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ABSTRACT: The fruit fly, Drosophila melanogaster, is a popular
model organism for studying neurological processes and diseases
due to the availability of sophisticated genetic tools. While endog-
enous neurotransmitter release has been characterized in Drosophila
larvae, here, we measured endogenous dopamine release in isolated
adult Drosophila brains for the first time. Dopamine was measured
with fast-scan cyclic voltammetry (FSCV), and acetylcholine or
nicotine were used as the stimulus, as both interact with nicotinic acetylcholine receptors (nAChRs) to evoke endogenous
dopamine release. Stimulations with 10 pmol of acetylcholine elicited 0.26 ± 0.05 μM dopamine, while 70 fmol nicotine
stimulations evoked 0.29 ± 0.03 μM in the central complex. Nicotine-stimulated dopamine release lasted much longer than
acetylcholine-stimulated release. Dopamine release is reduced in the presence of nAChR antagonist α-bungarotoxin and the
sodium channel blocker tetrodotoxin, indicating release is mediated by nAChRs and exocytosis. The identity of dopamine was
confirmed by using 3-iodotyrosine, a dopamine synthesis inhibitor, and by confirming that release was not changed in
octopamine synthesis mutant flies, Tdc2RO54. Additionally, the half-decay time (t50) in fumin (67 ± 15 s), dopamine transporter
mutant flies, was larger than in wild-type flies (16 ± 3.7 s) further proving that acetylcholine stimulation evokes dopamine
release. This study demonstrates that stimulation of nAChRs can be used to elicit endogenous dopamine release in adult fly
brains, which will be a useful technique for future studies probing dopamine changes during aging or in neurodegenerative
diseases.

The fruit fly, Drosophila melanogaster, is a versatile model
system for the investigation of fundamental neurological

processes, especially related to disease, because it can be easily
genetically manipulated.1−3 Similar to mammals, fruit flies
utilize neurotransmitters, such as dopamine, serotonin,
acetylcholine, and glutamate, to regulate a wide range of
complex behaviors such as aggression, flight navigation,
learning, and memory.4,5 In contrast to mammals, fruit flies
employ octopamine, which performs analogous functions to
mammalian norepinephrine.6 The fruit fly genome has been
completely sequenced, and approximately 75% of human
diseases genes have a counterpart in the Drosophila genome.7

Drosophila is a valuable model system to study human neuro-
degenerative disease, such as Parkinson’s and Alzheimer’s disease,
and has been used to elucidate the molecular and genetic
mechanisms of disease progression. Nevertheless, the study of
changes in neurochemicals in fly disease models is still not well-
understood. There is a lack of techniques to measure endogenous
neurotransmission in adult flies, which is necessary to follow the
age-related progression of neurodegenerative diseases.
Most of the neuroscience studies in Drosophila are perfor-

med with advanced imaging techniques, which allow
researchers to identify and understand neuronal morphology
and neuronal activities.8,9 However, to understand real-time
changes in neurochemistry, electrochemical detection is typi-
cally used. Fast-scan cyclic voltammetry (FSCV) at a carbon-
fiber microelectrode (CFME) has been used in larvae to
measure stimulated dopamine, serotonin, or octopamine

release.10−13 In adult flies, FSCV revealed rapid clearance of
exogenously applied dopamine.14 Many of these studies relied
on optogenetic stimulations, where an exogenous light-
sensitive channel, such as CsChrimson or channelphodopsin2,
is expressed in specific cells using the Gal4/UAS system.
Optogenetics is a good tool for precise control of neuronal
firing, but it has been difficult to implement in adult fly models
and requires genetic manipulation of the flies. Methods to
evoke neurotransmitters without the need to express an exog-
enous channel would be useful because they are easier to
employ in genetically modified fly models of disease.
In vertebrates, acetylcholine regulates dopamine release by

directly activating nicotinic acetylcholine receptors (nAChRs)15

and is associated with depression16 and neurodegenerative
diseases, such as Parkinson’s disease.17 Similarly, in insects,
acetylcholine is an abundant excitatory neurotransmitter that
modulates neural activity.18 Nicotine, a natural insecticide, is
biosynthesized in the tobacco plant and activates nAChRs as
well. Recently, we demonstrated that acetylcholine and nico-
tine can be used as natural stimuli to evoke endogenous dopa-
mine release in larvae without further genetic manipulations.19

