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Abstract

Dopamine neurotransmission is thought to play a
critical role in addiction, reinforcing mechanisms of
drugs of abuse. Electrochemical techniques have been
employed extensively for monitoring in vivo dopamine
changes in the brains of model organisms including
rats, mice, and primates. Here, we investigated the
effects of several stimulants on dopamine clearance
using recently developed microanalytical tools for
in vivo electrochemical measurements of dopamine in
the central nervous system ofDrosophila melanogaster.
A cylindrical carbon-fiber microelectrode was placed
in the protocerebral anterior medial region of the
Drosophila brain (an area dense with dopamine neu-
rons), while a micropipet injector was positioned to
exogenously apply dopamine. Background-subtracted
fast-scan cyclic voltammetry was carried out to quan-
tify changes in dopamine concentration in the adult fly
brain. Clearance of exogenously applied dopaminewas
significantly decreased in the protocerebral anterior
medial area of the wild-type fly following treatment
with cocaine, amphetamine, methamphetamine, or
methylphenidate. In contrast, dopamine uptake re-
mained unchanged when identical treatments were
employed in fumin mutant flies that lack functional
dopamine transporters. Our in vivo results support
in vitro binding affinity studies predicting that these
four stimulants effectively block normal Drosophila
dopamine transporter function. Furthermore, we
found 10 μM to be a sufficient physiological cocaine
concentration to significantly alter dopamine trans-
porter uptake in theDrosophila central nervous system.
Taken together, these data indicate dopamine uptake

in the Drosophila brain is decreased by psychostimu-
lants as observed inmammals. This validates the use of
Drosophila as amodel system for future studies into the
cellular and molecular mechanisms underlying drug
addiction in humans.

T
he psychomotor stimulant drugs cocaine, am-
phetamine, andmethylphenidate all bind to the
dopamine transporter and alter its function,

increasing extracellular dopamine levels in the brain.
The dopamine transporter is the plasma membrane
protein primarily responsible for clearing dopamine
from the extracellular space, which leads to the termina-
tion of dopamine neurotransmission (1, 2). Several lines
of evidence have demonstrated that increased extracel-
lular dopamine levels underlie the reinforcing and ad-
dictive properties exhibited by drugs of abuse (3, 4). It is
well established that cocaine blocks dopamine uptake
via the dopamine transporter to elevate the extracellular
dopamine concentration (5, 6), and more recently it has
been thought to affect the serotonin and norepinephrine
transporters aswell (7, 8).Amphetaminehas dual effects
on dopamine transport activity, both inhibiting dopa-
mine uptake and inducing reverse transport through
the dopamine transporter (9-11). Methylphenidate, a
commonly prescribed medication for the treatment of
attention deficit hyperactivity disorder (12), blocks the
dopamine transporter and increases the synaptic dopa-
mine concentration (13, 14). While methylphenidate is
abused by humans and has a similar affinity for the
dopamine transporter as cocaine (6), abuse is not as
widespread as that of cocaine. The pharmacokinetics of
the two drugs is thought to contribute to the difference
observed in their addictive properties (15). Neurochem-
icals in the central nervous system (CNS) associated
with addiction have been investigated for several dec-
ades; however, the mechanisms underlying stimulant
addictions and the behaviors they elicit are still not fully
understood.
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Animal model systems including rats, mice, and
primates have been used for several decades to study
the effects of psychostimulants on dopamine transpor-
ter function (3, 7, 16, 17). Recently, there is accumulat-
ing evidence for the validity of using Drosophila
melanogaster as a model system for neurotransmission
(18, 19). Themonoamines dopamine and serotonin play
significant roles in regulating diverse physiological pro-
cesses including attention, motivation, and addiction in
humans and have been found to exert similar functions
in the fly (20-23).When exposed to cocaine, nicotine, or
ethanol, Drosophila exhibits behavioral responses akin
to those displayed by mammals (24-28). In addition to
the above-mentioned monoamines, octopamine is a
major neurotransmitter in the CNS of invertebrates.
Similar to norepinephrine in mammals, octopamine
dynamics in Drosophila are affected by exposure to
cocaine (29). Although behavioral studies are a crucial
aspect of investigating psychostimulant actions, in vivo
quantification of neurochemicals would greatly im-
prove understanding of molecular and cellular path-
ways behind the reinforcing and addictive effects of a
drug.

