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Abstract

Reward modulates the saliency of a specific drug exposure and is essential for the transition 

to addiction. Numerous human PET–fMRI studies establish a link between midbrain dopamine 

(DA) release, DA transporter (DAT) availability, and reward responses. However, how and 

whether DAT function and regulation directly participate in reward processes remains elusive. 

Here, we developed a novel experimental paradigm in Drosophila melanogaster to study the 

mechanisms underlying the psychomotor and rewarding properties of amphetamine (AMPH). 

AMPH principally mediates its pharmacological and behavioral effects by increasing DA 

availability through the reversal of DAT function (DA efflux). We have previously shown that 

the phospholipid, phosphatidylinositol (4, 5)-bisphosphate (PIP2), directly interacts with the DAT 
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N-terminus to support DA efflux in response to AMPH. In this study, we demonstrate that the 

interaction of PIP2 with the DAT N-terminus is critical for AMPH-induced DAT phosphorylation, 

a process required for DA efflux. We showed that PIP2 also interacts with intracellular loop 

4 at R443. Further, we identified that R443 electrostatically regulates DA efflux as part of a 

coordinated interaction with the phosphorylated N-terminus. In Drosophila, we determined that a 

neutralizing substitution at R443 inhibited the psychomotor actions of AMPH. We associated this 

inhibition with a decrease in AMPH-induced DA efflux in isolated fly brains. Notably, we showed 

that the electrostatic interactions of R443 specifically regulate the rewarding properties of AMPH 

without affecting AMPH aversion. We present the first evidence linking PIP2, DAT, DA efflux, and 

phosphorylation processes with AMPH reward.

Introduction

Overshadowed by the current opioid epidemic, the resurgence of amphetamine (AMPH) and 

its derivatives (e.g., methamphetamine) in the United States has gone largely underreported 

[1]. While AMPHs are used clinically, the potential for AMPH abuse and dependency is 

high [2]. Underscoring this possibility is the observation that there are 37 million illicit 

AMPH users globally [3].

AMPH’s rewarding and reinforcing effects, as well as its psychomotor stimulant properties, 

are associated with its ability to increase extracellular dopamine (DA) levels [4, 5]. 

AMPH perturbs DA homeostasis maintained by the DA transporter (DAT) as a competitive 

inhibitor and substrate of the DAT. The DAT is a presynaptic membrane protein that, under 

normal physiological conditions, drives the high-affinity transport (reuptake) of synaptically 

released DA, thereby regulating the spatial and temporal dynamics of extracellular DA 

levels. AMPH alters psychomotor behaviors, at least in part, by promoting the reversal of the 

DAT function (a nonvesicular event), here defined as DA efflux. Indeed, selective inhibition 

of DA efflux impairs AMPH psychomotor behaviors [6, 7]. Thus, in order to develop 

pharmacotherapies that mechanistically target and limit AMPH action (i.e., DA efflux), it is 

critical to understand how AMPH alters DAT function.

DA efflux is regulated by several molecular mechanisms and protein posttranslational 

modifications. We and others have shown that phosphorylation of the DAT N-terminus is 

required for AMPH-induced DA efflux [8, 9]. This phosphorylation process is mediated 

by several kinases, protein–protein interactions, as well as protein–lipid interactions [10–

16]. Various other proteins and lipids regulate DA efflux through DAT association, 

including syntaxin 1 (SYN1) [12, 13, 17], G protein βγ subunits (Gβγ) [14, 18], and 

phosphatidylinositol (4,5)-bisphosphate (PIP2) [6].

Phospholipid molecules are an integral component of cell function and metabolism [19, 20], 

comprising ~50% of the plasma membrane. Among these, PIP2 is the principal substrate 

of receptor-stimulated phospholipases C and the precursor to second messengers inositol 

trisphosphate (IP3), diacylglycerol, and phosphatidylinositol (3,4,5)-trisphosphate (PIP3). 

Moreover, PIP2 itself acts as a second messenger and cofactor, regulating protein function 

[19, 21–24] and trafficking [25]. In addition, PIP2, through its electrostatic interactions, 

has been shown to modulate the function of ion channels and transporters, including the 
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serotonin transporter [19, 26] and the DAT [6]. In earlier studies, we have shown that 

PIP2 directly interacts with the DAT through electrostatic interactions with basic, positively 

charged DAT N-terminal residues (Lys3 and Lys5). Substitution of these residues with 

uncharged amino acids decreases DAT/PIP2 interactions, and AMPH-induced DA efflux 

and behaviors [6]. This was the first demonstration that PIP2, through its interaction 

with a plasma membrane protein, regulates DA-associated behaviors, underscoring the 

importance of elucidating the mechanism through which PIP2 regulates DAT function and 

DAT-associated behaviors.

Recently, in silico experiments pointed to the possibility that PIP2 also associates with 

the DAT intracellular loop 4 (IL4; specifically at R443) to regulate conformational 

rearrangements of the DAT N-terminus [27]. These simulations proposed that the interaction 

between the N-terminus and IL4, mediated by PIP2, may coordinate the dynamics of the 

intracellular gate. However, the biochemical, physiological, or behavioral relevance of these 

findings remained unclear. Using a combination of in silico and biochemical assays, we 

show that R443 physically interacts with PIP2 as well as the N-terminus. We demonstrate 

in silico, in vitro, and ex vivo that R443 electrostatic interactions with PIP2 and the N­

terminus are required for specific DAT conformations that support DAT-mediated DA efflux 

in response to AMPH. In Drosophila, these interactions regulate fundamental behaviors, 

such as AMPH-induced hyperlocomotion and, notably, the rewarding properties of AMPH. 

Disrupting R443 electrostatic interactions does not affect the physiological function of the 

DAT, namely, uptake, nor basal locomotion. Thus, we have uncovered how a single residue 

in DAT IL4, R443 modulates AMPH actions, including reward.

Materials and methods

Cell culture

pCIHygro expression vector was engineered to contain synhDAT WT (hDAT WT), 

synhDAT S/D (Ser 2, 4, 7, 12, 13 mutated to Asp; hDAT S/D), synhDAT R443A (Arg443 

mutated to Ala; hDAT R443A), and synhDAT S/D R443A (hDAT S/D R443A). Vector DNA 

was transfected into Chinese hamster ovary cells as previously described [28].

3H[DA] uptake assays

Cells were washed and equilibrated in KRH (37 °C, 5 min) buffer composed of (in mM): 

130 NaCl, 25 HEPES, 4.8 KCl, 1.2 KH2PO4, 1.1 MgSO4, 2.2 CaCl2, 10 d-glucose, 0.1 

ascorbic acid, 0.1 pargyline, and 1.0 tropolone (pH 7.4). DA uptake kinetics were performed 

from 10 nM to 10 μM [3H] DA (PerkinElmer Life Sciences, Waltham, MA) as previously 

described [6].