In addition, the Campusano group has measured nicotine-evoked
octopamine release in adults with chronoamperometry.20
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However, measurements of acetylcholine- or nicotine-evoked
endogenous dopamine release have not been made in adult
flies.
In this work, we evoked endogenous dopamine release in the

central complex of isolated adult brains without genetically
manipulating flies, using acetylcholine and nicotine as natural
stimuli. The release of dopamine was confirmed by using a
dopamine synthesis inhibitor 3-iodotyrosine (3-IT). The
measured analyte was not octopamine, as there was no change
in acetylcholine-stimulated release in octopamine synthesis
mutant flies. Treatment with tetrodotoxin, a sodium channel
blocker, and α-bungarotoxin, an nAChR antagonist, decreased
stimulated release proving that acetylcholine-stimulated
dopamine release is exocytotic and mediated by nAChRs.
Furthermore, evoked dopamine release and uptake were
studied in fumin ( fmn) flies, a dopamine transporter (DAT)
mutant fly without functional DAT activity.21 Nicotine also
evokes dopamine release, but the release lasts much longer
than acetylcholine-stimulated release. This method will enable
measurements of dopamine release in different life stages of
any fly line, including genetically altered disease models.

■ EXPERIMENTAL METHODS

Electrochemical Measurements. A detailed description
of electrode fabrication methods can be found in the Supporting
Information. The dopamine waveform (from −0.4 to 1.3 V and
back to −0.4 V) was applied to the carbon-fiber microelectrode
(7 μm diameter) every 100 ms at a scan rate of 400 V/s. Prior
to the experiment, electrodes were calibrated with 1 μM
dopamine by using flow cell injection analysis, and this
calibration factor was used to convert currents into
concentrations. For picospritzing, an empty glass capillary
was pulled, the tip was trimmed, and it was filled with 5 mM
acetylcholine or 20 μM nicotine for stimulation. A Picospritzer
III (Parker Hannfin, Fairfield, NJ) was used to pressure eject
acetylcholine or nicotine into the brain tissue. Capillaries were
calibrated by picospritzing a droplet in oil, and the diameter of
the pressure-ejected droplet was measured using DS-Qi2
monochrome CMOS camera and NIS-Elements BR imaging
software (Nikon Instruments Inc. Melville, NY). The amount
of acetylcholine applied was controlled by changing ejected
volumes, relying on different pulse durations, and applied
pressure was maintained at 10 psi. For 10 pmol stimulation,
2 nL (∼78 μm droplet radius, approximately 250 ms pulse,
depending on pipet calibration) of 5 mM acetylcholine was
applied. The fly brain is 80 nL in volume, so 2 nL is only 1/40
of the volume of the brain.22

Drosophila and Brain Tissue Preparation. The Canton-S
(stock 64349) and UAS-GFP (stock 4776) were obtained from
the Bloomington Stock Center (Indiana University, Blooming-
ton, IN, U.S.A.). Th-Gal4, w1118, fumin, and Tdc2R054 were
provided by Dr. Jay Hirsh at the University of Virginia, Char-
lottesville, VA, U.S.A. Drosophila stocks were maintained as
described previously.13 Four to 10 day old adult Drosophila
were anesthetized by rapid chilling; an empty Petri dish was
placed in ice, and then flies were put on the chilled Petri dish
for 5 min. The anesthetized fly was placed in a chilled phosphate
buffer (PBS) dissecting buffer (4 °C) with 11.1 mM glucose and
5.3 mM trehalose. Then, the fly was decapitated and the brain
removed using fine tweezers under a dissecting stereoscope.
The harvested brain was transferred to a Petri dish containing
room-temperature dissecting PBS. The brain tissue was immo-
bilized by simply placing it at the bottom of the Petri dish,
where it adheres. Brains were situated dorsal side up to provide
easy access for the electrode and capillary injector. All the experi-
ments were conducted under a SMZ800N stereoscope (Nikon
Instruments Inc., NY), and brains were allowed to equilibrate
15 min prior to the experiment. The electrode and capillary
injector were placed using a micromanipulator (Narishige Inter-
national U.S.A., Inc., Amityville, NY). The electrode was placed
at the center of protecerebrum between antennal lobes and
inserted approximately 80−100 μm from the brain tissue surface.
Then, the capillary injector was placed approximately 10−15 μm
laterally from the tip of the electrode, at the same depth.

Statistical Analysis. All statistics were performed using
Graphpad Prism 7.02 (GraphPad Software, Inc., La Jolla, CA).
Error bar represent mean ± standard error of the mean.