The electroactive nature of several neurotransmitters
makes in vivo electrochemistry an ideal approach for
measuring chemical changes in the brain. Uptake stu-
dies on both exogenously applied dopamine and stimu-
lated dopamine release have been characterized in vivo
using voltammetry and chronoamperometry techniques
(30-32). Fast-scan cyclic voltammetry (FSCV) coupled
with carbon-fiber microelectrodes is a valuable method
for quantification of biogenic amines in the CNS be-
cause of its chemical selectivity and subsecond temporal
resolution (33-35), and it has been used in rats, mice,
Drosophila flies, andDrosophila larvae (5, 36-38).Here,
we utilized recently developed microanalytical techni-
ques to measure changes in the uptake of exogenously
applied dopamine in the CNS of adult Drosophila with
treatments of cocaine, amphetamine, methampheta-
mine, or methylphenidate. The physiological stimulant
concentrationnecessary to significantly block uptake by
the dopamine transporter was approximately 10 μM.

Results and Discussion

Dopamine Uptake in Wild-Type vs fmn Mutant
Flies Following 1.0 mM Cocaine Treatment

Microanalytical techniques developed for in vivo
electrochemical detection in Drosophila provide a me-
thod for studying the physiological effects of drug treat-
ments on redox-active neurotransmitters. Previously,
we have characterized exogenously applied dopamine
uptake using electrochemical detection with a carbon-
fiber microelectrode inserted into the protocerebral
anterior medial (PAM) area of an adult Drosophila

brain (38). In this study, we utilized this procedure to
explore dopamine neurotransmission in the Drosophila
CNS. Dopamine neuronal cell bodies are clustered
together in several distinct areas throughout the
Drosophila brain with the largest neuronal cluster lo-
cated in the PAM region projecting to the nearby
mushroom body (39-41), a key brain structure for
learning and memory (42). Octopamine levels in this
particular brain region are insignificant, simplifying
measurements of dopamine. Thus, we focused our
in vivo investigation of dopamine uptake in Drosophila
on the PAM area.

Following microsurgery, a micromanipulator was
used to insert the cylindrical working electrode into
the PAM region while the reference electrode was
submerged in the AHL saline bath covering the exposed
fly brain. Small amounts of dopamine were ejected just
above the PAM area, approximately 10 μm from the
working electrode, with a single micropipet injector.
FSCV was used to monitor changing dopamine levels
in the CNS of both wild-type and fmn mutants over
time. Voltammetry was performed by applying poten-
tial in a triangular waveform (scanning from-0.6 V to
þ1.0 V then back to -0.6 V vs a Ag/AgCl reference
electrode) to the electrode, while the current response
was recorded. This waveform was applied at 200 V/s
every 100 ms throughout the length of an experiment.
To visualize changes over time, a false-color representa-
tion of current is used (Figure 1A) where the green
corresponds to the oxidation of dopamine, and the
reduction of the orthoquinone is represented in blue
(33). The current response was converted to dopamine
concentration using in vitro electrode calibration. The
peak dopamine concentrationmeasured is referred to as
[DA]max, which is an established parameter for measur-
ing changes in uptake of extracellular dopamine (17). In
addition to [DA]max, another parameter used to com-
pare dopamine clearance between the two fly genotypes
is t1/2, the full width of time at half-maximum of the
dopamine concentration (Figure 1B).