Amperometry and patch-clamp electrophysiology

Cells were washed with 37 °C Lub’s external solution composed of (in mM): 130 NaCl, 

1.5 CaCl2, 0.5 MgSO4, 1.3 KH2PO4, 10 HEPES, and 34 d-glucose (pH 7.4; 300–310 

mOsms/L). Quartz patch pipettes were used to intracellularly load DA (2 mM, Sigma­

Aldrich, St. Louis, MO) and/or PIP2 inhibitory/control peptides (3 μM pal-HRQKHFEKRR 

or pal-HAQKHFEAAA) in internal solution containing (in mM): 110 KCl, 10 NaCl2, 2 
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MgCl2, 0.1 CaCl2, 1.1 EGTA, 10 HEPES, 30 d-glucose, and 2.0 DA (pH 7.4; 280–290 

mOsms/L). To record AMPH-induced DA efflux (10 μM), a carbon fiber electrode held at 

+600 mV was juxtaposed to cells as previously described [6].

Biotinylation assays

Cells were washed with 4 °C phosphate-buffered saline supplemented with 0.9 mM CaCl2 

and 0.49 mM MgCl2, incubated in 1.0 mg/ml sulfosuccinimidyl-2-(biotinamido)ethyl-1,3­

dithiopropionate-biotin (sulfo-NHS-SS-biotin; Pierce, Rockford, IL) and processed as 

previously described [28]. Membranes were immunoblotted for DAT (1:1000) (MAB369; 

Millipore, Billerica, MA) and β-actin (1:5000) (A5441; Sigma-Aldrich; St. Louis, MO), and 

then quantified as previously described [28].

Immunoprecipitation assay

Cells expressing 6X-His, eGFP-tagged hDAT variants were lysed in buffer containing 

(mM): 20 Tris, 100 NaCl, and 20 n-dodecyl-β-D-maltopyranoside supplemented with 10% 

glycerol and protease inhibitor cocktail (1:100; Sigma-Aldrich, St. Louis, MO). Equivalent 

hDAT concentrations were isolated using batch cobalt-based immobilized metal affinity 

chromatography. Cobalt beads were washed, incubated for 4 h with 1 uM BODIPY® TMR 

Phosphatidylinositol 4,5-bisphosphate, washed, and eluted in buffer supplemented with 300 

mM Imidazole. Eluates were assayed in a TECAN Infinite 200 Pro microplate reader for 

eGFP (ex 454/em 505 ± 9 nm) and PIP2 (ex 542/em 574 ± 9 nm).

DAT phosphorylation

hDAT WT, hDAT K/A, and hDAT K/N cDNAs were generated within pcDNA 3.0 plasmid 

using site-directed mutagenesis. Griptite 293 MSR cells (Thermo Fisher Scientific, Grand 

Island, NY) were transfected and metabolically labeled with 32PO4 (>8500 Ci/mmol, 

PerkinElmer) as described previously [9]. DATs were immunoprecipitated with DAT C­

terminal antibody C-20 (1433, Santa Cruz Biotech; Santa Cruz, CA) crosslinked to protein 

A sepharose followed by SDS-PAGE and autoradiography.

Drosophila melanogaster rearing and stocks

All Drosophila melanogaster strains were grown and maintained on standard cornmeal­

molasses media at 25 °C under a 12:12 h light-dark schedule. Fly stocks include

w1118 ((Bloomington Indiana Stock Center (BI) 6326), TH-GAL4 (BI 8848), DATMB07315 

(BI 25547), UAS-mCherry (Kyoto Stock Center 109594), M[vas-int.Dm]ZH-2A; M [3xP3­

RFP.attP’]ZH-22A (Bl 24481) and DATfmn (dDAT KO). Drosophila expressing homozygous 

dDAT null allele DATfmn (dDAT KO) [29], TH-Gal4 [30], and UAS-mCherry were 

outcrossed to control lines for ten generations. Transgenes were cloned into pBI-UASC 

[31] and constructs were injected into embryos from Bl 24481 (Rainbow Transgenic Flies 

Inc; Camarillo, CA). Flies containing transgenes were outcrossed to dDAT KO flies (in 

w1118 background) for ten generations. Final transgene generations were crossed to dDAT 

KO/TH-GAL4 flies.
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3H[DA] Drosophila uptake assays

Drosophila male brains were dissected quickly in ice-cold Schneider’s Drosophila Medium 

(Thermo Fisher Scientific) supplemented with 1.5% BSA. Single point DA uptake was 

measured by preincubating brains in either vehicle or 100 μM cocaine for 10 min followed 

by 200 nM [3H]DA, as previously described [28]. Cocaine values were subtracted from 

vehicle values to determine specific counts.

Drosophila amperometry assays

Drosophila male brains were dissected in ice-cold Schneider’s Drosophila Medium 

supplemented with 1.5% BSA. Whole brains were placed in a mesh holder in Lub’s external 

solution (see previous). A carbon fiber electrode held at +600 mV was positioned in the 

TH-positive PPL1 DA neuronal region and DA efflux was recorded as previously described 

[28].

Drosophila locomotion analysis

Drosophila male flies were transferred individually to activity tubes containing standard 

food. TriKinetics Drosophila Activity Monitoring system (Waltham, MA) was used to 

measure basal and AMPH-induced locomotion, as previously described [17, 32].

Drosophila two-choice AMPH administration paradigm

To measure AMPH preference in Drosophila, we built custom vials to measure liquid food 

consumption from volumetric capillaries. Each vial contained two volumetric capillaries: 

capillary A (100 mM sucrose) and capillary B (100 mM sucrose; 500 μM blue dye). Food 

consumption was measured every 24 h when capillaries were replaced and refilled. Adult 

male flies were individually transferred to vials and acclimated to liquid food for 24 h. 

Baseline preference for capillary A and capillary B was assayed at 48 h. To determine 

AMPH preference, in experimental groups, capillary B was supplemented with AMPH (1 or 

10 mM) and measured at 72 h. In control groups, capillary B was supplemented with vehicle 

(water) and measured at 72 h. Preference was determined as consumption of capillary B over 

total consumption (capillary A and capillary B) at 48 h (baseline) versus 72 h (preference).