■ RESULTS AND DISCUSSION

Endogenous Dopamine Release Evoked by Acetyl-
choline. The objective of this study was to develop a method
for endogenous stimulation of dopamine in isolated adult fly
brains. Adult fly brains consist of the protocerebrum, the
central brain involved with major fundamental processes, and
two optic lobes, associated with the visual system, attached on
either side of protocerebrum (Figure 1A). The central complex
is located in the central part of the protocerebrum and consists
of a fan-shaped and ellipsoid body which are associated with
complex behavior processes including learning, locomotion,
and courtship.23 The central complex contains clusters of dopa-
minergic neurons and was the target in this study for measure-
ment of stimulated dopamine release.24

Four to 10 day old adult flies were used for this study.
To prove the tissue is viable in buffer for 2 h, longer than a

Figure 1. (A) Schematic diagram of adult Drosophila brain. This diagram labels the major regions of the adult brain. (B) Fluorescence microscopy
image of adult fly brain (TH-Gal4:UAS-GFP) with GFP expressed in dopaminergic neurons in the protocerebrum. (C) Microscopy image of adult
brain with a carbon-fiber microelectrode and capillary injector placement. Antennal lobes are marked with black dashed lines. All brain images are
anterior side up.
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typical electrochemical experiment, we used calcein imaging, a
live cell fluorescent marker.25 Figure S1 shows that there is no
difference in average fluorescent signal for calcein-treated tissue
2 h after dissection compared to that directly after dissec-
tion (0 min, 2290 ± 190 au; 2 h, 3080 ± 340 au; n = 4, p =
0.1103, one-way ANOVA) and both values are higher than
fluorescent intensity in fixed brain tissue (540 ± 54 au, n = 4,
p < 0.01, one-way ANOVA). Thus, the harvested brain can be
kept viable incubated in buffer for the time course of the
experiment.
The isolated brain was placed anterior side up for easy access

to the central complex (Figure 1C). Initially, to place a micro-
electrode and a micropipette in the central complex, dopami-
nergic neurons were visualized using fluorescence imaging in
TH-Gal4/UAS-GFP flies, expressing GFP (green fluorescent
protein) in dopaminergic neurons (Figure 1B). Microelec-
trodes were positioned in the medial dorsal part of the proto-
cerebrum right above the antennal lobes (circled in dashed line
in Figure 1C) and inserted approximately 80−100 μm deep
from the tissue surface. The micropipette, loaded with 5 mM
acetylcholine, was inserted to the same depth and positioned
approximately 10−15 μm away from the tip of the micro-
electrode. Once the investigators were good at placing the
electrodes, the GFP was not necessary and most experi-
ments were performed in Canton-S flies, a wild-type line that
does not express GFP. The amount of acetylcholine that was
pressure-ejected was controlled by the pressure and duration of
the injection, and volumes injected were calibrated for each
pipet.
Acetylcholine stimulation was initially performed in adult

flies with 10 pmol of acetylcholine pressure-ejected into
Canton-S wild-type fly brains. A FSCV waveform of −0.4 to
1.3 V and back at 400 V/s was applied to the CFME at 10 Hz
to measure stimulated dopamine release. In Figure 2A, the false

color plot shows all the data, with voltage on the y-axis, time on
the x-axis, and current in false color. A cyclic voltammogram
(Figure 2A, inset), extracted at the vertical dashed line of the

false color plot (bottom), shows oxidation and reduction peaks
at 0.6 and −0.2 V, respectively, the expected electrochemical
signature of dopamine. Concentration versus time traces (top)
collected at the horizontal dashed line on the false color plot
show dopamine rises immediately after acetylcholine stim-
ulation, and then is cleared in about 10 s. As a control, PBS was
pressure-ejected into the same brain, and it evoked no current
responses or electrochemical signature of dopamine (Figure 2B).
These results confirm that exogenously applied acetylcholine
stimulates dopamine release in adult Drosophila brain.

