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The dopamine (DA) transporter (DAT), which mediates the inactivation of released DA 

through its reuptake, is a primary molecular target for psychostimulants.1,2 Cocaine and 

methylphenidate (MPH) exert their psychostimulant properties by blocking DA reuptake, 

leading to the elevation of extracellular DA.2 In contrast, amphetamine (AMPH) acts as a 

substrate for DAT and subsequently induces non-exocytotic DAT-mediated release of DA 

(DA efflux).2 Here we use a Drosophila behavioral assay to delineate the signaling 

mechanisms that modulate DAT-mediated AMPH-induced behavior in vivo. Understanding 

these mechanisms is critical to understanding how the actions of AMPH might be blocked 

therapeutically, while simultaneously preserving DA transport.

Multiple lines of evidence suggest that kinase activity can modulate DAT function and, more 

specifically, AMPH action on DAT. Both calcium/calmodulin kinase II alpha (CaMKII) and 

protein kinase C (PKC) can phosphorylate an N-terminal DAT peptide in vitro3 and 

inhibiting the activity of either kinase attenuates AMPH-induced DA efflux in rodent 

striatial slices.3,4 Data from CaMKII and PKC knockout mice suggest a role for these 

kinases in regulating AMPH action in vivo.5,6 However, it is difficult to ascertain from these 

studies using global knockout strategies whether the observed effects on AMPH-induced DA 

efflux are mediated directly through alterations in DAT phosphorylation or whether they 

arise indirectly through phosphorylation of other targets or through circuit effects.
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Recently we showed that phosphorylation of the N-terminus of DAT is essential for AMPH-

induced, but not MPH-induced hyperlocomotion in Drosophila. Larvae respond to either 

AMPH or MPH by increasing their crawling velocity, and a null mutation in Drosophila 
DAT (dDATfmn) abolishes these locomotor responses.7 Expression of wild-type human 

(hDAT) in DA neurons of dDATfmn mutants rescues the response to either psychostimulant.7 

In contrast, expression of a phospho-deficient mutant hDAT (hDAT-S/A) rescued only the 

response to MPH but not to AMPH,7 consistent with studies showing that DAT 

phosphorylation is required for AMPH-induced DA efflux but not for DA reuptake in 

heterologous cultured cells.3,8 Using the tractable Drosophila system, we have now 

determined whether CaMKII is required specifically in DA neurons for AMPH-induced 

behavior. To inhibit the activity of CaMKII, we used a UAS-driven highly selective 

inhibitory peptide (CaMKIINtide).9 We expressed CaMKIINtide in DA neurons of larvae 

using the tyrosine hydroxylase (TH) GAL4 driver.10 These larvae were fed either vehicle or 

AMPH and their speed of locomotion was measured as previously described.7 Larvae 

expressing CaMKIINtide in DA neurons (UAS-CaMKIINtide(2x)/TH-GAL4) failed to 

increase their crawling velocity in response to AMPH in contrast to control larvae without 

TH-Gal4 (UAS-CaMKIINtide(2x)/+), which exhibited significant hyperlocomotion (Figure 

1a). Expression of CaMKIINtide in DA neurons did not inhibit MPH-induced 

hyperlocomotion (Figure 1b), consistent with our previous finding that phosphorylation of 

DAT is not required for the behavioral response to this DA uptake inhibitor.7 We also found 

that co-expression of CaMKIINtide with hDAT in DA neurons of mutant larvae that lack 

dDAT (dDATfmn; TH-GAL4, UAS-hDAT/UAS-CaMKIINtide(2x)) blunted AMPH-induced 

but not MPH-induced hyperlocomotion (Figures 1c and d, respectively). These data show 

that CaMKII is essential specifically in DA neurons for both dDAT-mediated and hDAT-

mediated AMPH-induced hyperlocomotion in Drosophila. They also suggest that CaMKII 

activity is not required for DA uptake in vivo, as the response to MPH was unaffected in its 

absence.

