 DNA:lipid ratio. Assays were
conducted 24 h after transfection.

AMPH transport
HEK-293 cells were transiently transfected with DNA, either hDAT or hDAT
A559V, or vector alone (pcDNA3). Cells were serum-starved for 1 h, then
washed three times with Krebs-Ringer-HEPES buffer. The Krebs-Ringer-
HEPES assay buffer consisted of 130mM NaCl, 1.3 mM KCl, 2.2 mM CaCl2,
1.2 mM MgSO4, 1.2 mM KH2PO4, 10 mM HEPES, 10 mM D-glucose, 100 μM
pargyline, 10 μM tropolone, 100 μM ascorbic acid, pH 7.4. Cells were then
treated with 10 nM AMPH for 5 min, washed three times, and extracted
with acidic organic solvent. AMPH was quantified by reversed-phase high-
performance liquid chormatography (HPLC) using the Waters AccQ·Tag
method which uses pre-column derivatized reagents that help separate
and easily detect fluorescence adducts (Waters, Milford, MA, USA). HPLC
determinations were performed by the VBI/VKC Neurochemistry Core Lab,
supported by Vanderbilt Kennedy Center for Research on Human
Development and the Vanderbilt Brain Institute at the Vanderbilt
University.

Cell surface biotinylation and immunoblotting
Cell surface biotinylation experiments were performed as described
previously.46–48 HEK-293 cells were seeded in six-well plates (106 cells
per well) and transfected as described above 24 h before the experiment.
Following AMPH treatment, cells were then incubated with sulfo-NHS-S-S-
biotin (Pierce Chemical Company, Rockford, IL, USA) to label surface-
localized transporter, and the biotinylated material was prepared and
immunoblotted as described previously.49 For PKCβ inhibition before
AMPH treatment, cells were incubated for 20min with 300 nM of the PKCβ
inhibitor, 3-(1-(3-Imidazol-1-ylpropyl)-1H-indol-3-yl)-4-anilino-1H-pyrrole-
2,5-dione (Calbiochem, Millipore EMD, Billerica, MA, USA). For immuno-
blots, DAT antibody (Chemicon International, Millipore EMD, #MAB369)
was used at 1:1000 dilution, phospho-PKCβII/δ antibody (Santa Cruz
Biotechnologies, Santa Cruz, CA, USA, #sc-11760) was used at 1:100 and β-
actin antibody (Sigma, St Louis, MO, USA, #A5441) was used at 1:5000.

PKCβII activation
PKCβII activity assays were performed as described50 with few modifica-
tions. Cells were pretreated with PMA (phorbol-12-myristate-13-acetate,
100 nM) or vehicle for 20min. Thereafter, cells were washed once with cold
PBS and then scraped into PBS containing protease inhibitors. The cells
were lysed with a 27 gauge needle, sonicated and then spun at 800 g for
2 min to remove nuclear debris. The supernatant was then further
centrifuged at 17 000 g for 40 min at 4 °C to yield cytosol (supernatant)
and membrane (pellet). Comparable amounts of protein were then
separated by 10% SDS–PAGE and then underwent western blotting using
an antibody directed against phospho-PKCβII/δ (Santa Cruz
Biotechnologies).

Transient currents
Changes in the hDAT transient charge (Q) movement were used to
evaluate hDAT cell surface expression as described previously.51–55 Cells
were washed twice before recording with the external solution containing:
130mM NaCl, 10 mM HEPES, 34 mM dextrose, 1.5 mM CaCl2, 0.5 mM MgSO4

and 1.3 mM KH2PO4, pH 7.35. For whole-cell patch clamp, quartz pipettes
with a resistance of 3–5 MΩ were pulled on a P-2000 puller (Sutter
Instruments, Novato, CA, USA) and filled with the internal solution
containing 130mM KCl, 0.1 mM CaCl2, 2 mM MgCl2, 1.1 mM EGTA, 10mM

HEPES and 30mM dextrose adjusted to pH 7.35. hDAT-mediated transient
currents in response to a voltage step from − 20 to − 140mV, was obtained
by integrating the ‘on’ step of the DAT-specific component of the AMPH-
induced current (defined by subtracting the nonspecific current in the
presence of 10 μM cocaine).

Amperometry
Cells plated on poly-D-lysine coated 35mm dishes were transfected as
described above and recorded 24 h later. For nonclamped amperometric
experiments, cells were actively loaded with 1 μM DA in Krebs-Ringer-
HEPES assay buffer for 20min at 37 °C. Cells were washed twice with
external solution before recording. GFP positive cells were selected for
analysis and a carbon fiber electrode (Dagan, Minneapolis, MN, USA) was
juxtaposed to the plasma membrane and held at +700mV to oxidize DA.
Amperometric currents were recorded at 25 °C using an Axopatch 200B
amplifier digitized at 1 kHz and filtered with a low-pass Bessel filter at
100 Hz. Data were filtered offline at 1 Hz before analysis. AMPH-induced DA
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efflux was defined as the current recorded in the presence of 10 μM AMPH
minus the baseline current recorded before the addition of AMPH. For
amperometry using the PKCβII peptide inhibitor, 2 mM DA and 10 μM of the
peptide (or scramble peptide) was added to pipette solution and cells were
whole-cell patch clamped at − 20mV for 10min. The patch electrode was
then lifted off the cell, while the cell remained intact. Nonclamped
amperometric data were then recorded using a carbon fiber electrode held
at +700mV.