Optimization of Stimulation Parameters for Dop-
amine. To optimize stimulation parameters, first, the effect of
different amounts of acetylcholine on dopamine release was
studied by varying the pressure-ejected volume. Figure 3A
shows concentration versus time traces of evoked dopamine
release observed after 1, 3, 5, 10, 15, 20, or 40 pmol of acetyl-
choline stimulation. Averaged data show that the peak
concentration of dopamine release increased linearly up to
10 pmol (Figure 3B, n = 8, R2 = 0.95), and then plateaued after
15 pmol, likely because the entire readily releasable pool of
dopamine was released. Also, dopamine clearance is slow for
larger amounts of acetylcholine applied, and traces do not
return to baseline. This effect could be due to dopamine adsorb-
ing on the CFME surface, which sometimes causes a back-
ground shift and signals that do not return back to the base-
line.26 It could also signify that uptake is slower with the larger
amounts released, as dopamine transporters are fully saturated.
For most studies, we used 10 pmol of acetylcholine to
maximize evoked dopamine, but to study changes in uptake,
smaller amounts of acetylcholine are useful since the released
dopamine was fully cleared.
Evoked dopamine release needs to be stable throughout the

experiment to differentiate changes during pharmacological
studies. The 10 pmol acetylcholine stimulations were repeated
at 5 or 10 min intervals and currents normalized to the first
stimulation. In Figure 3C, a two-way ANOVA (analysis of
variance) shows a significant effect of both the stimulation
interval (F(1,84) = 9.994, p = 0.0022) and the number of stimu-
lations (F(6,84) = 2.885, p = 0.0132). Post-tests indicate that
dopamine release was significantly attenuated after the seventh
stimulation with 5 min intervals (n = 7, p = 0.0028, Sidak’s
post-test) but there were no significant changes with 10 min
intervals (n = 7, p > 0.05 for all Sidak’s post-tests). The
decrease in signal with 5 min may be due to not enough time
for the releasable dopamine pool replenishment or to time
needed for cells to reset after the injection, but 10 min intervals
were used in the following studies to obtain stable signals.
Acetylcholine evoked on average 0.26 ± 0.05 μM dopamine

(n = 20) in isolated adult brains, about half that previously
reported in the larval ventral nerve cord (VNC) (0.43 ±
0.04 μM).19 While the adult brain is bigger than the larval
brain and has more dopaminergic neurons (130 compared to
70−90 in the larval CNS),24 the number of neurons that
innervate the specific brain regions may be different, and it is
difficult to compare the density of dopaminergic terminals.
Therefore, acetylcholine-stimulated dopamine release in adult
brains might be lower if the particular region is smaller or if the
region is less innervated with dopaminergic terminals.
Using optimized stimulating parameters, acetylcholine-

stimulated dopamine release was compared between female
and male flies. Dopamine release in 4−10 day old flies was
not significantly different for females and males (Figure S2,
female, 0.18 ± 0.04 μM, n = 10; male, 0.34 ± 0.10 μM, n = 10,

Figure 2. Representative FSCV data of acetylcholine-stimulated
dopamine release in an adult Canton-S brain. (A) A bolus of 10 pmol
of acetylcholine was pressure-injected (black arrow) to evoke
dopamine release. False color plot (bottom), concentration vs time
traces (top), which sampled at the horizontal black dashed line, and
cyclic voltammogram (inset), which sampled at the vertical black
dashed line, indicate that dopamine was released upon the acetyl-
choline stimulation. (B) PBS was pressure-ejected (black arrow) into
the same area where the microelectrode was positioned. False color
plot (bottom), concentration vs time traces (top), and cyclic volta-
mmogram (inset) verify that there is no characteristic of dopamine
release upon PBS stimulation.
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p = 0.1754, t test). Previous measurements found higher dopa-
mine tissue content in adult females,27 but the acetylcholine-
stimulated release data trend in the opposite direction, perhaps
due to different amounts in the releasable pool. Since there
were no significant sex differences, results from both female
and male adult flies were combined for future studies.
Pharmacological Characterization of Acetylcholine-

Stimulated Dopamine Release. There are two types of
acetylcholine receptors: nicotinic and muscarinic acetylcholine
receptors (mAChRs). nAChRs are pentameric ligand gated ion
channels that are activated by acetylcholine and nicotine to
trigger action potentials for rapid synaptic neurotransmission.28

In mammals, nAChRs are presynaptically expressed to regulate
dopamine and other neurotransmitter release from nigrostriatal
terminals.29−31 In Drosophila, nAChRs are abundantly expressed
throughout the central nervous system.32−34 To demonstrate
that dopamine release was mediated by nAChRs, we used
α-bungarotoxin (α-BTX), a neurotoxin antagonist that is
known to bind specifically to nAChRs but not mAChRs.
Dopamine release was measured before and after the brains