To examine whether the role of CaMKII is mediated via DAT phosphorylation, we 

determined whether pseudophosphorylation of the DAT N-terminus can decouple the 

AMPH-induced behavior from the activation state of CaMKII. Previously we demonstrated 

that a mutant hDAT (hDAT-S/D), which mimics constitutive phosphorylation by mutation of 

the five N-terminal serines to aspartates, could restore AMPH-induced hyperlocomotion in 

dDAT mutant larvae.7 When we expressed hDAT-S/D in animals where CaMKII was 

inhibited (dDATfmn; TH-GAL4, UAS-hDAT-S/D/UAS-CaMKIINtide(2x)) we found that the 

response to AMPH was restored (Figure 1e). In contrast, larvae expressing wild-type hDAT 

(dDATfmn; TH-GAL4, UAS-hDAT/UAS-CaMKIINtide(2x)) failed to respond to AMPH 

(Figure 1e). These data, combined with in vitro studies that show that CaMKII associates 

with the C-terminus of DAT and phosphorylates an N-terminal DAT peptide,3 suggest that 

CaMKII mediates AMPH-induced hyperlocomotion by promoting DAT phosphorylation, 

although further experiments will be required to confirm CaMKII-mediated DAT 

phosphorylation in vivo.

The role of PKC in DAT phosphorylation and AMPH-induced DA efflux remains unclear. 

The two kinases might act in parallel given their demonstrated ability to phosphorylate 

DAT,3 although our data suggest a more complex interaction, as AMPH-induced 
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hyperlocomotion is completely blocked by CaMKIINtide. A PKC-mediated mechanism 

should not be blocked unless CaMKII functions downstream of the actions of PKC. 

Furthermore, expressing a PKC inhibitor peptide11 in DA neurons of larvae (UAS-
PKCi/TH-GAL4) did not inhibit the AMPH-induced hyperlocomotion; larvae exhibited a 

24% increase in speed (P<0.001) upon AMPH treatment (data not shown). Still, although 

this construct has previously been shown to inhibit PKC function,11 it is unclear whether it 

targets all fly PKC isoforms, of which there are at least five that may play redundant and/or 

compensatory roles.12 Therefore, further experiments will be required to determine the 

precise role of PKC in AMPH-induced behavior.

Understanding the mechanisms that modulate CaMKII activity in response to AMPH will be 

critical for understanding the actions of AMPH and how they can be blocked therapeutically. 

This may be particularly relevant in the case of AMPH-induced sensitization, as signaling 

through CaMKII can play a key role in regulating synaptic plasticity.13 Furthermore, as the 

signaling pathways that regulate efflux become clearer, it is possible that a physiological role 

for DA efflux through DAT, independent of its role in psychostimulant action, might be 

revealed.
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Figure 1. 
(a) Control larvae carrying non-driven UAS-CaMKIINtide responded to amphetamine 

(AMPH) by significantly increasing their crawling speed. CaMKIINtide driven by TH-

GAL4 blunted the locomotor response. (b) Control larvae with either non-driven 

CaMKIINtide or CaMKIINtide driven by TH-GAL4 responded to methylphenidate (MPH) 

by significantly increasing their locomotor speed. (c–e) Experiments were performed in a 

dDATfmn null mutant background. (c) CaMKIINtide driven by TH-GAL4 inhibited the 

AMPH response mediated by human DAT (hDAT). (d) CaMKIINtide driven by TH-GAL4 

did not inhibit the MPH response mediated by hDAT. (e) Expression of mutant hDAT-S/D 

rescued the response to AMPH that was blunted by CaMKIINtide. In all panels, UAS-

CaMKIINtide indicates larvae carrying 2 copies of the transgene. Boxplots represent the 

median as the middle line, with the lower and upper edges of the boxes representing the 25% 

and 75% quartiles, respectively, and the whiskers representing the 5% and 95% quantiles. 

Asterisks indicate the statistical significance of the difference in mean velocity of larvae-fed 

drug as compared to larvae of the same genotype-fed vehicle, as determined using the 
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nonparametric Mann–Whitney–Wilcoxon test using GraphPad Prism (NS P>0.05, 

***P<0.001).
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