RESULTS

Identification of SLC6A3 A559V in autism spectrum disorder
subjects

The ARRA Autism Sequencing Consortium whole-exome sequen-
cing data used in this study consisted of 869 previously described
ASD subjects9,43,44 and 869 non-ASD control subjects selected to
be of similar ancestry. Exome capture and sequencing analysis
identified two ASD samples harboring the SLC6A3 A559V
genotype. None were found in the control comparison samples.
In both instances of an SLC6A3 A559V variant (Chr5:14303128;
hg19), validation was conducted using Sanger sequencing,
followed by assessment of inheritance patterns in all available
family members (Figure 1). Both ASD subjects harboring the
SLC6A3 A559V mutation are non-consanguineous males with
normal IQ and no history of seizures or other related medical
comorbidities (see Supplementary Data 1). Considering that
dysregulated DA neurotransmission has been associated with
ASD,20–22,25,32 we next mechanistically determined whether hDAT
A559V harbors functional defects that could impact proper DA
homeostasis.

hDAT A559V has impaired AMPH transport

hDAT membrane expression is dynamically regulated by several
signaling pathways.56 Notably, this regulation is effectively
impaired by the psychostimulant AMPH that causes a reduction
in DAT expression at the plasma membrane.49,53,57–59 A mechan-
istic feature of AMPH-like psychostimulants is the requirement for
AMPH to be transported across the plasma membrane to induce
pharmacological actions including hDAT trafficking.60,61 We have
previously shown that in hDAT A559V cells, AMPH fails to induce
reverse transport of DA.1,45 This suggests the possibility that hDAT
A559V has reduced ability to transport AMPH. Therefore, to begin

elucidating functional distinctions between hDAT A559V and
hDAT, we explored hDAT A559V-mediated AMPH transport. This is
clinically relevant as racemic AMPH (Adderall) is effectively used
for treating ADHD symptoms in ASD individuals.22,62,63

AMPH transport was quantified by HPLC in hDAT and hDAT
A559V cells (HEK-293T transiently expressing either hDAT or hDAT
A559V). AMPH transport was performed at a concentration of
10 nM AMPH to avoid nonspecific AMPH plasma membrane
accumulation occurring at higher AMPH concentrations.60,64

AMPH is lipophilic resulting in nonspecific membrane incorpora-
tion in a time and temperature independent way, interfering with
resolving AMPH transport at micromolar concentrations.64 Follow-
ing exposure to 10 nM AMPH, hDAT cells accumulate ~ 3 times the
amount of AMPH compared with empty vector control cells
(Figure 2a, compare solid bar ‘hDAT’ with striped bar ‘pcDNA3’).
AMPH transport by hDAT is blocked by pretreatment with 10 μM
cocaine (‘hDAT+cocaine’). However, cells expressing hDAT A559V
do not accumulate AMPH to a greater degree than empty vector
control cells (Figure 2a, compare open bar ‘hDAT A559V’ with
striped bar ‘pcDNA3’). The inset demonstrates that hDAT and
hDAT A559V have comparable DAT expression levels, as
previously shown.1,45 Therefore, AMPH, although capable of
binding to hDAT A559V and modifying its function,1,45 is not an
efficiently transported substrate. As expected, due to nonspecific
membrane incorporation, no significant difference was observed
between hDAT, hDAT A559V and empty vector transfected cells
using 10 μM AMPH (n= 6; P⩾ 0.05).
To circumvent nonspecific membrane incorporation at 10 μM

AMPH, AMPH-induced whole-cell inward currents were measured
in a real time functional assay in response to AMPH rapid
application. AMPH binds to hDAT and induces an inward electrical
current that is proportional to substrate transport.65 Therefore, the
substrate (AMPH)-induced inward current is an indirect index of
substrate transport. Cells expressing either hDAT or hDAT A559V
were whole-cell voltage clamped at − 20mV (the typical
membrane potential of our cell line) and AMPH (10 μM) was bath
applied. Compared with hDAT cells, hDAT A559V cells exhibited a
significantly lower amplitude current response to 10 μM AMPH
(hDAT A559V 63 ± 18% of hDAT, Po0.05, Student’s t-test, n= 3).
This result demonstrates that AMPH-induced whole-cell current is
reduced in hDAT A559V, reflecting a decrease in AMPH

Figure 1. Validation of the hDAT A559V variant in two unrelated ASD probands. (a and b) Sanger sequence validation is shown for the two
proband cases of the A559V genotype in the study. Chromatogram data is shown with the corresponding coding sequence flanking amino
acid residue 559. Variant-nucleotide sequence is indicated by an asterisk representing heterozygous C/T at this position. Filled symbols
indicate individuals with an ASD diagnosis, whereas open symbols reflect individuals without an ASD diagnosis. The circles represent females
and the squares males. Individual IDs in the respective pedigrees correspond to NIMH cell line IDs. ASD, autism spectrum disorder.
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accumulation at a concentration of 10 μM and further supporting
our results obtained by HPLC at a lower AMPH concentration.
An important action of AMPH is to reduce DAT surface

levels.49,61 Both actions are thought to be dependent on
intracellular accumulation of AMPH through its transport by
DAT.60,61 In hDAT A559V cells, AMPH transport into the cell is
impaired (Figure 2a). Therefore, we next examined whether the
A559V variant affects AMPH-induced DAT cell surface redistribu-
tion. We measured cell surface expression of DAT in either hDAT
or hDAT A559V cells exposed to AMPH (10 μM) for different time
periods by means of biotinylation. Representative DAT immuno-
blots for hDAT and hDAT A559V cells are displayed (Figure 2b, top)
for both the biotinylated (‘surface DAT’) fraction and total cell
lysates (‘total DAT’). The graph quantifies the ratio of surface to
total DAT, normalized to the control condition (time 0) for hDAT
and hDAT A559V cells (Figure 2b, bottom). AMPH treatment
induces a significant loss of cell surface DAT in hDAT cells
(Figure 2b, solid bars, bottom), consistent with previous
reports.49,53,57–59 Notably, AMPH fails to induce DAT cell surface
loss in hDAT A559V cells (Figure 2b, open bars, bottom), putatively
due to a lack of intracellular AMPH accumulation.
Importantly, the 10 nM concentration of AMPH used for the

assay is sufficient to cause both significant hDAT cell surface
redistribution, as measured by immunoblotting of biotinylated
fractions (Figure 2c, compare solid bar ‘hDAT’ vs open bar hDAT
A559V’) as well as DA efflux (0.25 ± 0.04 pA; Po0.05 by Student’s
t-test with respect to baseline; n= 4). These data demonstrate that
10 nM AMPH is a functionally relevant concentration and further
strengthen our conclusion that hDAT A559V has diminished AMPH
transport.