were incubated in 2 μM α-BTX for 20 min (Figure 4A).
To quantify the concentration of evoked dopamine, the oxi-
dation current was converted to the peak concentration by
using an in vitro calibration factor. Evoked dopamine decreased
about 50% after α-BTX incubation compared to preincubation
(Figure 4B; predrug, 0.46 ± 0.08 μM; postdrug, 0.22 ± 0.06 μM;
p < 0.05, n = 6, t test). The dopamine release was not completely
eliminated, similar to results in larvae where acetylcholine-
stimulated dopamine release was reduced by almost 50% after
α-BTX incubation,19 perhaps because α-BTX did not fully
diffuse into the brain tissue within 20 min. However, the more
likely explanation for the only 50% drop is that some nAChRs
are not sensitive to α-BTX. In Drosophila, 10 different types of
nAChR subunits have been identified (Dα1−Dα7 and Dβ1−
Dβ3), and receptors are pentamers with that are either homo-
meric, with all the same subunit type, or heteromeric, with
different receptor subtypes.35,36 Dα5−Dα7 subunits are known
to be α-BTX-sensitive,35,36 but the subunit makeup of the nAChRs
being activated here is not known. In larvae, dihydro-β-erythrodine
(DHβE) application, which specifically blocks nAChRs consisting
of α4β2 subunits, the most abundant neuronal subunits, reduced
dopamine release by 94%.19 While nAChRs with different subunits
may play a role, these data show that nAChRs mediate the
acetylcholine-stimulated dopamine release.

Tetrodotoxin (TTX) is a neurotoxin that blocks voltage-
gated sodium channels, disrupting the generation of action
potentials that lead to vesicular release.37 After 20 min of
incubation in 0.1 μM TTX, there is no acetylcholine-evoked
dopamine release (Figure 4, parts C and D), as it dropped
from 0.34 ± 0.05 μM predrug to 0 μM after TTX incubation
(p < 0.001, n = 5, t test). The TTX traces do have a negative
deflection that occurs right after stimulation, likely a back-
ground subtraction error that is due to ion movement. This
phenomenon could be a background capacitance shift that is
caused by the movement of ions near the electrode, likely
when nAChRs open and cause an influx of cations into the cell.
Similar observation was reported in a patch-clamp recording
study where negative current was observed with nicotine stim-
ulation in the presence of TTX.38 In mammals, acetylcholine

Figure 3. Effect of acetylcholine stimulating parameters on dopamine release. (A) Concentration vs time traces of different amounts of
acetylcholine applied to evoke dopamine release. As the amount of pressure-ejected acetylcholine increases, the signal takes longer to return to the
baseline. (B) Average data of dopamine peak current vs different amounts of injected acetylcholine. The peak concentration of dopamine release
increased linearly up to 10 pmol (n = 8, R2 = 0.95), and then plateaued. (C) Stability of acetylcholine-stimulated dopamine release. An amount of
10 pmol of acetylcholine was applied at 5 or 10 min intervals. The peak oxidation current of dopamine release was normalized to the first
stimulation for each experiment. For 10 min intervals, release did not significantly change (n = 7, p = 0.458, two-way ANOVA, Sidak’s post-test),
but for 5 min intervals, dopamine release significantly decreased after seventh stimulation (n = 7, p < 0.005, Sidak’s post-test).

Figure 4. Pharmacological characterization of evoked dopamine
release. (A) Concentration vs time trace of evoked dopamine release
collected before and after 2 μM α-bungarotoxin (α-BTX) bath appli-
cation. (B) The effect of α-BTX, an nAChR antagonist, on dopamine
release. The peak concentration of dopamine release after α-BTX
incubation was significantly lower than preincubation (predrug,
0.46 ± 0.08 μM; postdrug, 0.22 ± 0.06 μM; p < 0.05, n = 6, t test).
(C) Concentration vs time traces of dopamine release before and after
0.1 μM tetrodotoxin (TTX) incubation. (D) The effect of TTX, a
voltage-sensitive sodium channel blocker, on dopamine release.
Dopamine release was completely abolished 20 min after TTX
treatment, demonstrating that released dopamine is due to activity-
dependent exocytosis (predrug, 0.34 ± 0.05 μM; postdrug, 0 μM;
p < 0.001, n = 5, t test).
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modulates dopamine release either by directly activating
nAChRs on presynaptic dopamine neurons or by indirectly
modulating glutamate release.39 Here, we cannot rule out the
indirect pathways; however, the TTX data suggests that acetyl-
choline is acting presynaptically.
Validation of Acetylcholine-Stimulated Dopamine