Molecular dynamics (MD) simulations

The full length hDAT was taken from previous study [33]. Four simulation 

systems were constructed: hDAT WT, hDAT R443A, hDAT S/D (Ser 2, 

4, 7, 12, and 13 mutated to Asp), and hDAT S/D R443A. Transporters 

were embedded into neuronal membrane/lipids composed of 1-palmitoyl-2-oleoyl­

sn-glycero-3-phosphoethanolamine and -phosphocholine, cholesterol, palmitoyl-oleoyl­

phosphatidylinositol, and phosphatidylinositol 4,5-bisphosphate (PIP2) using CHARMM­

GUI Membrane Builder module [34]. The lipid composition accounted for the asymmetric 

lipid distribution of neuronal membranes, as done previously [35]. Fully equilibrated TIP3P 

waters were added to build a simulation box of ~102 × 102 × 140 Å, Na+ and Cl− ions 

were added to obtain a 0.15 M neutral solution. Each simulation system contained ~134,000 

atoms, ~290 lipid molecules, and 30,000 water molecules. All simulations were performed 

using the MD NAMD package [36] as previously [35]. For each system, two or three 
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independent runs of up to 200 ns were performed. The probability of PIP2 binding was 

evaluated as the frequency of PIP2/DAT contacts; mainly, the fraction of 0.2 ns snapshots 

where PIP2 was located within 4.0 Å from any DAT atom.

N-terminus/IL4 binding assay

The hDAT WT or hDAT S/D (Ser 2, 4, 7, 12, and 13 mutated to Asp) N-terminus 

were cloned into pAT109 with a N-terminus GST and C-terminus His-tag. Proteins 

were expressed in Bl21(DE3) E. coli. Bacteria were induced with 0.5 mM isopropylβ­

d-1thiogalactopyranoside, pelleted, and lysed with lysozyme and 1% Triton-X100. 

Supernatants were isolated and bound to HisPur Cobalt Resin (Thermo Fisher Scientific), 

eluted with 0.5 M imidazole, dialyzed and applied to a glutathione column (GE 

Health-care Life Sciences, Chicago, IL). Protein was eluted with 10 mM glutathione, 

dialyzed, centrifuged, and protein quantified. Soluble, fluorescent IL4 (rhodamine-(PEG×3)­

IDEFQLLHRHRE) was synthesized by the peptide synthesis core at the University of Texas 

Southwestern. N-terminus of hDAT (WT and S/D) (2 μM) and IL4 (3 μM) were incubated 

for 2 h at RT in 25 mM HEPES (pH 7.2), 2 mM DTT, and 15 mM NaCl. Magnetic cobalt 

loaded beads were applied, incubated for 30 min, and washed three times in binding buffer. 

Beads were eluted with 0.3 M imidazole and assayed for fluorescence using TECAN Infinite 

200 Pro microplate (ex 546/em 579 ± 9 nm).

Statistical methods

Both animal and cell studies were designed using statistical power calculations considering 

means and standard errors from preliminary data. For example, our calculation rendered 

a minimum sample size of n = 6 for ex vivo animal studies (power = 80%, α = 0.05). 

We estimated a maximum attrition of 33%; thus, we needed ten animals per group. 

Shapiro–Wilk normality tests were performed to evaluate sample distributions. Appropriate 

nonparametric tests were performed to compare samples with unequal variances. Otherwise 

parametric tests were used to compare data. Experiments were performed at random, except 

when indicated. In such cases, experiments were performed paired. Appropriate statistical 

analyses were conducted to reflect the paradigm used. Preference assays were performed 

blinded to genotype. All other animal studies were performed unblinded.

Results

N-terminus/PIP2 interactions are required for AMPH-induced DAT phosphorylation

We have previously shown that neutralizing substitutions of Lys3 and Lys5 disrupt 

N-terminus/PIP2 interactions and DA efflux [6]. Here, we sought to understand the 

molecular mechanism through which N-terminus/PIP2 interactions regulate DA efflux. 

Specifically, does the interaction between the N-terminus DAT and PIP2 support DAT 

phosphorylation, which is pivotal for robust AMPH-induced DA efflux [8]? To address 

this question, we disrupted N-terminus/PIP2 interactions using hDAT K/A and hDAT K/N 

cells, where Lys3 and Lys5 were substituted for Ala or Asn, respectively, and measured 

DAT phosphorylation in response to AMPH (10 μM, 30 min) relative to hDAT WT 

cells. We quantified DAT phosphorylation by metabolic labeling (32PO4) as illustrated 

in representative autoradiographs under vehicle and AMPH conditions (Fig. 1a, top left). 
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The corresponding hDAT immunoblots for these autoradiographs are shown below (Fig. 

1a, bottom left). Post AMPH treatment, hDAT WT cells displayed an increase in hDAT 

phosphorylation relative to vehicle-treated hDAT WT cells (p = 0.002). In contrast, neither 

hDAT K/A nor hDAT K/N cells displayed a significant increase in hDAT phosphorylation 

in response to AMPH (p > 0.05). Vehicle-treated (baseline) hDAT phosphorylation was 

comparable for hDAT WT, hDAT K/A and hDAT K/N (p > 0.05) (Fig. 1a, right). Since 

Lys3 and Lys5 on the N-terminus are required for PIP2 binding, these data suggest that 

the interaction between the N-terminus and PIP2 is required for AMPH to elicit DAT 

phosphorylation.

Given PIP2’s integral role in DAT phosphorylation, we next sought to understand whether 

DAT/PIP2 interactions were required for the reverse transport of DA by phosphorylated 

DAT. We used amperometry to measure DA efflux in response to AMPH (10 μM) in 

hDAT WT cells and in cells where all N-terminal serines [2, 4, 7, 12, 13] were mutated 

to Asp (hDAT S/D) to mimic N-terminus phosphorylation. We depleted PIP2, thereby 

disrupting DAT/PIP2 interactions with phenylarsine oxide (PAO, 20 μM, 10 min), a PI-4 

kinase inhibitor, which limits the synthesis of PIP2 from phosphatidylinositol and effectively 

decreases PIP2 levels. Consistent with our previous findings in hDAT WT cells [6], PIP2 

depletion by PAO pretreatment significantly reduced AMPH-induced DA efflux compared 

with vehicle conditions (Fig. 1b, top) (p = 0.04). In contrast, in hDAT S/D cells PAO did not 

significantly reduce AMPH-induced DA efflux compared with vehicle (Fig. 1b, bottom) (p 
> 0.05). Thus, our data strongly suggest that once DAT N-terminus phosphorylation occurs, 

DAT/PIP2 interactions do not regulate DA efflux (Fig. 1b, right).