Intracellular, but not extracellular, AMPH delivery induces hDAT
A559V trafficking

To measure changes in DAT surface expression induced by AMPH,
we also utilized the established electrophysiological method of
measuring DAT-mediated transient currents.51–55 In response to a
hyperpolarizing voltage jump, DAT-expressing cells display current
relaxations (transient currents) that persist after the time required
for charging the capacitance of the cell membrane. The DAT-
specific component of these current relaxations (DAT-mediated
transient current) is defined by subtracting the nonspecific current
recorded in the presence of the DAT inhibitor cocaine. The
transient currents originate from charge movement in each single
DAT promoted by the voltage jump. The integral of the DAT-
specific transient current is the DAT-mediated transient charge
movement (Q) that is proportional to DAT cell surface
expression.51–55 In particular, AMPH induces a time-dependent
decrease in Q that temporally correlates with AMPH-induced DAT
trafficking as measured by cell surface biotinylation, quasi
stationary noise analysis and confocal imaging.53,54 Figure 3
shows transient currents elicited by stepping the membrane
voltage from − 20 to − 140mV. This voltage is saturating for the
magnitude of DAT-mediated transient currents and transient
currents at this voltage are not altered by the presence of DAT
substrates.53 DAT-mediated transient currents from both hDAT
and hDAT A559V cells under control conditions before AMPH
treatment (control) are displayed as dotted lines (Figure 3a, top).
Following AMPH treatment (10 μM for 10 min), the transient
current is reduced in hDAT cells (Figure 3a, top, compare AMPH
solid line to control dotted line), indicating that AMPH induces a
redistribution of DAT away from the plasma membrane. However,
for hDAT A559V cells, AMPH does not reduce the transient current
(Figure 3a, top, compare AMPH solid line to control dotted line).
The DAT-mediated transient charge movement (Q) in response to

Figure 2. hDAT A559V does not transport AMPH. (a) Uptake was performed with 10 nM AMPH for 5 min in cells transfected with either empty
vector (pcDNA3), hDAT or hDATA559V. hDAT cells exhibited robust AMPH uptake blocked by pretreatment with 10 μM cocaine (*Po0.05, one-
way analysis of variance (ANOVA) followed by Dunnett’s multiple comparison test, n= 3). hDAT A559V cells exhibited uptake not significantly
different from the empty vector control (P40.05, one-way ANOVA followed by Dunnett’s multiple comparison test, n= 3). inset: representative
immunoblot for DAT demonstrates comparable levels of transporter expression between hDAT and hDATA559V cells. (b) hDAT or hDATA559V
cells were treated with AMPH (10 μM) for the indicated time points. Top, representative immunoblot of DAT biotinylated proteins (‘surface
DAT’) and total cellular lysate (‘total DAT’) following AMPH (10 μM) treatment. Bottom, quantification of biotinylated DAT protein fractions
following AMPH treatment. The ratio of surface to total DAT protein is plotted normalized to time point 0 (no AMPH treatment). AMPH
decreases surface DAT in hDAT cells, but not in hDAT A559V cells (**Po0.01, *Po0.05, one-way ANOVA followed by Dunnett’s multiple
comparison test, n= 6). (c) hDAT or hDAT A559V cells were treated with AMPH (10 nM) for the indicated time points. Top, representative
immunoblot of DAT biotinylated fraction (‘surface DAT’) and total cellular lysate (‘total DAT’). Bottom, quantification of biotinylated DAT
protein fractions following AMPH treatment. The ratio of surface to total DAT protein is plotted normalized to time point 0 (no AMPH
treatment). The 10 nM concentration of AMPH decreases surface DAT in hDAT cells, but not in hDAT A559V cells (*Po0.05, Student’s t-test,
n= 4). AMPH, amphetamine; DAT, dopamine transporter; hDAT, human dopamine transporter.
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the voltage jump was quantified by integrating the DAT-mediated
transient current for both hDAT and hDAT A559V cells and
normalized to respective controls (Figure 3a, bottom). This DAT-
mediated charge movement Q is proportional to plasma
membrane levels of DAT.51–55 Extracellular bath application of
AMPH significantly decreases Q for hDAT cells but not for hDAT
A559V cells (Figure 3a, bottom). These results corroborate the
biochemical data demonstrating that hDAT A559V cells are
resistant to AMPH-induced trafficking (Figure 2b).
Intracellular AMPH accumulation is required for AMPH to cause

