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France and 3Department of Biological Sciences, Border Biomedical Research Center, University of Texas at

El Paso, El Paso, TX 79968, USA

Received January 26, 2014; Revised and Accepted August 20, 2014

Long-term exposure to environmental oxidative stressors, like the herbicide paraquat (PQ), has been linked to
the development of Parkinson’s disease (PD), the most frequent neurodegenerative movement disorder.
Paraquat is thus frequently used in the fruit fly Drosophila melanogaster and other animal models to study PD
and the degeneration of dopaminergic neurons (DNs) that characterizes this disease. Here, we show that a
D1-like dopamine (DA) receptor, DAMB, actively contributes to the fast central nervous system (CNS) failure
induced by PQ in the fly. First, we found that a long-term increase in neuronal DA synthesis reduced DAMB

expression and protected against PQ neurotoxicity. Secondly, a striking age-related decrease in PQ resistance
inyoungadult fliescorrelatedwithanaugmentationofDAMBexpression.Thisaging-associated increase inoxi-
dative stress vulnerability was not observed in a DAMB-deficient mutant. Thirdly, targeted inactivation of this
receptor in glutamatergic neurons (GNs) markedly enhanced the survival of Drosophila exposed to either PQ
orneurotoxic levelsofDA,whereas, conversely,DAMBoverexpression in thesecellsmade thefliesmorevulner-
able to both compounds. Fourthly, amutation in theDrosophila ryanodine receptor (RyR), which inhibits activ-
ity-induced increase in cytosolic Ca21, also strongly enhanced PQ resistance. Finally, we found that DAMB

overexpression in specific neuronal populations arrested development of the fly and that in vivo stimulation
of either DNs or GNs increased PQ susceptibility. This suggests amodel for DA receptor-mediated potentiation
ofPQ-inducedneurotoxicity.FurtherstudiesofDAMBsignaling inDrosophilacouldhave implications forbetter
understanding DA-related neurodegenerative disorders in humans.

INTRODUCTION

Oxidative stress, i.e. the uncontrolled accumulation of reactive
oxygen species, plays a central role in aging and major
age-related human diseases such as cancer (1), heart failure
(2), neurodegenerative syndromes (3,4) and, specifically,
Parkinson’s disease (PD) (5–8). Parkinson’s disease is a multi-
factorial movement disorder resulting from the dysfunction and
loss of dopaminergic neurons (DNs) in the midbrain substantia
nigra pars compacta (SNpc) (9–11). No treatment is currently

known that could halt or slow the progression of neurodegenera-
tion in this disorder. Parkinson’s disease and related diseases are
generally sporadic, i.e. without obvious heritability, but familial
cases have been described. Several of the ≏15 PARK genes
whose mutations cause various forms of Parkinsonism were
shown tobe involved inmitochondrial quality control andoxida-
tive stress pathways (7,12). Oxidation of dopamine (DA) itself,
or of itsmetabolites, produces reactive radicals andquinones that
can damage cells and interact with PD-related proteins (13–15).
This combinedwith the physiological features of the SNpcDNs,
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including prominent Ca2+ entry through L-type channels, could
account for the specific vulnerability of these cells in PD
(6,16,17).
Humanepidemiological studies showed that long-termexpos-

ure to environmental free-radical generators, such as the herbi-
cide paraquat (PQ, 1,1′-dimethyl-4–4′-bipyridinium) or the
insecticide rotenone, is a risk factor for the development of PD
(18–21). Although the molecular mechanisms of cytotoxicity
of PQ and rotenone appear distinct and have not been fully estab-
lished in vivo (22–24), they are known to increase superoxide ion
production by mitochondria and generate oxidative damage
(23,25,26). These two neurotoxicants have thus been frequently
used to mimic PD and study oxidative stress-induced motor def-
icits and dopaminergic neurodegeneration in animal models
such as rodents (22,27–31) andDrosophila (32–38).Melatonin,
a potent hydroxyl radical scavenger, efficiently protects the flies
against these pesticides (32,39).
In Drosophila, DA is both an essential neuromodulator and