The validity of using [DA]max to compare changes in
dopamine uptake via the functional dopamine trans-
porter in wild-type flies vs the nonfunctional dopamine
transporter in fmn flies has been demonstrated (38).
Here, [DA]max was used to investigate the effectiveness
of a known dopamine uptake inhibitor, cocaine, on
blocking uptake by the Drosophila dopamine transpor-
ter in vivo. A 1.0 mM dopamine solution was exogen-
ously applied to the PAM area for 1.0 s (corresponding
to ∼150 pmol of dopamine ejected), and the cur-
rent response was recorded for 3 min (Figure 2A,B,
“baseline 1”). Following three baseline measurements,
the fly brain was bathed with 1.0 mM cocaine in AHL
saline for 5 min, and then the current response
was recorded over time following dopamine injection
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(“5 min cocaine”). Cocaine treatment was continued
and dopamine injections were repeated every 5 min
while the current response was recorded.

The representative cyclic voltammogram in Figure 2C
is a background-subtracted average of ten succes-
sive cyclic voltammograms acquired during an in vivo
dopamine baseline measurement from an adult wild-
type fly brain (dashed red line). A background-sub-
tracted average of ten successive cyclic voltammograms
of exogenously applied dopamine following 15 min of
1.0 mM cocaine treatment is plotted for comparison
(solid black line). Both voltammograms are from the
time period when [DA]max was measured, and by
inspection, the voltammetric peaks correspond to the
electrochemical signature of dopamine (35, 43). After a
1.0 mM cocaine treatment, a 3-fold increase in [DA]max

was observed for the adult wild-type fly (Figure 2A),
while the [DA]max of the fmn mutant fly (Figure 2B)
remained unchanged. Notably, comparison of the base-
line measurements in Figure 2A,B shows a significant
difference between the two fly types following exogen-
ous dopamine application. Less dopamine is detected in
the wild-type flies vs the fmn flies, which is likely due to
dopamineuptakeby the functional transporter, which is

present only in the wild-type flies. This observation has
been reported in detail previously (38). Upon compar-
ison of the two genotypes, wild-type flies exhibited
a significantly increased normalized [DA]max with 1.0
mM cocaine treatment compared with fmnmutant flies
with the same treatment (Figure 3; two-way analysis of
variance (ANOVA); p=0.0002 for interaction, n=6).
To account for slight differences in dopamine injector

Figure 1. In vivo detection of exogenously applied 1.0 mM dopa-
mine in the adult Drosophila brain: (A) applied potential vs time
gives a visual representation of successive voltammograms with
current viewed in false color; (B) dopamine concentration plotted
over time. Dopamine concentration was determined from the
measured current using an in vitro calibration average of three
electrodes. The black arrow corresponds to a 1.0 s dopamine
application beginning at 5.0 s.

Figure 2. Effect of 1.0 mM cocaine treatment on uptake of an
exogenously applied 1.0 mM dopamine solution: (A) Representa-
tive concentration trace of exogenously applied dopamine in the
wild-type fly before (baseline 1, 2) and after 1.0 mM cocaine
treatment. A significant increase in dopamine concentration was
observed. (B) Representative concentration trace of exogenously
applied dopamine in the fmn mutant fly before (baseline 1, 2) and
after cocaine treatment. No significant change was observed for
the fmn mutant fly. Dopamine concentration was determined by
converting the measured current using in vitro electrode calibration.
The black arrow corresponds to a 1.0 s dopamine application
beginning at 5.0 s. (C) Background-subtracted fast-scan cyclic
voltammogram of baseline dopamine (dashed red line) compared
with dopamine after 15 min of 1.0 mM cocaine treatment
(solid black line) in the wild-type fly (average of 10 scans).
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positioning between flies, the [DA]max from two of the
dopamine baseline measurements for a fly were aver-
aged together, and all measurements for that fly were
calculated as a percent of the average baseline measure-
ment (i.e., [DA]max normalized) (38, 44, 45). The maxi-
mum effect of the cocaine treatment on the wild-type
flies was observed within 10 min and remained fairly
constant for over 20 min of cocaine treatment, while
neither genotype experienced a significant change in t1/2.
These observations indicate that cocaine effectively
blocks the Drosophila dopamine transporter function
in vivo.