DAT redistribution away from the plasma membrane.61 Figure 2a
demonstrates that hDAT A559V is impaired in AMPH accumula-
tion. Thus, we next determined whether the resistance of hDAT
A559V to trafficking upon AMPH exposure stems from its reduced
ability to transport AMPH. While recording DAT-mediated
transient currents to monitor changes in plasma membrane levels
of DAT, we used the whole-cell patch clamp pipette to directly
deliver intracellular AMPH to hDAT and hDAT A559V cells. This
methodology bypasses DAT function to induce intracellular
accumulation of AMPH. Immediately after breaking through the
membrane to achieve whole-cell access of the patch clamp
pipette, control transient currents from both hDAT and hDAT
A559V cells were recorded (Figure 3b, top, dotted lines). In this
experiment, AMPH (10 μM) was added to the patch pipette internal

solution and allowed to dialyze the cytoplasm of the cell.
Following 10min of intracellular delivery of AMPH, transient
currents from both hDAT and hDAT A559V cells were recorded
(Figure 3b, top, solid lines). For both hDAT and hDAT A559V cells,
intracellular AMPH reduced the magnitude of transient currents
(Figure 3b, top, compare control dotted line to AMPH solid line).
The quantification of DAT-mediated transient charge movement
(Q) for the AMPH condition normalized to the respective control
condition (transient current recorded after breaking through the
membrane) is shown for both hDAT and hDAT A559V (Figure 3b,
bottom). Intracellular AMPH application decreases Q for both
hDAT cells and for hDAT A559V cells (Figure 3b, bottom). Thus,
intracellular perfusion of AMPH, which bypasses the requirement
of DAT uptake function to accumulate intracellularly, restores the
ability of AMPH to cause hDAT A559V trafficking. These data
suggest that hDAT A559V cells retain the machinery necessary for
AMPH to induce trafficking, but the impairment in AMPH
accumulation prevents DAT redistribution away from the plasma
membrane in response to AMPH.

PKCβ inhibition restores AMPH-induced hDAT A559V cell surface
redistribution

DAT surface expression is tightly regulated by several signaling
pathways and receptors, including DA D2 receptors
(D2R).28,47,48,54,66–73 We have shown that hDAT A559V-mediated
ADE involves D2R activation and that D2Rs are endogenously
expressed and tonically active in hDAT A559V cells.1 D2Rs act
through multiple signaling pathways including PKCβ. Notably,
D2R activation regulates DAT surface expression in a PKCβ-
dependent manner.66 Therefore, one possibility is that hDAT
A559V resistance to AMPH-induced cell surface redistribution is
due to elevated basal PKCβ activity. PKCβII is an alternatively
spliced isoform of PKCβI that has been shown to interact with DAT
and to promote DA efflux.74 PKC translocation to the plasma
membrane has classically been considered the hallmark of
activation. However, there is some evidence that PKCβII activation
is a more complex process not exclusively determined by
translocation to the plasma membrane.75 Therefore, we used
autophosphorylation of PKCβII at Ser660 as a readout of PKCβII
function.76,77 We next examined whether constitutive levels of
phospho-PKCβII are altered in cells expressing hDAT A559V both
at the plasma membrane and in the cytosol.
Figure 4a shows that basal levels of phospho-PKCβII in the

cytosolic fraction of hDAT A559V cells are comparable to those of
hDAT cells (Figure 4a, ‘cytosol’). However, phospho-PKCβII is
significantly elevated in the membrane fraction of hDAT A559V
cells compared with hDAT cells (Figure 4a, ‘membrane’). The
membrane protein Na/K ATPase is shown as a loading control
(Figure 4a, Na/K ATPase). Quantification of immunoblots for
membrane fraction basal phospho-PKCβII is shown in the bar
graph (Figure 4a, bottom), normalized to Na/K ATPase for each
sample and expressed as a percentage of hDAT. PMA (100 nM,
20 min.) was used as a positive control to show activation of
PKCβII in hDAT cells. PMA significantly increases phospho-PKCβII
(268 ± 70% of basal hDAT, n= 3, Po0.05, ANOVA followed by
Newman–Keuls multiple comparison test) in the membrane
fraction in hDAT cells to a level not significantly different from
basal phospho-PKCβII in A559V cells (P40.05, ANOVA followed by
Newman–Keuls multiple comparison test). These data show that
phospho-PKCβII is constitutively elevated at the plasma mem-
brane in hDAT A559V cells and suggest a possible role for PKCβ
activity in the trafficking deficits of hDAT A559V.
Therefore, we next examined whether the inability of hDAT

A559V to traffic upon AMPH exposure depends on increased PKCβ
activity. hDAT A559V cells were pretreated with a PKCβ inhibitor,
(3-(1-(3-Imidazol-1-ylpropyl)-1H-indol-3-yl)-4-anilino-1H-pyrrole-
2,5-dione; 300 nM for 20min), and then with either AMPH (10 μM

Figure 3. Intracellular AMPH delivery induces trafficking in hDAT
A559V cells measured by transient charge movement. (a) Cells were
voltage clamped in the whole-cell configuration at a baseline of
− 20mV and the current recorded following a voltage step to
− 140mV. DAT-mediated currents were defined by subtracting the
nonspecific current obtained in the presence of the DAT blocker
cocaine (10 μM) from those recorded in the absence of cocaine. Top,
DAT-mediated control currents (dotted lines) before AMPH treat-
ment are plotted and compared with currents recorded after AMPH
treatment (10 μM AMPH for 10min, solid lines). Extracellular AMPH
induces DAT trafficking (compare AMPH solid lines with control
dotted lines) in hDAT but not hDAT A559V cells. Bottom, the
transient charge (Q) was obtained by integrating the area under
transient current as an index of the number of transporters at the
cell surface. AMPH significantly decreases Q in hDAT cells (*Po0.05,
QAMPH vs Qcontrol Student’s t-test, n= 5) but not hDAT A559V cells
(P40.05, QAMPH vs Qcontrol Student’s t-test, n= 3). (b) AMPH was
applied intracellularly through perfusion by the whole-cell patch
clamp pipette internal solution. Top, DAT-mediated control currents
immediately after achieving whole-cell access (dotted lines) are
plotted compared with currents after perfusing the cell for 10min
with AMPH (10 μM, solid lines). AMPH does induce DAT trafficking of
hDAT A559V cells comparable to that of hDAT cells. Bottom, AMPH
significantly decreases Q in both hDAT and hDAT A559V cells
(*Po0.05, QAMPH vs Qcontrol Student’s t-test, n= 3). AMPH, amphe-
tamine; DAT, dopamine transporter; hDAT, human dopamine
transporter.
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AMPH for 60 min) or vehicle control. Remarkably, inhibition of
PKCβ restores AMPH-induced trafficking of hDAT A559V as
determined by cell surface biotinylation (Figure 4b, top).
Quantification of multiple experiments is shown in Figure 4b
(bottom). In contrast, AMPH-induced DAT trafficking in wild-type
hDAT cells is not significantly different in the presence vs absence
of the PKCβ inhibitor (PKCβ inhibitor vs vehicle; P40.05, Student’s
t-test, n= 3–6). Therefore, PKCβ inhibition restores AMPH-induced
DAT trafficking in hDAT A559V cells, but has no effect on AMPH-
induced DAT trafficking in hDAT cells. These data suggest that
PKCβ regulation of AMPH-induced cell surface redistribution may
be more relevant in DA systems altered by genetic variants such
as hDAT A559V than under typical physiological signaling
environments.
To further confirm that PKCβ inhibition restores AMPH actions