Release. Although dopamine was identified as the released
neurotransmitter via its cyclic voltammogram and possible inter-
fering agents such as norepinephrine are not present in insects,
we conducted further studies to prove the observed responses
were due to dopamine release. First, we validated the released
signal using 3-IT, an inhibitor of tyrosine hydroxylase, the rate-
limiting enzyme of dopamine biosynthesis. Three acetylcholine
stimulations were collected; then, the isolated brain was
incubated in 100 μM 3-IT for 20 min, and three additional stim-
ulations were collected. The example data in Figure 5A show

that 3-IT application decreased dopamine release on average
by 60% (Figure 5B, predrug, 0.31 ± 0.02 μM; postdrug, 0.10 ±
0.02 μM; n = 5, p < 0.001, t test). Control data of three measure-
ments before and after 20 min of PBS incubation show no
significant differences in evoked dopamine release (Figure S3).
Therefore, 3-IT incubation decreases dopamine release in
adults, consistent with reported observations in larvae where
3-IT incubation40 and feeding,19 lowered dopamine by 50% or
70%, respectively.
Evoked dopamine release was also studied in octopamine syn-

thesis mutant flies because Campusano’s group had reported
nicotine-stimulated octopamine release; thus, we wanted to rule
out that the release was due to octopamine.20 White-eyed w1118

were used as controls because that is the background strain for
the mutant strain Tdc2RO54, octopamine synthesis mutant flies.
Tdc2RO54 flies have a mutation in tyrosine decarboxylase
(dTDC), the enzyme used to synthesize the octopamine

precursor tyramine.6 If the observed signal was due to octo-
pamine, the signal should be dramatically attenuated in Tdc2RO54

compared to w1118, but Figure 5C shows that concentration
versus time traces are similar. The average dopamine peak con-
centration in Tdc2RO54 (0.74 ± 0.05 μM, n = 8) is not signif-
icantly different than in w1118 (Figure 5D, 0.57 ± 0.09 μM,
n = 8, p = 0.11, t test). Furthermore, release was tested in
Canton-S flies with a waveform optimized for optogenetically
stimulated octopamine release (from −0.4 to 1.4 V at 100 V/s)
in larval VNC.12 This waveform produces two characteristic
oxidation peaks (the primary peak at 1.1 V and the secondary
peak at 0.56 V on anodic scan) for octopamine, but these
peaks are not observed in Figure S4B, indicating that release is
not due to octopamine.
Campusano’s group studied nicotine induced octopamine

release in adult Drosophila brains using chronoamperometry.20

They positioned a Nafion-coated, 30 μm carbon-fiber elec-
trode in the midventral side of the fly brain where the ellipsoid
body is located in the central complex. Then, large amounts of
nicotine were applied at the brain surface and neurotransmitter
efflux was measured in control and octopamine synthesis
mutant flies, to prove it was octopamine. Thus, in different brain
regions, nAChRs may activate other neurotransmitters besides
dopamine. The advantages of our technique are that FSCV is
better able to discriminate signals than chronoamperometry,
our electrode is smaller and can localize in the central complex,
and our stimulations were applied locally, rather than on the
whole brain.

Characterization of Dopamine Clearance. The mech-
anisms of dopamine regulation, such as synthesis, exocytosis,
and uptake, are conserved between human and flies.24 The
dopamine transporter (DAT) regulates extracellular dopamine
by uptake of released dopamine into presynaptic neurons; thus,
it is essential for dopamine clearance. To validate the use of
acetylcholine-stimulated release to study dopamine uptake in
Drosophila, we compared acetylcholine-stimulated dopamine
clearance in DAT mutant and control (Canton-S) flies. Canton-S,
a strain control, and w1118

flies, the background strain for the
genetic mutants, have similar amounts of dopamine release and
clearance times with 10 pmol stimulations (Figure S5).
Acetylcholine-evoked dopamine release was measured in

fumin flies ( fmn), lacking functional DAT activity.41,42 For
10 pmol of acetylcholine, the concentration traces for dopamine
release in fmn show slower uptake compared to Canton-S
control flies (Figure 6A), similar to the slow clearance rate of
exogenously applied dopamine in fmn larvae43 and adult flies.44