Determination of the Physiological Cocaine
Concentration in the Drosophila Brain Region

To estimate the concentration of the 1.0 mM cocaine
solution in the PAM area, APAPwas used to mimic the
bath application method of the cocaine treatment.
APAP was selected because it is an electroactive mole-
cule that is thought toundergoneither rapidmetabolism
nor uptake by monoamine transporters, thus allowing
only the oxidation current fromdiffusion of the 1.0mM
bath solution into the brain region to be measured (46).
Furthermore, detection of APAP using voltammetry is
well documented (47, 48). To determine the physiologi-
cal drug concentration in the Drosophila brain region
from a 1.0 mM bath application over the experimental
time period, a carbon-fiber microelectrode was placed
in the PAM region of Drosophila, and the fly head
was bathed in 1.0 mM APAP in AHL saline solution.
Background-subtracted FSCV was performed to mea-
sure the current in vivo from oxidation of APAP at
the surface of the implanted electrode (Supplemental
Figure 1A, Supporting Information). The peak oxida-
tion current was converted to APAP concentration,
[APAP], using in vitro electrode calibration with APAP
(Supplemental Figure 1B, Supporting Information).

The actual [APAP] in the Drosophila brain, or the
physiological [APAP], is approximately 2 orders of
magnitude lower (12 ( 5 μM, n = 3 flies) than the
applied 1.0 mM bath [APAP]. While the concentration
that diffuses into the tissue might differ slightly between
cocaine and APAP due to the distinct properties of the
two species, such as diffusion rate and relative perme-
ability into the tissue, this difference is insignificant
compared with the high resistance to diffusion of the
brain tissue. When these calculations are applied to the
cocaine solutions, a 1.0 mM cocaine bath application
corresponds to approximately a 12 μMor 0.004 mg/mL
cocaine concentration in the PAM area. This is signifi-
cantly lower than that used in a study by Hirsh and
colleagues where 0.5 mg/mL cocaine was applied di-
rectly to Drosophila nerve cords (20). Interestingly, our
physiological cocaine concentration is consistent with a
recent report by Venton and co-workers, which found
that 10 μM cocaine was sufficient to effectively block
serotonin reuptake by serotonin transporters located in
the ventral nerve cords of Drosophila larvae (37).

Drosophila Dopamine Transporter Inhibition
as a Function of Cocaine Concentration

Electrochemical detection with FSCV was used to
investigate the effect of three different concentrations of
cocaine (0.05, 0.5, or 1.0 mM) on dopamine uptake
by the Drosophila dopamine transporter. The fly was
prepared for in vivo electrochemical measurements
(vide supra) and bathed with 0.05 mM cocaine in AHL
saline after the baseline dopamine measurements were
acquired. Voltammograms of 1.0 mM dopamine injec-
tions were obtained every 5 min. Figure 4 is a compar-
ison of the normalized [DA]max for wild-type vs fmn
mutant flies after separate treatments for 10 min with
0.05, 0.5, or 1.0 mM cocaine. We used a two-way
ANOVA to analyze the comprehensive data at all doses
and a significant difference in normalized [DA]max was
observed between the two fly genotypes and the cocaine
concentration (two-wayANOVA; p<0.0001 for geno-
type, concentration, and interaction, n = 6 for each
concentration and genotype). In addition, wild-type
flies incubated with 1.0 mM cocaine had significantly
increased normalized [DA]max compared with control
measurements of AHL saline only (one-way ANOVA;
p < 0.0001, followed by post hoc Tukey pairwise com-
parisons; p < 0.0001, n = 6). Higher dopamine con-
centrations were detected in wild-type flies treated with
0.5 mM cocaine as well; however, the effect was not as
robust as that observed with the 1.0 mM cocaine treat-
ment ([DA]max increased ∼20% vs ∼125% compared
with AHL treatments). When the applied cocaine con-
centration was further decreased to 0.05 mM, there was
no significant difference in the normalized [DA]max for
wild-type flies fromAHL saline measurements. Neither