through PKCβII-dependent intracellular signaling, we measured
DAT-mediated transient currents as an index of AMPH-induced
changes in DAT cell surface expression following PKCβ inhibition
by a PKCβII inhibitor peptide (N-myr-SLNPEWNET)78 delivered
intracellularly through the patch clamp pipette. Transient currents
were elicited from hDAT A559V cells by stepping the membrane
voltage from − 20 to − 140mV as in Figure 3. Figure 4c shows
representative DAT-mediated transient currents recorded from
hDAT A559V cells following intracellular perfusion for 10 min with
either the PKCβII inhibitor peptide (N-myr-SLNPEWNET; 10 μM) or a
scramble peptide (N-myr-ETWENPSNL, 10 μM). Transient currents
before AMPH application (control) are displayed as dotted lines
and transient currents following AMPH extracellular bath

application (10 μM for 10min) are displayed as solid lines
(Figure 4c, top). In hDAT A559V cells perfused with the scramble
peptide, AMPH does not alter the transient current indicating the
absence of AMPH-induced trafficking (Figure 4c, top, scramble
peptide). In hDAT A559V cells perfused with the PKCβII inhibitor
peptide, AMPH decreases the transient current indicating the
restoration of DAT trafficking by PKCβ inhibition (Figure 4c, top,
PKCβII inhibitor peptide). The total transient charge movement Q
in response to the voltage jump was quantified by integrating the
DAT-specific transient currents as an index of DAT surface levels
(Figure 4c, bottom). Consistent with biochemical measurements of
DAT trafficking by biotinylation with a small molecule PKCβ
inhibitor (Figure 4b), PKCβ inhibition with a peptide inhibitor
restores AMPH-induced hDAT A559V trafficking as indicated by
the reduction in transient currents recorded electrophysiologically.
Intracellular accumulation of AMPH is required for AMPH-induced
trafficking therefore we next confirmed that PKCβ inhibition
increases AMPH accumulation by hDAT A559V. AMPH transport
was quantified by HPLC with a concentration of 10 nM AMPH
as in Figure 2a. hDAT A559V cells were pretreated with a PKCβ
inhibitor (3-(1-(3-Imidazol-1-ylpropyl)-1H-indol-3-yl)-4-anilino-1H-
pyrrole-2,5-dione; 300 nM for 20 min) or vehicle control. PKCβ
inhibition increases AMPH accumulation by 73 ± 20% with respect
to vehicle control (Po0.05, Student’s t-test, n= 3).
Previously, we reported increased DAT amino (N)-terminal

phosphorylation at N-terminal serine (Ser) residues 7, 12 and 13
in hDAT A559V cells with respect to hDAT cells.1 Indeed, hDAT
A559V must be N-terminal phosphorylated to display ADE.1 Thus,