The uptake rate is determined using the half-decay time (t50),
the time it takes to decrease from the maximum to half of the
maximal concentration. As expected, the average value of t50
for dopamine in fmn flies (68 ± 15 s, n = 6) is significantly
larger than that in Canton-S flies (16 ± 3.7 s, n = 6, p < 0.01,
t test, Figure 6B). However, the average dopamine peak con-
centration in fmn (0.39 ± 0.05 μM, n = 6) is not different than
in Canton-S with 10 pmol of acetylcholine (0.33 ± 0.06 μM,
n = 6, p = 0.46, t test, Figure 6C). When 1 pmol of acetylcholine
was used for the stimulation, the concentration trace in fmn
shows a slower uptake and higher dopamine release (Figure 6D).
Moreover, there are significant differences in both t50 ( fmn,
10 ± 2.1 s, n = 6; Canton-S, 3.7 ± 0.4 s, n = 6, p < 0.05, t test,
Figure 6E) and dopamine peak concentration ( fmn, 0.20 ±
0.02 μM, n = 6; Canton-S, 0.07 ± 0.02 μM, n = 6, p < 0.01,
t test, Figure 6F). The discrepancy in the differences in peak
concentration with different stimulations may be due to the

Figure 5. Validation of stimulated dopamine release. (A and B) The
effect of 100 μM bath application of 3-iodotyrosine (3-IT), a dopa-
mine synthesis inhibitor, on dopamine release. (A) Concentration vs
time trace of acetylcholine-stimulated dopamine release before and
after 20 min of 3-IT. (B) The peak concentration of the release after
3-IT was significantly lower (n = 5, p < 0.001, t test) proving that the
observed signal is due to dopamine release. (C and D) Measurements
in octopamine synthesis mutant flies. (C) Concentration vs time
traces of acetylcholine-evoked dopamine release in Tdc2RO54 mutant
flies, octopamine synthesis knockout flies, and in control flies, w1118.
(D) The peak concentration of dopamine release in octopamine
synthesis mutants is not significantly different than control (p = 0.11,
t test, n = 8).
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amount available for release, as 10 pmol maximizes dopa-
mine release. In rodents, adding DAT inhibitors, cocaine or
amphetamine, increases dopamine concentration,45,46 and in fly
larvae, the DAT inhibitor nisoxetine also increased peak dopa-
mine concentration.11 However, in DAT KOmice, in the presence
of an uptake inhibitor, evoked dopamine release was not increased,
whereas the uptake was altered.47 Smaller amountsof acetyl-
choline may be more useful for ascertaining differences in con-
centration and uptake, but these studies overall demonstrate
that acetylcholine-stimulated release can be measured in a
mutant fly without the need for any other genetic modifications.
Nicotine-Stimulated Dopamine Release. Acetylcholine

is the natural agonist for nAChRs, but other agonists, such as
nicotine, also activate the receptor. Nicotine is a natural insec-
ticide synthesized in tobacco plants that acts on the reward
system and is addictive. Nicotine, like acetylcholine, activates
nAChRs to evoke dopamine release in mammals and in larval
Drosophila.48 The amount of nicotine needed to evoke dopa-
mine release was much smaller than that for acetylcholine, as
femtomole levels of nicotine were sufficient to activate
nAChRs. Nicotine binds to nAChRs more tightly than acetyl-
choline and has a higher binding affinity (approximately nano-
molar) than acetylcholine (approximately micromolar).49,50

Figure 7A shows representative data of dopamine evoked by
70 fmol of nicotine stimulation compared with dopamine
evoked by 10 pmol of acetylcholine. While the cyclic
voltammogram (CV) (Figure 7B) has a reduction peak that
is most consistent with dopamine release, nicotine is also
reported to increase serotonin release in rats.51 Thus, to check
if there was also serotonin release, we repeated experiments
with a serotonin waveform that is selective for serotonin over
dopamine.52 With nicotine stimulation, a small peak is
observed at the potential for serotonin, although about half
of the current may be due to nicotine itself producing a signal
(nicotine does not produce any oxidation peak that looks like

dopamine with the dopamine waveform, Figure S6B). Thus,
there may be a small contribution of serotonin, but dopamine
is the primary molecule detected after nicotine release.
While the peak concentrations of dopamine evoked are

similar for acetylcholine and nicotine, the traces look very
different. Nicotine-evoked dopamine release increases slower
and lasts longer than acetylcholine-stimulated dopamine
release. In the example trace, acetylcholine-evoked dopamine
reached maximum release 3.9 s after the stimulation compared
to nicotine-evoked release, which reached the maximum
release after 53 s. The nicotine-evoked trace is 240 s long,
and the dopamine level is still not back to baseline at that time.
The same phenomenon was also observed in the larval VNC,
where nicotine gave much longer lasting dopamine release than
acetylcholine stimulations.19 For both larvae and adults, the
time of stimulus application was similar for both stimuli (<1 s),
so these differences are due to different interactions with the
nAChRs and not due to a longer stimulation.
Various amounts of nicotine were applied to evoke dopa-