Figure 3. Comparison of wild-type and fmn mutant flies when 1.0
mM dopamine was exogenously applied before and after 1.0 mM
cocaine treatment. There is a significant increase in normalized
[DA]max for wild-type flies vs fmn flies with cocaine treatment
(mean ( SEM; two-way ANOVA; p = 0.0002 for interaction,
n=6). The black arrow corresponds to the beginning of the 1.0mM
cocaine treatment.
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fly genotype exhibited a significant change in [DA]max

frombaseline dopaminemeasurements when onlyAHL
saline (no cocaine) was applied in a control experiment
(one-way ANOVA; p>0.05, n=6). Only the baseline
measurements fromtheAHLsaline control experiments
(no cocaine) are plotted for simplicity. There was no
significant difference between baseline measurements
for wild-type and fmn flies that were later treated with
cocaine vs AHL saline measurements for wild-type and
fmn flies (p>0.05, n=6). The fmnmutant flies lacking
the dopamine transporter exhibited no change in extra-
cellular dopamine concentration after 0.05, 0.5, or
1.0 mM cocaine treatment (one-way ANOVA; p=0.9,
n=6). Therefore, at the 1.0mMconcentration, cocaine
appears to overcome a threshold concentration and
significantly blocks the Drosophila dopamine transpor-
ter in vivo. These data are consistent with the effect of
cocaine on mammalian dopamine transporter function
(5, 8) and with observations previously made with this
technique (38). These findings support the use of Dro-
sophila as a model system for studying pharmacology
effects in vivo. Although the effect of volatilized cocaine
on Drosophila behavior has previously been demon-
strated (20), the findings presented here provide the
first in vivo investigation of the effective cocaine con-
centration needed to block uptake of exogenously ap-
plied dopamine by the dopamine transporter in the
adult fly.

Dopamine Uptake in Wild-Type vs fmn Mutant
Flies Following Treatment with Stimulants

In addition to cocaine, the effects of three other
stimulants on Drosophila dopamine transporter func-
tion were investigated. Flies were prepared as for co-
caine experiments and treated with 1.0 mM amphet-
amine, methamphetamine, or methylphenidate in AHL
saline. Figure 5 contains a summary of the normalized

Figure 4. Comparison of wild-type and fmn mutant flies when
1.0 mM dopamine was exogenously applied before (baseline) and
after 10 min of one of the following treatments: AHL saline only or
0.05, 0.5, or 1.0 mM cocaine solution (mean ( SEM; two-way
ANOVA; p<0.0001 for genotype, concentration, and interaction,
n = 6). The bath solutions for the baseline and AHL saline
treatmentwere identical. TheAHL saline treatmentwas a control to
ensure the [DA]max response did not increase from a temporal effect
owing to the control solution. There is a significant increase in
normalized [DA]max for wild-type flies after cocaine treatments
compared with AHL saline (no cocaine) treatment (one-way
ANOVA; p < 0.0001, post hoc Tukey pairwise comparisons;
p < 0.0001 (///) for the 1.0 mM cocaine treatment, n = 6; SEM
for the baseline bars are too small to see). No significant change
was observed in the fmn mutant flies between AHL saline
(no cocaine) treatment and the three cocaine treatments
(one-way ANOVA; p = 0.9, n = 6).