Figure 4. PKCβ inhibition restores AMPH-induced hDATA559V internalization. (a) Representative immunoblots of phospho-PKCβII in hDAT and
hDAT A559V cells. The top bands represent PKCβ in the cytosolic fraction. The middle bands represent PKCβ in the membrane fraction. PMA
(100 nM for 20min) was used as a positive control to demonstrate phosphorylation and translocation of PKCβ to the membrane in hDAT cells.
The membrane protein Na/K ATPase (bottom bands) is used as a loading control for the membrane fraction. The bar graph shows that basal
levels of phospho-PKCβII in the membrane fraction are higher in hDATA559V cells than hDAT cells (*Po0.05, Student’s t-test, n= 6–8). (b) Cells
were treated for 20min with the PKCβ inhibitor 3-(1-(3-Imidazol-1-ylpropyl)-1H-indol-3-yl)-4-anilino-1H-pyrrole-2,5-dione (300 nM) before
treatment with vehicle or AMPH (10 μM, 60 min). Top, representative immunoblot of DAT biotinylated proteins (‘surface DAT’) and total lysate
(‘total DAT’). Bottom, quantification of surface to total DAT ratio. PKCβ inhibition restores AMPH-induced trafficking of hDAT A559V (AMPH vs
vehicle, *Po0.05 Student’s t-test, n= 4). (c) Transient currents were recorded as an index of surface DAT in hDAT A559V cells. Cells were
dialyzed under whole-cell patch clamp for 10min with internal solution containing either the PKCβII inhibitor peptide (N-Myr-SLNPEWNET,
10 μM) or a scramble peptide (10 μM). Top, subsequent DAT-mediated currents following a voltage step from − 20mV to − 140mV are plotted
for control (dotted lines) compared with currents after extracellular AMPH treatment (10 μM AMPH for 10min, solid lines). PKCβII inhibition
restores the AMPH-induced decrease in transient current in hDAT A559V cells. Bottom, AMPH decreases transient charge movement Q in
hDAT A559V cells treated with PKCβII inhibitor peptide (*Po0.05, QAMPH vs Qcontrol Student’s t-test, n= 4) but not scamble peptide (P40.05,
QAMPH vs Qcontrol Student’s t-test, n= 4). (d) hDAT A559V S/A cells were treated with vehicle or AMPH (10 μM, 60 min). Top, representative
immunoblot of DAT biotinylated proteins (‘surface DAT’) and total cellular lysate (‘total DAT’). Bottom, quantification of surface to total DAT
ratio. Mutation of N-terminal Ser to Ala in hDAT A559V restores AMPH-induced trafficking (AMPH vs vehicle, *Po0.05 Student’s t-test, n= 4).
AMPH, amphetamine; DAT, dopamine transporter; hDAT, human dopamine transporter.
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we examined whether hDAT A559V must be N-terminal phos-
phorylated to impair AMPH-induced DAT cell surface redistribu-
tion. We used the hDAT A559V S/A construct (as described
previously in Bowton et al.1), in which the five most distal
N-terminal Ser are mutated to Ala in the hDAT A559V background
to prevent phosphorylation of the DAT N terminus (hDAT A559V
S/A). Figure 4d (top) shows that AMPH-induced DAT cell surface
redistribution is restored in hDAT A559V S/A cells. Quantification
of the surface to total DAT ratio is shown in Figure 4d (bottom).
These data indicate that phosphorylation of the N terminus
contributes to the inability of AMPH to induce trafficking of
hDAT A559V.
In Figures 2 and 3, we demonstrate that the diminished hDAT

A559V AMPH-induced trafficking stems from a reduced intracel-
lular accumulation of AMPH. Therefore, it is possible that the
restored ability of AMPH to cause hDAT A559V S/A trafficking
(Figure 4d) is due to restored AMPH transport. Substrate-induced
inward current is an indirect index of substrate transport and
action at the DAT.65 Cells expressing either hDAT or hDAT A559V
S/A were whole-cell voltage clamped at − 20mV and AMPH
(10 μM) was applied by bath perfusion. In contrast to hDAT A559V,
hDAT A559V S/A AMPH-induced inward whole-cell currents are no
different from that of hDAT (hDAT A559V S/A 110 ± 15% of hDAT,
P40.05, Student’s t-test, n= 3). These data further support the
notion that Ser to Ala substitutions in the A559V background
restores AMPH transport. To confirm this conclusion by an
independent method, AMPH transport was quantified by HPLC
with a concentration of 10 nM AMPH for hDAT A559V S/A cells
compared with hDAT A559V cells. Ser to Ala mutations in the
A559V background increased AMPH accumulation by 60± 10%
(hDAT A559V S/A with respect to hDAT A559V; Po0.05, Student’s
t-test, n= 3).

PKCβ inhibition restores AMPH-induced DA efflux in hDAT A559V

Previously, we reported ADE in hDAT A559V cells.1,39 ADE stems
from constitutive reverse transport of DA mediated by hDAT
A559V. Notably, hDAT A559V-mediated ADE is inhibited by
AMPH.1,39 In the present study we demonstrate that hDAT
A559V does not transport AMPH, and as a result, is rendered
insensitive to the trafficking actions of AMPH. This is consistent
with our previous observations that AMPH acts as an inhibitor of
hDAT A559V to reduce ADE, rather than inducing DA efflux.1,39

Figure 4 demonstrates that PKCβ as well as N-terminal phosphor-
ylation mediate the inability of AMPH to cause hDAT A559V cell
surface redistribution. Thus, we sought to determine whether
PKCβ activity and DAT N-terminal phosphorylation have a role in
ADE for hDAT A559V cells. We used amperometry to measure DA
efflux by oxidation/reduction reactions1,39 from cells transfected
with either hDAT, hDAT A559V or hDAT A559V S/A. Positive
amperometric currents represent DA efflux (DA leaving the cell).
Cells were bath loaded with DA (1 μM) via DAT-mediated uptake
and subsequent AMPH-induced DA efflux was measured by
amperometry.1,39 hDAT A559V cells have normal uptake of DA
that is not significantly different from hDAT cells.1,34,45 Cocaine
(10 μM) was used here to demonstrate DAT specificity of the
amperometric signal. Amperometric current traces in response to
10 μM AMPH in hDAT cells are displayed in Figure 5a (top). AMPH-
induced DA efflux is defined as the efflux induced by AMPH with
respect to the baseline (before AMPH application) and quantifica-
tion of multiple experiments is shown in the bar graph (Figure 5a,
bottom). We first examined the role of PKCβ on AMPH-induced DA
efflux by pretreating hDAT cells with the PKCβ inhibitor 3-(1-(3-
Imidazol-1-ylpropyl)-1H-indol-3-yl)-4-anilino-1H-pyrrole-2,5-dione
and measuring AMPH-induced DA efflux. PKCβ inhibition has no
significant effect on AMPH-induced hDAT-mediated DA efflux
(Figure 5a, compare solid bars ± PKCβ inhibitor). In hDAT A559V
cells, in the absence of the PKCβ inhibitor, AMPH blocks a

constitutive ADE, reflected by a decrease in the amperometric
current from baseline (Figure 5a, top). Importantly, PKCβ inhibition
restores the ability of AMPH to cause DA efflux in hDAT A559V
cells (Figure 5a, top). Figure 5a (bottom) shows quantification of
multiple experiments (compare open bars ± PKCβ inhibitor). In
light of our data showing elevated basal PKCβ activity in hDAT
A559V cells (Figure 4a), it is possible that PKCβ, through
phosphorylation of the hDAT A559V N terminus, is responsible
for the inability of hDAT A559V to transport AMPH, thereby
affecting both DAT trafficking and DA efflux. Notably, AMPH-
induced DA efflux is restored in hDAT A559V S/A cells, in which
phosphorylation of the five most distal Ser is prevented by Ala
substitution in the hDAT A559V background (Figure 5a, top).