a precursor ofmolecules required for hardening andpigmentation
of the external cuticle (40,41).DAreleased fromflyneurons inter-
actswith specificGprotein-coupledDAreceptors, either of theD1

or D2 subtypes (42,43), including D1-like dDA1 and DAMB,
which play key roles in arousal and memory (44,45). Here, we
show that long-term overexpression of the DA-synthesizing
enzyme tyrosinehydroxylase (TH) in thenervous systemprolongs
the survival of adult PQ-intoxicatedflies, andweprovide evidence
that enhanced PQ resistance results from a down-regulation of the
DAMB receptor. Moreover, an augmentation of DAMB expres-
sion appears to underlie the age-related increase inPQ susceptibil-
ity of young adult flies. This suggests thatDAsignalingmodulates
oxidative stress resistance in theDrosophilanervous system.From
these and further results, we propose amodel for PQneurotoxicity
in which CNS disturbance would result from the self-reinforcing
effects of PQ-induced oxidative stress and a noxious intracellular
Ca2+ signaling mediated by DA receptor overactivation.

RESULTS

Long-term TH overexpression protects against
PQ neurotoxicity

Survival of the wild-type femaleDrosophila fed with 20 mM PQ
diluted in a 2% sucrose solutionwas atmost 72 h, with≏60%of
theflies apparently dead after 24 h (Fig. 1A).Because dietary PQ
strongly inhibits food intake in flies (46), we alternatively
applied the drug directly onto the anterior notum of decapitated
adultDrosophila, close to the ventral nerve cord (VNC), in order
to bypass feeding and digestive tract absorption. Headless flies
survivewell up to 3 dayswhen conserved in amoist environment
at 258C. They maintain a normal standing posture, a vigorous
righting response, and they can respond to mechanical or
pharmacological stimulations with grooming and coordinated
locomotion (47–50). We observed that death occurred more
rapidly when PQ was directly applied to the VNC, compared
with oral ingestion. A single 5-s application of a drop of 20
or 80 mM PQ diluted in Ringer’s solution killed 60–70% of
the decapitated flies in ≏6 and 2 h, respectively (Fig. 1B).
No significant difference in PQ vulnerability was observed
among various control strains in these conditions (Supple-
mentary Material, Fig. S1). Ingested PQ induced characteristic

morphological alterations of brain DNs, whose cell bodies
became smaller and rounded, suggestive of an entry of these
cells into apoptosis, as shown in Figure 1C for the PPL2
cluster. Similar changes in neuronalmorphologywere previous-
ly described for the PAL, PPL1, and PPM2 clusters (33). Direct
application of PQ also altered dopaminergic neuron structure in
the VNC, leading, after 2 h, to a severe reduction or loss of their
axonal varicosities, which are normally widespread in the gan-
glion neuropil of untreated flies (Fig. 1D and E).
InDrosophila, as in mammals, the TH enzyme is specifically

required for DA production in the CNS (41) (Supplementary
Material,Fig.S2).To test foraneffectof increasedDAbiosynthesis
on PQ susceptibility, we overexpressed genomic Drosophila TH
(DTHg) from the late embryonic stage and thereafter in DNs,
under transcriptional control of the TH-GAL4 driver (51). Resist-
ance of these TH.THg flies to PQ intoxication was significantly
enhanced compared with the wild type, leading to increased sur-
vival rates at 24 h after drug ingestion and 2 h after direct applica-
tion to the VNC (Fig. 2A and B). Because serotonergic neurons
express dopa decarboxylase (Ddc), the second enzyme in the DA
biosynthesis pathway (Supplementary Material, Fig. S2), ectopic
expression of DTHg can force these cells to produce DA. Surpris-
ingly, TH expression selectively in serotonergic neurons with the
TRH-GAL4 driver also resulted in significant protection against
PQ (Fig. 2A and B). The survival rate of PQ-ingested TRH.THg
flies at 24 h was double that of the wild type (Fig. 2A). Thus,
enhancedPQresistance in adult flies can result froma long-term in-
crease in DA synthesis either in DNs or in serotonergic neurons,
suggesting that a critical factor for neuroprotection is not the DA
level in DNs but rather the amount of DA released in the CNS.