Figure 5. Comparison of uptake in adult Drosophila wild-type
(solid) vs fmn mutant (striped) flies when 1.0 mM dopamine was
exogenously applied before (baseline 1, 2) and after 1.0 mM
stimulant treatment: (A) Following amphetamine treatment, the
increases in normalized [DA]max are significantly higher inwild-type
flies compared with fmn mutant flies (mean ( SEM; two-way
ANOVA; p= 0.005 for genotype, n= 5). Additionally, the 30 min
treatment is significantly different from baseline 2 for the wild-type
flies (one-way ANOVA; p = 0.03, post hoc Tukey pairwise com-
parisons; p < 0.05). (B) The increases in normalized [DA]max are
significantly higher in wild-type vs fmn flies following methamphe-
tamine treatment (mean ( SEM; two-way ANOVA; p = 0.01 for
genotype, n=5-6). (C) Following methylphenidate treatment, the
increases in normalized [DA]max for wild-type compared with fmn
flies are significantly higher (mean ( SEM; two-way ANOVA;
p = 0.03 for interaction; p < 0.0001 for genotype, n = 5).
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[DA]max for adult wild-type compared with fmnmutant
flies following each of these drug treatments. When
dopamine levels in the flies treated with amphetamine
were examined over time, there was a small but signifi-
cant difference in the amount of dopamine detected in
the PAM region of the wild-type brain compared with
the same region in the fmnmutant (Figure 5A; two-way
ANOVA; p = 0.005 for genotype, n = 5). However,
even after 30min of treatment, the observed [DA]max for
the amphetamine-treated wild-type flies was lower than
that of wild-type flies treated with 1.0 mM cocaine
(∼25% increase vs ∼125% increase). This finding is
consistent with in vitro inhibition studies demonstrating
that amphetamine is a less potent inhibitor of the
Drosophila dopamine transporter than cocaine (49).

The Drosophila dopamine transporter was signifi-
cantly affected by treatment with methamphetamine
as well (Figure 5B; two-way ANOVA; p = 0.01 for
genotype, n = 5-6). Methamphetamine-treated wild-
type flies exhibited a similar increase in [DA]max com-
pared with the amphetamine-treated wild-type flies
(∼30% increase vs ∼25% increase). Interestingly, the
trend in time until maximum blocking of dopamine
uptake occurs is later withmethamphetamine treatment
thanwith amphetamine or cocaine treatment. Although
the difference between the normalized [DA]max after 5
and 20min ofmethamphetamine treatment inwild-type
flies is not significantly different (Student’s t-test, p =
0.4, n = 6), the kinetics of the action of methampheta-
mine on the fly dopamine transporter could be of
interest in future investigations.There is in vitro evidence
that methamphetamine and amphetamine cause inter-
nalization of the mammalian dopamine transporter.
These data suggest an additional mechanism that con-
tributes to the decrease in transporter activity by am-
phetamines, in addition to blocking and inducing
reverse transport of dopamine through the dopamine
transporter (50-52). While in vitro model systems are
often used to predict the effects of psychostimulants on
monoamine uptake, in vitro results are not always an
accurate reflection of the potential of a compound to
modulate in vivo function (53-55). Thus, development
of analytical methods capable of in vivo evaluation of
drug efficacy plays a critical role in the neuroscience
field. Our in vivo measurements confirm that ampheta-
mines do indeed alterDrosophila dopamine transporter

function; however, with the current experimental setup,
it is not possible to speculate on the exactmechanisms of
action occurring in the fly CNS.

Although methylphenidate is commonly studied in
mammalian systems, very little, if any, literature is
available on the efficacy of this drug in Drosophila.
Because the fruit fly is becoming a more widely used
model system for studying the neurochemical basis for
human behaviors and addictions (18), we chose to
examine the effect of this commonly prescribed drug
on dopamine uptake using our in vivomethod. Follow-
ingmethylphenidate treatment,wild-type flies displayed
a significantly higher extracellular dopamine concentra-
tion compared with baseline dopamine measurements
and the treated fmn mutant flies (Figure 5C; two-way
ANOVA; p = 0.03 for interaction, p < 0.0001 for
genotype, n = 5). This indicates that methylphenidate
blocks dopamine uptake occurring via the Drosophila
dopamine transporter. This finding correlates with the
proposed mechanism of methylphenidate in the human
brain (13, 14, 56) and supports the use of Drosophila in
future studies on methylphenidate. Of the four stimu-
lants investigated, cocaine and methylphenidate dis-
played the greatest effect on Drosophila dopamine
transporter function in vivo (Table 1).