To validate these findings further, we sequestered PIP2 at the plasma membrane with a basic 

peptide (pal-HRQKHFEKRR), which consists of a palmitic acid, a fatty acid moiety that 

tethers the peptide to the plasma membrane and the putative PIP2 binding domain of the 

Kv7.2 channel [37]. This pal-HRQKHFEKRR acts as a competitive inhibitor, sequestering 

plasma membrane PIP2, and subsequently reducing AMPH-induced DA efflux in hDAT 

WT cells [6]. Here, we perfused hDAT S/D cells with DA and either the basic peptide 

pal-HRQKHFEKRR (3 μM, 10 min) or the control peptide pal-HAQKHFEAAA (3 μM, 

10 min) using a whole-cell electrode while recording DA efflux with an amperometric 

electrode (Fig. 1c, left). We found that pal-HRQKHFEKRR did not significantly change DA 

efflux relative to control peptide (Fig. 1c, right). Together, these data underscore that PIP2 

interactions are unlikely to regulate DA efflux once DAT is phosphorylated.

R443 electrostatic interactions coordinate AMPH-induced DA efflux in vitro

Increasing evidence from TRPV1, Kir2.1 and other channels suggest that the effect of PIP2 

is mediated by multiple binding sites that may have different and/or interacting functions 

[38]. Thus, we sought to understand the contribution of other putative PIP2 binding sites 

to reverse transport of DA. PIP2 binds basic amino acids, frequently in the proximity of 

hydrophobic amino acids [19, 20]. The fourth intracellular loop (IL4) of the DAT contains 

a basic motif (H442-R443-H444-R445) surrounded by hydrophobic residues, thus, a likely 

site for PIP2 binding. Indeed, our molecular dynamic simulations (see below), as well as 

others, predicted that the IL4 and more specifically, R443, is enriched and interacts with 
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PIP2 lipids [27]. To test whether this possibility had biological and functional relevance, we 

measured the effect of a charge-neutralizing substitution of R443 to Ala (R443A) on DAT/

PIP2 interactions. Purified His-eGFP-tagged hDAT WT or hDAT R443A was incubated with 

a water-soluble analog of PIP2 conjugated to an orange fluorophore (BODIPY® TMR-PIP2). 

Protein–lipid complexes were pelleted and PIP2 binding was assayed as a ratio of PIP2 to 

eGFP fluorescence. hDAT R443A displayed a significant 34.8 ± 9.9% reduction in PIP2 

binding compared with hDAT WT (p = 0.007) (Fig. 2a). The His-eGFP tag (negative 

control) had significantly diminished PIP2 binding compared with hDAT WT, as well as 

to hDAT R443A. These data demonstrate that R443 contributes to the DAT/PIP2 binding 

network.

In order to determine whether DAT functions are altered by disrupting this IL4/PIP2 

association, we first measured [3H]DA uptake in both hDAT WT and hDAT R443A cells. 

DA uptake kinetic curves for hDAT WT and hDAT R443A cells show that DA uptake is 

comparable through a range of concentrations (p > 0.05) (Fig. 2b, top). In addition, neither 

the maximal velocity of DA uptake (Vmax) nor apparent affinity for DA (Km) in hDAT 

R443A cells were significantly different from that of hDAT WT (p > 0.05) (Fig. 2b, bottom). 

Thus, DA uptake is not regulated by the electrostatic interactions of R443.

Considering our previous findings that N-terminus/PIP2 interactions support AMPH actions 

[6], we reasoned that disrupting IL4/PIP2 interactions might alter the ability of AMPH to 

cause DA efflux. Figure 2c (left) displays representative amperometric traces recorded from 

hDAT WT and hDAT R443A upon AMPH application. hDAT R443A cells displayed a 

significant 50.6 ± 15.1% decrease in AMPH-induced DA efflux relative to hDAT WT (p = 

0.003) (Fig. 2c, right). The disruption of the R443A mutation on DA efflux was so robust 

that PAO-mediated PIP2 depletion in hDAT R443A cells (as described above) did not further 

reduce DA efflux compared with vehicle (p > 0.05; Supplementary Fig. 1, bottom). In 

contrast, PAO significantly reduced AMPH-induced DA efflux in hDAT WT cells compared 

with vehicle (p = 0.04; Supplementary Fig. 1, top). Thus, the electrostatic interactions of 

R443 with PIP2 and/or other negatively charged motifs of the DAT regulate the reverse 

transport of DA (Supplementary Fig. 1, right).

Although we demonstrate no differences in DA uptake between hDAT WT and hDAT 

R443A, we used cell-surface biotinylation to confirm that this reduction in DA efflux was 

not due to changes in DAT plasma membrane expression. Surface fractions for hDAT WT 

and hDAT R443A were quantitated, normalized to total DAT (glycosylated), and expressed 

as a ratio of hDAT WT (Fig. 2d). This analysis yielded no significant differences in hDAT 

R443A and hDAT WT expression (p > 0.05).

N-terminus phosphorylation and R443 electrostatic interactions are necessary for DA 
efflux

Given the fundamental role of DAT phosphorylation in supporting DA efflux, we reasoned 

that disrupting R443 electrostatic interactions would be ineffective in regulating this process 

once the N-terminus DAT was phosphorylated. To test this, we mutated R443 to Ala in the 

hDAT S/D background (hDAT S/D R443A). We first assessed whether this mutation affected 
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DAT surface expression. This charge-neutralizing substitution at R443 did not affect DAT 

expression compared with controls (hDAT S/D) (Fig. 3a, p > 0.05).

We also quantified the forward transport of DA supported by cells expressing hDAT S/D 

R443A relative to hDAT S/D cells (Fig. 3b, top). [3H]DA uptake kinetic curves showed 

comparable uptake in hDAT S/D R443A compared with hDAT S/D cells through a range of 

DA concentrations (p > 0.05) (Fig. 3b, top). The Vmax and Km in hDAT S/D R443A were 

not significantly different from that of hDAT S/D cells (p > 0.05) (Fig. 3b, bottom). Finally, 

we measured the reverse transport capacity of hDAT S/D R443A cells compared with hDAT 

S/D in response to AMPH. Representative amperometric traces illustrated a significant 63.9 

± 0.3% reduction in DA efflux in hDAT S/D R443A cells compared with hDAT S/D cells 

(p = 0.0004) (Fig. 3c). hDAT S/D R443A cells displayed amperometric currents in response 

to AMPH, which were comparable in magnitude to previous recordings from hDAT R443A 

cells (compare Fig. 3c to Fig. 2c). These data emphasize the role of R443 in DA efflux, even 

when N-terminus phosphorylation has occurred.