Figure 5. AMPH-induced DA efflux is impaired in hDAT A559V cells
but restored by inhibiting PKCβ activity or mutating N-terminal Ser
to Ala. (a) Representative amperometric traces (top) and quantifica-
tion of amperometric DA signals (bottom) recorded in hDAT, hDAT
A559V, and hDAT A559V S/A cells following 20min pretreatment
with either vehicle control or the PKCβ inhibitor 3-(1-(3-Imidazol-1-
ylpropyl)-1H-indol-3-yl)-4-anilino-1H-pyrrole-2,5-dione (300 nM).
Arrows indicate addition of AMPH (10 μM) or cocaine (COC, 10 μM)
to the extracellular bath. AMPH increases amperometric currents
from hDAT cells, indicating DA efflux. However, AMPH reduces
amperometric currents in hDAT A559V cells, indicating a block of
basal DA efflux from hDAT A559V cells. Either pretreatment with the
PKCβ inhibitor or mutation of N-terminal serines in hDAT A559V
restores the ability of AMPH to induce DA efflux in hDAT A559V cells
(**Po0.01 analysis of variance (ANOVA) followed by Newman–Keuls
multiple comparison test, n= 3–5). (b) Cells were patch clamped and
perfused through the whole-cell patch pipette for 10min to allow
for loading of 2 mM DA and either the PKCβ inhibitor peptide (N-
Myr-SLNPEWNET, 10 μM) or a scramble control peptide (10 μM). The
patch pipette was then withdrawn and AMPH-induced DA signals
recorded by amperometry. The PKCβ inhibitor peptide restores the
ability of AMPH to induce DA efflux in hDAT A559V cells (**Po0.01
ANOVA followed by Newman–Keuls multiple comparison test, n= 3).
AMPH, amphetamine; DA, dopamine; DAT, dopamine transporter;
hDAT, human dopamine transporter.
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Pretreatment of hDAT A559V S/A cells with the PKCβ-inhibitor
does not significantly alter DA efflux (Figure 5a, bottom, compare
striped bars ± PKCβ inhibitor). These data support a mechanism in
which hDAT A559V must be phosphorylated at the N terminus to
produce its ADE activity.
Next, we used the PKC inhibitor bisindolylmaleimide-I (BIM I) to

probe changes in AMPH-induced DA efflux in hDAT A559V cells. In
this experiment, we treated hDAT A559V cells either with BIM I
(1 μM) or vehicle and then stimulated DA efflux with AMPH. BIM I
restored the ability of AMPH to cause DA efflux in hDAT A559V
cells (BIM I 0.20 ± 0.04 pA; n= 3; Po0.05 by Student’s t-test with
respect to vehicle control). Furthermore, 1 μM of
bisindolylmaleimide-V (BIM V, an inactive analog of BIM I) does
not restore DA efflux in hDAT A559V cells (P40.05, Student’s t-
test, n= 3). Finally, to confirm the role of the PKCβII isoform
specifically in maintaining ADE, we used a PKCβII inhibitor peptide
(N-Myr-SLNPEWNET). Because the PKCβII peptide inhibitor is not
cell permeable, we combined the whole-cell patch clamp
technique with amperometry to allow perfusion of the PKCβII
peptide inhibitor or scramble peptide into the cytoplasm with the
whole-cell pipette. hDAT or hDAT A559V cells were whole-cell
voltage clamped and loaded with 2 mM DA plus either the PKCβII
inhibitor peptide (10 μM) or the scramble peptide (10 μM) for
10min. The patch pipette was then lifted off the cell and AMPH-
induced DA efflux was measured by an amperometric electrode
juxtaposed to the intact, nonclamped cell. Amperometric current
traces in response to 10 μM AMPH are displayed in Figure 5b (top).
In hDAT cells, AMPH-induced DA efflux is not significantly different
in cells perfused intracellularly with the PKCβII inhibitor peptide
compared with the scramble peptide. Figure 5b bottom shows
quantification of different experiments (compare filled bars ± PKCβ
inhibitor). In contrast, the PKCβII inhibitor peptide restored AMPH-
induced DA efflux in hDAT A559V cells, whereas the scramble
peptide did not (Figure 5b, top). Quantification of multiple
experiments is shown below the traces (compared open bars ±
PKCβ inhibitor).

DISCUSSION

DAT has a critical role in regulating the strength and duration of
dopaminergic neurotransmission by the clearing of extracellular
DA. The capacity of DA clearance is finely dictated both by the
number of active transporters at the plasma membrane and their
turnover rate. In this study, we report aberrant functional
phenotypes of hDAT A559V as compared with hDAT, possibly
underlying disrupted DA neurotransmission and reward, two
emerging hallmarks of ASD.18,19,32,79–86 Although the A559V
variant is not frequent enough to establish definitive causation
for the complex disorder ASD, the striking functional phenotype
suggests potential mechanisms contributing to complications in
ASD. These may be convergent mechanisms reached through
other means (that is, other DAT variants or variation in other genes
related to dopaminergic neurotransmission) in ASD individuals
who do not harbor the A559V variant. hDAT residue 559 is located
within transmembrane domain 12 (TM12) near the extracellular
side of the membrane (Supplementary Figure 3A). The recently
published crystal structure of Drosophila DAT uncovered two
surprising features near this region of the protein.87 TM12 exhibits
an unexpected kink away from the hydrophobic core of the
transporter and following TM12 is a latch-like carboxy-terminal
helix that caps the cytoplasmic gate. The impact of A559V Ala to
Val substitution on DAT structure is unknown. However, it is
intriguing to speculate that substitution of A559 with the bulkier
Val side chain may increase the occurrence of steric clashes within
TM12 (Supplementary Figures 3A and B). Such clashes could limit
the structural flexibility of TM12 and potentially impact the
conformational dynamics of hDAT including those involved in
substrate translocation.