In our experiments, exogenously applied dopamine
is cleared primarily through diffusion, metabolism,
and uptake by the dopamine transporter. By comparing
two fly genotypes whose diffusion and metabolism
are presumably similar since they only differ in dopa-
mine transporter function, we were able to investigate
the uptake component of dopamine clearance in the
presence of various stimulants. All stimulants tested
caused significantly increased dopamine signal ampli-
tudes ([DA]max), which has also been observed in the
cocaine-treated rat CNS where chronoamperometry
was employed to measure exogenously applied dopa-
mine concentrations in vivo (17, 44). In these studies,
Gerhardt and co-workers reported an increase in the
time course of the enhanced dopamine signal ampli-
tudes, which we did not observe in Drosophila. We
speculate that diffusion plays a prominent role in
the clearance of dopamine from the Drosophila CNS
due to its reduced size (∼ 5 nL) while the rat CNS
might have decreased diffusion of dopamine away
from the electrode (32). A change in t1/2 could be too

Table 1. Change in [DA]max for Four Drugs of Abusea

cocaine amphetamine methamphetamine methylphenidate

IC50 (μM) Drosophila dopamine transporter 6.0,b 2.7c 4.9;b (þ) 6.6, (-) 34.0c 4.5b 6.8b

wild type [DA]max (%) normalized (20 min treatment) 223 ( 40 117 ( 8 129 ( 22 174 ( 31

fmn mutant [DA]max (%) normalized (20 min treatment) 91 ( 8 102 ( 8 99 ( 4 102 ( 11

aMaximum changes for dopamine ([DA]max) values are for (þ)-amphetamine and (þ)-methamphetamine. [DA]max values are mean ( SEM for
1.0 mM drug concentrations (n = 5-6). Literature IC50 values are included for comparison (49, 57). bReference 57. cReference 49.
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minor to observe in the fly system relative to this
diffusion factor.

Conclusion

This study presents in vivo measurements of dopa-
mine uptake using exogenously applied dopamine as
a function of cocaine concentration in Drosophila.
In addition, physiological effects of amphetamine,
methamphetamine, and methylphenidate are also re-
ported for the adult fly. Furthermore, cocaine and
methylphenidate are more potent at inhibiting dopa-
mine uptake in vivo by the Drosophila dopamine trans-
porter than amphetamine and methamphetamine. It is
most likely that the variation in our dose-response
results among the four stimulants tested here reflects
different interactions of the drugs with the dopamine
transporter. Little is known about the in vivo nature of
drug interactions with invertebrate transporters, mainly
because of the lack of tools heretofore available for
quantifying neurotransmitters in such small native en-
vironments. These data support continued use of this
in vivo Drosophila model system to further investigate
dopamine neurotransmission and enhance our under-
standing of the physiological mechanisms that underlie
human behaviors and addictions.

Methods

Chemicals
All chemicals were used as received and purchased from

Sigma (St. Louis, MO) unless otherwise stated. Adult-hemo-
lymph-like (AHL) saline (108 mM NaCl, 5 mM KCl, 2 mM
CaCl2, 8.2 mM MgCl2, 4 mM NaHCO3, 1 mM NaH2PO4,
5 mM trehalose (Fluka BioChemika, Buchs, Switzerland),
10 mM sucrose, 20 mM Tris, pH 7.5) was made using
ultrapure (18 MΩ 3 cm) water and filtered through a 0.2 μm
filter (19). All collagenase, KCl, dopamine, N-acetyl-p-ami-
nophenol (APAP, acetaminophen), cocaine, (þ)-ampheta-
mine, (þ)-methamphetamine, and methylphenidate solu-
tions were prepared using AHL saline.