To determine whether other putative PIP2 binding sites on the DAT could further modulate 

the decrease in DA efflux promoted by R443 substitution, we reduced PIP2 levels in hDAT 

S/D R443A cells by either pretreating cells with PAO or through patch delivery of a PIP2 

sequestering peptide (pal-HRQKHFEKRR) and measured DA efflux. As shown previously, 

PAO significantly reduced AMPH-induced DA efflux in hDAT WT cells compared with 

vehicle (p = 0.001; Supplementary Fig. 2A). Notably, PAO did not further inhibit DA 

efflux in hDAT S/D R443A cells compared with vehicle (p > 0.05; Supplementary Fig. 

2A). Similarly, we found that pal-HRQKHFEKRR significantly reduced DA efflux relative 

to control peptide in hDAT WT cells (p = 0.02, Supplementary Fig. 2B), but did not 

significantly affect DA efflux in hDAT S/D R443A cells (p > 0.05, Supplementary Fig. 

2B). Together, these data illustrate that once PIP2 binding to R443 is impaired, N-terminus 

phosphorylation does not rescue impairments in DA efflux, and other DAT/PIP2 interactions 

do not further regulate reverse transport of DA. These data also raise the possibility that 

an electrostatic interaction between the positively charged R443 and negatively charged, 

phosphorylated N-terminus may be important to DA efflux.

Our MD simulations showed that PIP2 coordinates the interactions between the N-terminus 

and IL4 (Supplementary Fig. 3A). However, once the N-terminus is phosphorylated, it 

interacts directly with IL4 (R443) displacing PIP2 (Supplementary Fig. 3B, Supplementary 

Movie 1). Notably, we showed in vitro that pseudophosphorylation of the N-terminus 

significantly increases its affinity for IL4 (p < 0.0001; Supplementary Fig. 3C). As indicated 

by our in vitro experiments, our MD simulations confirmed that a neutralizing substitution at 

R443 impairs the interaction between PIP2 and IL4 (Supplementary Fig. 4A, Supplementary 

Movie 2). Furthermore, R443A substitution in the presence of N-terminal phosphorylation 

weakens and eventually impairs the interaction between the anionically charged N-terminus 

and IL4 (Supplementary Fig. 4B, Supplementary Movie 3), an interaction we show is 

required for DA efflux.
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Disrupting the electrostatic interactions of R443 limits central and behavioral responses to 
AMPH

We utilized the genetic tractability of Drosophila melanogaster to study the ex vivo 

and in vivo consequences of a charge-neutralizing substitution at R443. Drosophila is a 

powerful model system to study DA signaling in vivo due to conserved mechanisms of 

DA neurotransmission, including synthesis, packaging, and transport [39]. We used phiC31­

based integration to insert our UAS-driven transgene of interest (hDAT WT or hDAT 

R443A) in the fly genome of a Drosophila DAT (dDAT) null background (DATfmn), as 

previously described [32].

We first determined whether hDAT R443A expressing flies supported normal DAT 

functions. We found that isolated hDAT R443A brains have comparable DA uptake to 

hDAT WT brains (p > 0.05) (Fig. 4a). Next, we measured the reverse transport capacity 

of DAT in hDAT WT or hDAT R443A isolated fly brains using amperometry. Upon the 

addition of AMPH, DA efflux was measured from posterior inferior-lateral protocerebrum 

1 (PPL1) neurons (Fig. 4b, white box inset), a dense cluster DA neurons that innervate the 

mushroom-body modulating reward and punishment learning [40–42]. Consistent with our 

in vitro data, hDAT R443A displayed a significant reduction in DA efflux compared with 

hDAT WT brains (p = 0.004).

Consequently, we focused on understanding the role of DA efflux in complex behaviors 

using hDAT R443A flies. We first studied an elemental behavior regulated by DA, 

locomotion. Based on our new findings that hDAT R443A supports normal DA uptake 

in Drosophila brains, we hypothesized that hDAT R443A flies would have normal circadian 

locomotor activity. Consistent with our hypothesis, circadian locomotor activity in hDAT 

R443A flies did not significantly differ from that of hDAT WT flies (Fig. 4c, p > 0.05).

Previous studies have shown that commonly abused drugs affect behavioral phenotypes in 

flies, similar to those observed in rodents and humans [29, 43, 44]. To this end, we and 

others have shown that acute AMPH exposure increases locomotor activity in Drosophila [4, 

6, 7, 45]. AMPH elicits these behaviors by increasing levels of extracellular DA, a process 

mediated (at least in part) by DA efflux [5, 46]. We reasoned that given deficits in DA 

efflux in hDAT R443A flies, AMPH-induced hyperactivity would also be diminished in 

these animals. Exposure to AMPH (1 mM, 30 min) significantly increased activity in hDAT 

WT flies compared with vehicle (Fig. 4d, p = 0.0005), but not in hDAT R443A flies relative 

to vehicle (p > 0.05). Thus, charge-neutralizing R443 blunts the acute psychomotor response 

to AMPH.

R443 electrostatic interactions selectively regulate AMPH preference

Reward is a fundamental behavior regulated across phyla by DA neurotransmission [47, 48]; 

however, the role of DA efflux in this process is not well understood. Increasing evidence 

supports DAT’s role in regulating reward [49, 50]. Thus, we took advantage of our fly 

model to determine the role of DAT-mediated DA efflux in reward processes. To quantify 

possible differences in AMPH preference in hDAT WT and hDAT R443A flies, we adapted 

the CApillary FEeding assay [51–53] to measure AMPH consumption. In this redesigned 
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paradigm, adult male flies were acclimated to custom-built testing chambers containing 

two capillaries filled with either (a) sucrose or (b) sucrose-blue food (Fig. 5a). Following 

this acclimation period, on day 1, baseline consumption, defined as a ratio of sucrose-blue 

(nLblue) to total food consumed (nLT), was measured. Consumption levels of 0.5 indicate no 

preference across the two capillaries. Levels greater than 0.5 indicate preference, and levels 

lower than 0.5 indicate aversion. On day 2, experimental groups were given the choice of (a) 

sucrose or (b) sucrose-blue food supplemented with AMPH (1 mM or 10 mM; solid lines). 