mine release. As higher amounts of nicotine were applied,
it takes longer to reach the maximum release and the clearance
is also takes longer (Figure 7C). The peak concentration of
dopamine release increases linearly up to 25 fmol of nicotine
(n = 4, R2 = 0.99), and then plateaus, similar to the shape of
the acetylcholine graph (compare Figure 7D with Figure 3B).
A similar result was reported in an electrophysiological study
where dopaminergic neuron firing rate escalated as higher
nicotine concentration was perfused over a rat brain slice, and
then reached a plateau.53

Nicotine is considered a natural insecticide that kills insects
by overstimulating dopamine release, and our work confirms a
large amount of dopamine release with a small nicotine stim-
ulation. There are several reasons that nicotine may give a
longer lasting signal than acetylcholine. First, in mammals,
Yin et al. demonstrated that nicotine increased firing rates of
dopamine neurons in the midbrain ventral tegmental area
(VTA) for 30 s after stimulation, followed by a gradual return

Figure 6. Characterization of dopamine clearance in wild-type
(Canton-S) and DAT mutant ( fumin, fmn) flies using either 10 pmol
or 1 pmol acetylcholine stimulations. (A) Concentration vs time
traces of 10 pmol acetylcholine-evoked dopamine release in Canton-S
and fmn. (B) Half-decay time (t50), a measure of dopamine clearance,
is significantly higher in fmn flies than that in Canton-S flies (n = 6,
p < 0.01, t test). (C) Dopamine peak concentration in Canton-S and
fmn is not significantly different with 10 pmol (n = 6, p = 0.07, t test)
(D). Concentration vs time traces of 1 pmol acetylcholine-evoked
dopamine release in Canton-S and fmn. There are significant differ-
ences in (E) t50 (n = 6, p < 0.05, t test) and (F) dopamine peak con-
centration (n = 6, p < 0.01, t test) between Canton-S and fmn flies.

Figure 7. Nicotine-stimulated dopamine release. (A) Representative
concentration vs time traces of nicotine (70 fmol) and acetylcholine
(10 pmol) stimulated dopamine release. Compared to acetylcholine-
stimulated dopamine release, nicotine-stimulated release takes much
longer to reach the maximal concentration and be cleared. (B) Cyclic
voltammogram of nicotine-evoked release proves the response is due
to dopamine release. (C) Representative data of different concen-
tration traces of nicotine-stimulated dopamine release. (D) Effect of
different amounts of nicotine on dopamine release. The peak concen-
tration increases linearly up to 25 fmol (R2 = 0.99, n = 4) and
plateaued after 50 fmol.
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to the baseline.53 Thus, dopamine neuronal firing might last
longer with nicotine. Second, in mammals, nicotine-induced
dopamine release is due to exocytosis, and nicotine can alter
the size of readily releasable pool of synaptic vesicles by
increasing the rate of vesicle mobilization.54 Third, nicotine
might be metabolized or cleared slower from the tissue,
compared to the natural neurotransmitter acetylcholine, which
is rapidly cleared, and thus have prolonged interaction with
nAChRs.55 Future work could investigate which mechanism is
responsible for the higher release by nicotine in vivo. Nicotine
is an important natural insecticide, and there are synthetic
neonicotinoid insecticides that mimic its binding, so insight
into the mechanism of nicotine action in the fly brain is critical
to provide understanding of nicotine binding sites, upregula-
tion of nAChRs, and insect resistance to neonicotinoids.

■ CONCLUSIONS
In this study, we measured endogenously stimulated dopamine
release in the central complex of adult Drosophila brain for the
first time using acetylcholine or nicotine as stimuli. Nicotine-
evoked release lasts much longer than acetylcholine-evoked
release. One major advantage of this stimulation method is that
it is natural and does not require any exogenous optogenetic
channels to be expressed. Thus, this stimulation can be performed
in various different genetic strains, as evinced with the experi-
ments using the fumin flies that lack functional DATs. Evoked
dopamine release was sensitive to α-BTX and TTX, indicating
it is mediated by nAChRs and is exocytotic. Acetylcholine- and
nicotine-evoked stimulation will facilitate new measurements
of endogenous dopamine adult flies, where it can be used to
study age-related changes in dopamine neurotransmission and
how dopamine change in neurodegenerative disease models.
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