Using multiple techniques we found that hDAT A559V has
reduced ability to transport AMPH, suggesting that conforma-
tional dynamics of the transporter are altered in the A559V variant.
We hypothesized that the AMPH uptake impairment for hDAT
A559V may confer its resistance to AMPH-induced DAT trafficking.
Consistent with this hypothesis, bypassing the DAT requirement
for cytosolic accumulation of AMPH via direct intracellular
application of AMPH with a whole-cell electrode causes hDAT
A559V cell surface redistribution. This is intriguing as hDAT A559V
has normal transport of the substrate DA1,34,45 and may suggest
that differences exist between hDAT and hDAT A559V in terms of
their ability to interact with AMPH.
We also found that PKCβ activity is constitutively elevated in

hDAT A559V cells and that pharmacological inhibition of PKCβ
restores AMPH transport as well as AMPH-induced DA efflux in
these cells. Among other pathways D2Rs signaling stimulates
PKCβ.66 Intriguingly, it has previously been demonstrated that
hDAT A559V cells have elevated D2R signaling.1 Indeed, the D2R
blocker raclopride inhibits ADE in neurons expressing hDAT
A559V.1 Therefore, it is intriguing to speculate that elevated PKCβ
activity in hDAT A559V cells may stem from increased D2R
signaling. It is important to note that ADE is inhibited by AMPH
and that AMPH fails to cause DA efflux in hDAT A559V cells.1,39

Here, we demonstrate that these anomalous AMPH actions in
hDAT A559V cells are supported by elevated PKCβ activity.
Inhibition of PKCβ restores the ability of AMPH to cause DA efflux.
The N terminus of DAT is a structural region for which

phosphorylation at one or more of the five most distal Ser
dictates reverse transport of DA.88 Here, we demonstrated that
these Ser (a possible target of PKCβ) are involved in this impaired
ability of AMPH to cause DA efflux. Of note, hDAT A559V has
higher levels of N terminus phosphorylation and that this
phosphorylation contributes to DA efflux.89 Mutating these five
N-terminal Ser to Ala in the hDAT A559V background inhibits ADE
and restores AMPH transport and the ability of AMPH to cause DA
efflux. Substitution of these same Ser in the wild-type background
of hDAT inhibits DA efflux,88 highlighting a fundamental
difference with regard to AMPH action in the A559V background,
beyond the role of phosphorylation of the N terminus. Con-
sistently, inhibition of PKCβ with three different pharmacological
means, also restores the ability of AMPH to cause DA efflux.
Collectively, these data suggest that phosphorylation of the hDAT
A559V N terminus, through a PKCβ-dependent mechanism,
regulates hDAT A559V conformation and the functional interac-
tion with the DAT substrate AMPH, events of fundamental
importance for AMPH to cause DA efflux.
In addition to exhibiting impaired AMPH-induced DA efflux,

hDAT A559V also fails to traffic in response to AMPH. We
demonstrate that the altered AMPH trafficking phenotype of hDAT
A559V is conferred by constitutively elevated PKCβ activity. We
show that PKCβ inhibition rescues the ability of AMPH to induce
hDAT A559V trafficking. Notably, both hDAT32 and PKCβ90,91

dysfunction have been associated with ASD. The mechanism by
which PKCβ inhibits hDAT A559V trafficking is unknown. However,
our data suggest that it may involve DAT N-terminal phosphor-
ylation. Consistent with this hypothesis, mutation of the most
distal N terminus Ser to Ala rescues AMPH-induced DAT
trafficking. These data provide a mechanistic framework where
increased DAT N-terminal phosphorylation promoted by various
signaling pathways, including D2R signaling through PKCβ, may
underlie DA dysfunction in ASD.
Although the hDAT A559V variant is rare, the findings here

provide valuable insights into the mechanisms of how dysregu-
lated DA neurotransmission may represent a complication of ASD.
These insights could shed light on the molecular mechanisms
underlying the co-occurrence of ASD and ADHD, as this variant
was previously found in two brothers with ADHD.34,39 In all four
subjects with known inheritance, A559V was transmitted from an
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unaffected mother to a boy with a neurodevelopmental disorder,
raising the possibility of a sex effect on penetrance. In this context,
it also is important to note that co-occurring ADHD symptoms are
common in ASD, reported in a large minority or even a majority of
cases;92–96 although neither of the subjects reported here had an
existing diagnosis of ADHD. The frequent co-occurence of ADHD
and ASD suggest dysregulation of common pathways across these
two neurodevelopmental disorders, with our data suggesting DAT
regulation as one such potential pathway. Therefore pharmaco-
logical approaches to compensating for imbalances in DA
neurotransmission by targeting DAT may have potential ther-
apeutic utility for some individuals with ASD, ADHD or combined
ASD/ADHD. Notably, another DAT variant (R615C), that also results
in altered DAT trafficking, was identified in an individual with
ADHD.97 Rare DAT variants have been observed in a range of
disease populations and may confer risk for multiple complex
psychiatric disorders through mechanisms that are as of yet
unknown and warrant future investigation.
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