Notably, hDAT WT flies displayed preference for AMPH (day 2: 0.62 ± 0.04) compared 

with baseline (day 1: 0.46 ± 0.03; p = 0.005) (Fig. 5b). To ensure that the increase in AMPH 

consumption was not due to a developed preference for sucrose-blue food, control groups 

(dashed lines) were given the choice of (a) sucrose or (b) sucrose-blue food supplemented 

with vehicle on day 2. hDAT WT control groups (dashed black lines) did not develop 

a preference for sucrose-blue food (day 1: 0.46 ± 0.03 versus day 2: 0.46 ± 0.03; p > 

0.05). These data confirm that hDAT WT animals displayed a preference specifically for 1 

mM AMPH. Interestingly, hDAT R443A flies did not show preference for AMPH relative 

to baseline (red solid line, p > 0.05). hDAT R443A control groups also did not develop 

a preference for sucrose-blue food (red dashed line, p > 0.05). To account for potential 

changes in feeding behavior, we compared total food consumption across genotypes (hDAT 

WT versus hDAT R443A) and groups (control: vehicle versus experimental: 1 mM AMPH). 

Total food consumption on day 2 was not statistically different in control groups (lined 

bars) compared with AMPH groups (solid bars) in either hDAT WT or hDAT R443A flies 

(Supplementary Fig. 5A; p > 0.05). Moreover, total food consumption in hDAT WT (1.40 

± 0.15) compared with hDAT R443A flies (1.32 ± 0.10) exposed to 1 mM AMPH was also 

not statistically different (p > 0.05). Thus, there were no measurable changes in feeding 

across groups or genotypes. These data show that a single amino acid substitution at position 

R443 decreases the rewarding properties of AMPH in flies without altering food reward or 

consumption.

In hDAT WT flies, higher concentrations of AMPH (10 mM) resulted in a significant 

39.2 ± 1.9% decline in AMPH consumption compared with baseline (day 2 versus day 

1, p = 0.0004) (Fig. 5c). hDAT R443A flies also displayed an aversion for AMPH, 

where consumption decreased by 33.8 ± 3.9% on day 2 compared with day 1 (p = 0.03). 

Neither control groups for both hDAT WT or hDAT R443A saw a change in sucrose-blue 

food consumption on day 2 relative to baseline (p > 0.05). Given AMPHs well-known 

anorexigenic effects [54], we confirmed that aversion for AMPH was not skewed by 

significant changes in total food consumption on day 2 relative to day 1, neither in hDAT 

WT nor hDAT R443A flies (Supplementary Fig. 5b, p > 0.05). Therefore, an Arg at position 

443 is a hDAT residue that regulates AMPH reward, although it does not modulate AMPH’s 

aversive properties.

Discussion

Within the central nervous system, psychostimulant exposure modifies phospholipid profiles 

in a brain region-dependent manner [55–57]. Phospholipid levels increase in response 

to psychostimulants in the striatum and hippocampus, regions critical for drug reward 

and reinstatement, respectively [55, 58]. In contrast, phospholipid levels decrease in the 
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cerebellum [58]. Altered phospholipid levels and metabolism have also been reported in 

psychostimulant users [57, 59]. These findings support the notion that psychostimulant 

action is regulated by phospholipids and, possibly, by the interaction of phospholipids with 

plasma membrane proteins. In this study, we sought to understand how phospholipids, as 

well as their association with the DAT, regulate the psychomotor and rewarding actions of 

AMPH.

We have previously shown that pharmacologically limiting PIP2 availability impairs 

AMPH’s actions at DAT [6], as well as its ability to induce hyperlocomotion. However, how 

the interaction between PIP2 and the DAT N-terminus supported AMPH behaviors remained 

unclear. Here, we found that limiting PIP2 binding through neutralizing substitutions of Lys3 

and Lys5 at the N-terminus limits AMPH-induced DAT phosphorylation, which is required 

for AMPH actions [8–10]. Significantly, neither “sequestering” PIP2 with a positively 

charged palmitoylated peptide nor pharmacologically depleting PIP2 by inhibiting PIP2 

synthesis affected DA efflux once the DAT N-terminus had been pseudophosphorylated. 

Therefore, the electrostatic interactions between N-terminus Lys and PIP2 regulate DAT 

phosphorylation. Moreover, following DAT phosphorylation, PIP2 levels, as well as its 

interactions, are not critical to DA efflux.

Molecular dynamic simulations and biochemical experiments show that residue R443 

also contributes to PIP2 interactions. A neutralizing substitution at R443 (hDAT R443A) 

significantly decreased DAT/PIP2 interactions. Specifically, this substitution was sufficient 

to disrupt the electrostatic interactions between R443 (IL4) and PIP2, as well as 

downregulate those between PIP2 and N-terminus. Unsurprisingly, hDAT R443A displayed 

limited AMPH-induced DA efflux, suggesting that R443 electrostatic interactions are 

important for the reverse transport of DA.

Probing further the contribution of R443 to AMPH action, we found that a neutralizing 

substitution at R443 to Ala in a pseudophosphorylated hDAT (hDAT S/D) background 

(hDAT S/D R443A) reduced DA efflux relative hDAT S/D controls. Our MD simulations 

show that once phosphorylated, the N-terminus disrupts the interaction between IL4 and 

PIP2. Also, we show in vitro that pseudophosphorylation of the N-terminus increases its 

affinity for IL4. Thus, a neutralizing substitution at R443 limits the physical interaction of an 

anionically charged N-terminus (phosphorylated) with the positively charged motif at IL4, 

an interaction we believe is required for DA efflux and behaviors.

It is important to note that reducing PIP2 levels in hDAT S/D R443A cells did not further 

impair DA efflux. Once R443 electrostatics are neutralized with Ala substitution, PIP2 levels 

lose their ability to regulate DA efflux. However, in this model, we cannot exclude the 

possibility that the amino acids surrounding R443, in the positively charged motif (His442­

Arg443-His444-Arg445), also contribute to DA efflux. It is also important to consider the 

role of other DAT interacting proteins, including SYN1 and Gβγ. SYN1 interacts with 

the DAT N-terminus to support AMPH-induced DA efflux [12, 13, 60]. In addition, Gβγ 
interacts with the carboxy terminus of DAT, whereby activation of Gβγ promotes AMPH­

induced DA efflux and behaviors [14, 18]. The actions of both Gβγ and SYN1 are thought 
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to be modulated by PIP2 [14, 18, 61]. Future studies are necessary to determine how and if 

these protein–protein and protein–lipid interactions work in concert to promote DA efflux.

Notably, in this study, we show that a neutralizing substitution of R443 in the DAT reduces 

the ability of AMPH to elicit psychomotor behaviors without altering basal locomotion. 

Locomotion is a fundamental behavior that enables seeking for rewarding stimuli including 

sex, food, and drugs. AMPH induces increased locomotor activity in Drosophila as in 

mammals [4, 6, 7, 62, 63]. We found that hDAT R443A Drosophila were insensitive to 

locomotor actions of AMPH. These data are consistent with our ex vivo findings showing 

that DA efflux was significantly diminished in hDAT R443A compared with hDAT WT 

Drosophila brain. Intrigued by these results, we further explored whether R443, as well as 

DA efflux, played a role in the rewarding properties of AMPH.