In Vivo Drosophila Preparation
The Canton-S strain of Drosophila melanogaster was used

as the wild-type strain in this study. The fumin (fmn) mutant
has a genetic lesion abolishing the dopamine transporter
function. The genetic background of the w;fmn mutant was
replaced with the Canton-S background. All flies were main-
tained at 25 �C on a standard cornmeal-agar medium, and
4-10-day-oldmale flies were used in all experiments. The flies
were prepared for in vivo voltammetry as previously described
(38). Briefly, flies were immobilized on ice and mounted in a
homemade collar (38.1 mm diameter concave plexiglass disk
with 1.0 mm hole in center) with low melting agarose (Fisher
Scientific, Pittsburgh, PA).Microsurgery was performed on a
stereoscope (Olympus SZ60, Melville, NY). After the cuticle
was removed from the top portion of the head to expose the
brain, the head was covered with 0.1% collagenase solution
for 30 min to relax the extracellular matrix in the brain.

The head of the immobilized fly was then rinsed and bathed
with AHL saline (“bath application method”) with the pre-
paration maintaining its viability for 1.5-2.5 h.

Electrochemical Measurements
Carbon-fiber microelectrodes were fabricated as pre-

viously described (58). Briefly, a single 5 μm diameter carbon
fiber (Amoco, Greenville, SC) was aspirated into a borosili-
cate glass capillary (B120-69-10, Sutter Instruments, Novato,
CA), and the capillary was pulled using a regular glass
capillary puller (P-97, Sutter Instruments). Electrical contact
was made by backfilling the capillary with silver composition
(4922N DuPont, Delta Technologies Ltd., Stillwater, MN)
and inserting a tungsten wire. To form a cylindrical electrode,
the carbon fiberwas cut to a length of 40-50 μm, asmeasured
from the glass junction. Electrode tips were dipped into epoxy
(Epo-Tek, Epoxy Technology, Billerica, MA) for 30 s to
ensure a good seal between the fiber and the glass and then
dipped into acetone for 15 s to remove epoxy from exposed
carbon fiber. Standard dopamine solutions were used for
in vitro electrode calibration as previously described (38).
A silver wire (0.25 mm diameter, 99.999% purity, Alfa Aesar,
Ward Hill, MA) was chloridized in bleach overnight, and the
Ag/AgCl electrode served as the reference electrode in all
experiments. All electrodes were positioned using microma-
nipulators (421 series, Newport, Irvine, CA). Micropipet
injectors were fabricated by pulling glass capillaries in a glass
capillary puller to an opening of approximately 5 μm.Micro-
pipet injectors were coupled to the microinjection system
(Picospritzer II, General Valve Corporation, Fairfield, NJ)
and used to exogenously apply dopamine solution.

Electrochemical data were collected using an Axopatch
200B amplifier (Axon Instruments, Foster City, CA) or a
Dagan Chem-Clamp potentiostat (Dagan Corporation,Min-
neapolis, MN) and two data acquisition boards (PCI-6221,
National Instruments, Austin, TX) run by the TH 1.0 CV
program (ESA, Chelmsford, MA) (36). All cyclic voltammo-
grams were obtained using a triangular waveform (scanned
-0.6 V to þ1.0 V versus Ag/AgCl at 200 V/s) repeated every
100ms. Prior to voltammetric experiments, all electrodes were
cycled (-0.6 V to þ1.0 at 200 V/s) for at least 15 min to
stabilize the background current. Electrochemical responses
were plotted and statistical analysis performed using Prism
5.0 (GraphPad Software, La Jolla, CA).
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