Reward modulates the saliency of a specific drug exposure and is essential for the transition 

from drug exposure to addiction [64]. We developed a new behavioral paradigm to measure 

AMPH preference in Drosophila. We show that a single amino acid substitution that disrupts 

IL4 electrostatic interactions, reduces DA efflux and preference for AMPH without affecting 

aversion. Numerous human PET-fMRI studies have established a link between midbrain DA 

release/DAT availability and reward responses [49, 50]. Recent findings showed that clinical 

subgroups with the lowest DAT levels displayed the lowest functional anticipatory reward 

activation [49]. Based on these findings, it is not surprising that we found that animals with 

limited physiological responses to AMPH (i.e., DA efflux) displayed a lack of preference for 

AMPH. Finally, previous findings demonstrated inverted responses to higher concentrations 

of AMPH [54, 65]. Here, in flies, we show that high AMPH concentrations cause aversion. 

In contrast to AMPH preference, in our animal model, neutralizing the electrostatic 

interaction of R443 did not affect aversion. Thus, AMPH aversion in Drosophila is likely 

mediated by mechanisms that are independent of reverse transport of DA and/or are DAT 

independent [66]. One possibility is that at higher concentrations, the bitter taste of AMPH 

itself drives an aversive response. Alternatively, AMPH aversion may also be regulated by 

glutamatergic and serotonergic inputs [67, 68] that are modified by AMPH and fine-tuned 

DA neurons. Recent studies in Drosophila illustrate that preference for other stimulants such 

as cocaine is sex-specific, thus, further studies to determine this potential contribution for 

AMPH preference are necessary.

We sought to understand the molecular mechanism through which structural domains of the 

DAT regulate the psychomotor and rewarding properties of AMPH. We developed a novel 

behavioral paradigm in Drosophila to quantify AMPH’s rewarding properties by measuring 

relative preference for AMPH and associate it with the ability of AMPH to cause DA efflux 

in brain. We uncovered how a specific residue in the DAT tightly regulates DA efflux and the 

rewarding properties of the psychostimulant AMPH.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. PIP2/N-terminus interactions regulate DAT phosphorylation, a posttranslational 
modification that supports PIP2 independent DA efflux.
a hDAT WT, hDAT K/N, or hDAT K/A cells were labeled with 32P prior to vehicle 

or AMPH (10 μM, 30 min) incubation. Equal amounts of DAT determined by 

immunoblotting were immunoprecipitated and subjected to SDS-PAGE/auto-radiography. 

Left: representative autoradiographs showing hDAT phosphorylation after vehicle or AMPH 

exposure, along with respective immunoblots of total hDAT. Right: DAT phosphorylation 

is quantified as 32P labeling normalized to basal hDAT 32P labeling. hDAT WT 
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phosphorylation increased post-AMPH treatment relative to vehicle (n = 4; F(2, 18) = 5.05, p 
= 0.002). In hDAT K/N and hDAT K/A cells, displayed no changes in DAT phosphorylation 

in response to AMPH compared with vehicle (p > .05). b Left: representative traces of 

amperometric currents recorded from hDAT WT (black traces) and hDAT S/D (green traces) 

preincubated in either vehicle or PAO (20 μM, 10 min) and subsequently treated with AMPH 

(10 μM; indicated by arrow). Right: quantitation of mean peak current amplitudes in hDAT 

WT and hDAT S/D cells. Preincubation with PAO significantly decreased DA efflux in 

hDAT WT cells (0.33 ± 0.04 pA) with respect to vehicle (0.16 ± 0.02 pA; p = 0.03; n = 4), 

but not in hDAT S/D cells (vehicle: 0.38 ± 0.06 pA, PAO: 0.35 ± 0.05 pA; p > 0.05; n = 4). c 

Representative traces from hDAT S/D cells after whole-cell patch delivery of control peptide 

(3 μM, pal-HAQKHFEAAA) or PIP2 sequestering peptide (3 μM, pal-HRQKHFEKRR) to 

the cytoplasm of the cell prior (10 min) to the application of AMPH (10 μM, indicated 

by arrow). Delivery of control or PIP2 sequestering peptides resulted in comparable peak 

currents in response to AMPH (n = 4; p > 0.05). Data are presented as mean ± SEM. 

Two-way ANOVA with Bonferroni’s multiple comparison test: a, b; Student’s t test: c.
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Fig. 2. R443A substitution reduced PIP2 binding and inhibited AMPH-induced DA efflux in 
vitro.
a hDAT WT or hDAT R443A (containing a His-eGFP tag on the N-terminus) were purified 

from cellular extracts. Solubilized hDAT WT or hDAT R443A proteins were incubated with 

a water-soluble analog of PIP2 conjugated to an orange fluorophore (BODIPY® TMR-PIP2). 

Specific binding was quantified as a ratio of PIP2 fluorescence to eGFP. Minimal PIP2 

binding was measured in the presence of His-eGFP only (0.16 ± 0.05 AU) relative to hDAT 

WT (1.38 ± 0.12 AU) or hDAT R443A (0.90 ± 0.24 AU) (F(2,9) = 55.11, p < 0.0001; 

n = 4). hDAT R443A displayed a 34.8 ± 9.9% reduction in PIP2 binding compared with 

hDAT WT (p = 0.007). b Top: average 3[H]DA saturation curves of DA uptake measured 

in hDAT WT (closed squares) or hDAT R443A (open squares) cells (n = 4, in triplicate). 

Curves were fit to Michaelis–Menten kinetics to derive Km and Vmax. DA uptake for hDAT 

R443A was comparable to hDAT WT at every DA concentration measured (F(1,120) = 1.40, 

p > 0.05), as were the kinetic constants, Km and Vmax (p > 0.05). c Left: representative 

traces of amperometric currents (DA efflux) recorded from hDAT WT (top) and hDAT 
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R443A (bottom) cells, in response to AMPH application (10 μM, indicated by arrow). 

Right: quantitation of peak current amplitudes. hDAT R443A display a 50.6 ± 15.1% 

decrease in AMPH-induced DA efflux relative to hDAT WT (p = 0.003; n = 14). d Left: 

representative immunoblots of surface hDAT (top), total (glycosylated and nonglycosylated) 

hDAT (middle), and actin as loading control (bottom). Right: hDAT expression is quantified 

as a ratio of surface to total glycosylated hDAT normalized to hDAT WT. hDAT R443A and 

hDAT WT had comparable expression (p > 0.05; n = 6, in triplicate). Data are presented as 

mean ± SEM. One-way ANOVA with Bonferroni’s multiple comparisons test: a; two-way 

RM ANOVA with Bonferroni’s multiple comparison test: b; Student’s t test: b, d; Wilcoxon 

matched-pairs signed rank test: c.
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Fig. 3. Disrupting R443 electrostatic interactions inhibits DA efflux independent of DAT N­
terminus phosphorylation.
a Left: representative immunoblots of surface hDAT (top), total hDAT (middle), and actin 

(bottom). Right: hDAT expression is quantified as a ratio of surface to total glycosylated 

hDAT normalized to hDAT S/D. hDAT S/D R443A had comparable expression to hDAT S/D 

(p > 0.05; n = 4 in triplicate). Dashed lines indicate separate sets of experiments. b Top: 

average 3[H]DA uptake kinetics measured in hDAT S/D R443A (gray line open squares) 

and hDAT S/D (green line closed triangle) cells (n = 4, in triplicate). Curves were fit to 

Michaelis–Menten equation to derive Km and Vmax. Bottom: the Vmax and Km for hDAT 

S/D R443A were comparable to hDAT S/D cells (p > 0.05). c Left: representative traces 

of DA efflux recorded from hDAT S/D (green trace) and hDAT S/D R443A cells (gray 

trace) in response to AMPH application (10 μM, indicated by arrow). Right: quantitation 

of peak current amplitudes (n = 9–10). DA efflux from hDAT S/D R443A (0.15 ± 0.02 

pA; p = 0.01) was significantly lower compared with hDAT S/D cells (0.42 ± 0.07 pA; p 
= 0.0004). Data are presented as mean ± SEM. Student’s t test: a–c; two-way RM ANOVA 

with Bonferroni’s multiple comparison test: b.
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Fig. 4. hDAT R443A limits central and behavioral responses to AMPH.
a hDAT WT or hDAT R443A was expressed in DA neurons in a dDAT KO (fmn) 

background. 3[H]DA uptake (200 nM, 10 min) was measured in adult isolated Drosophila 
brain (n = 5). DA uptake measured in hDAT WT flies (86.9 ± 13.7 fmol/brain) was 

comparable to that measured in hDAT R443A flies (76.9 ± 9.9 fmol/brain; p > 0.05). b 
Left: representative traces of amperometric currents recorded from a dense cluster of DA 

neurons (PPL1, boxed in inset) in response to AMPH application (20 μM; indicated by 

arrow) in hDAT WT (black trace) and hDAT R443A (red trace) brains. Right: quantitation 
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of peak current amplitudes. hDAT WT flies displayed higher peak currents (0.40 ± 0.11 

pA) than hDAT R443A flies (0.08 ± 0.02 pA; n = 6; p = 0.004). c Left: locomotor activity 

was assayed over a 24-h period including both the light (horizonal white bar) and dark 

(horizontal black bar) cycle. Circadian activity curves show average beam crosses (20-min 

interval) during the 24-h period for hDAT WT (black line) and hDAT R443A (red line) 

Drosophila. Right: cumulative beam crosses were not significantly different for hDAT WT 

(654 ± 61) versus hDAT R443A Drosophila (879 ± 110; p > 0.05; n = 16). d Locomotor 

activity was measured after a 30-min exposure to vehicle or 1 mM AMPH. The total beam 

crosses increase in the AMPH (12.8 ± 1.9; n = 39) compared with vehicle group (5.4 ± 0.9; 

n = 38) of hDAT WT Drosophila (F(1,138) = 11.83, p = 0.0005). In hDAT R443A Drosophila, 

AMPH (10.3 ± 1.2; n = 36; p > 0.05) did not increase the total beam crosses compared with 

vehicle group (8.5 ± 0.5; n = 29) and with respect to hDAT WT vehicle group (p > 0.05). 

Data are presented as mean ± SEM. Student’s t test: a, c; Mann–Whitney test: b; two-way 

ANOVA with Bonferroni’s multiple comparison test: d.

Belovich et al. Page 24

Mol Psychiatry. Author manuscript; available in PMC 2021 June 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. In a two-choice consumption paradigm, hDAT R443A flies display diminished AMPH 
preference and continued AMPH aversion.
a Schematic illustrating a two-choice consumption paradigm developed to measure AMPH 

preference in flies. The paradigm is comprised of three 24-h testing periods: acclimation, 

baseline, and preference, where capillaries were replaced every 24-h period to measure 

AMPH consumption. Adult Drosophila were placed in custom chambers containing two 

volumetric capillaries filled with either clear (100 mM sucrose) or blue food (100 mM 

sucrose, 500 μM blue). During AMPH preference testing, blue food was supplemented 

with either AMPH (1 mM or 10 mM) for experimental groups (solid line) or vehicle for 
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control groups (dashed line). Preference is presented as a ratio of blue food to total food 

consumption. b Left: hDAT WT Drosophila exposed to 1 mM AMPH (solid black line) 

consumed more AMPH (61.5 ± 4.0%) relative to baseline vehicle (46.3 ± 2.8%; n = 12–13, 

F(1, 49) = 5.23, p = 0.005). hDAT WT control groups consumed equal amounts of blue 

food during day 1 (45.8 ± 3.1%) and day 2 (46.0 ± 3.0%; n = 14; p > 0.05). Right: hDAT 

R443A Drosophila (solid red line) did not consume more AMPH (57.4 ± 2.4%) compared 

with baseline vehicle (51.1 ± 2.8%; n = 13, F(1, 50) = 0.86, p > 0.05). hDAT R443A control 

groups consumed comparable amounts of blue food during day 1 (46.7 ± 2.6%) and day 2 

(48.3 ± 2.2%; n = 14, p > 0.05). c Left: hDAT WT Drosophila exposed to 10 mM AMPH 

(solid black line) consumed drastically less AMPH (33.5 ± 5.9%) compared with baseline 

vehicle (54.9 ± 2.5%; n = 12; F(1,44) = 9.55, p = 0.0004). Control groups for hDAT WT 

(black dashed line) consumed comparable food on day 1 and day 2 (n = 12; p > 0.05). 

Right: hDAT R443A Drosophila consumed significantly less 10 mM AMPH (35.0 ± 5.6%) 

compared with baseline vehicle (52.9 ± 5.9%; n = 11; F(1,39) = 5.18, p = 0.03). Control 

groups for hDAT R443A (red dashed line) consumed comparable food on day 1 and day 2 

(n = 10–11; p > 0.05). Each data point represents the mean of 10–14 measurements ± SEM. 

Two-way ANOVA with Bonferroni’s multiple comparison test: b, c.
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