Enhanced PQ tolerance correlates with down-regulation
of the DA receptor DAMB

Released DA interacts with specific membrane receptors. We
tested whether this interaction plays a role in the control of PQ
neurotoxicity. DA receptor antagonists were applied together
with PQ to the nerve cord of decapitatedDrosophila. Application
of either SKF-83959 or SKF-83566, two specific antagonists of
the D1 receptor subtypes, markedly enhanced resistance of the
flies against PQ.Ninetyminutes after PQ application, the survival
rate of headless flies increased around twofold in the presence of
these antagonists compared with controls treated with PQ alone
(Fig. 2C). In contrast, eticlopride, a specific antagonist of D2

receptors previously shown to be effective in Drosophila (47),
had no significant effect on PQ toxicity (Fig. 2C). Therefore, D1

DAreceptor antagonists canefficientlyprotect againstPQpoison-
ing inDrosophila.
Two D1-like receptors are known in Drosophila: dDA1 and

DAMB. We determined the PQ resistance of Damb1, a viable
null DAMB mutant, and dumb2, a hypomorphic dDA1 mutant
(Fig. 2D). After 2 h of PQ poisoning, the survival rate of decapi-
tatedDamb1 flies was found to be≏2.5 times higher than that of
the wild-type Canton S (CS) flies. In contrast, survival of dumb2

flies was similar to CS.Damb1 flies were also much more resist-
ant than the wild type when PQ intoxication was carried out by
dietary ingestion (Fig. 2E). The comparable stress-protective
effects of DAMB inactivation and long-term enhanced DA sug-
gested that DAMB expression could be altered in a compensa-
tory manner by TH overexpression. To test this hypothesis, we
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Figure 1. Paraquat-induced lethality and morphological alterations ofDrosophilaDA neurons. (A andB) Survival rate of wild-type Canton-SDrosophila either fed
with a sucrose solution containing PQ (dietary ingestion) (A) or after a 5-s application of the drug diluted in Ringer’s solution to the VNC of decapitated flies (direct
application) (B). PQ concentrationswere as follows: 0 (closed circles), 20 (open squares), or 80 mM (closed squares). (C) Structure of brainDNs fromwild-typeDros-
ophila fed for 24 hona sucrose solution containingeither noPQ(control, upper panel) or 20 mMPQ(lowerpanel).Brainswere thendissectedand stainedwith anti-TH
antibodies. The pictures showpart of the dorsolateral posterior protocerebral 2 (PPL2) neuronal cluster.Dopaminergic cell bodies of PQ-treated flies appeared smaller
and rounder with shrunken nuclei. (D andE)Whole-mount VNC of decapitatedDrosophila dissected 2 h after a 5-s application of either Ringer’s alone (control) (D)
or 80 mM PQ (E) and then immunostained for TH. Confocal projections were converted into negative images to improve visibility. DN axonal varicosities that are
widespread in the VNC of control flies appear to be much reduced in size or lost (98.4+0.005%) in PQ-treated VNC. Scale bars: (C) 10 mm, (D and E) 50 mm.
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Figure 2.Down-regulation of the DA receptor DAMBprotectsDrosophila against PQ-induced oxidative stress. (A) Survival rate of wild-type flies fed for 24 h with
sucrose plus 20 mM PQ, comparedwith TH-GAL4;UAS-DTHg flies overexpressing TH in DNs (TH.THg), and TRH-GAL4;UAS-DTHg flies ectopically expressing
TH in serotonergic neurons (TRH.THg). (B) Survival rate of decapitated flies of similar genotypes as in (A) 2 h after a 5-s application of 80 mM PQ dissolved in
Ringer’s to the VNC. (C) Effect of DA receptor antagonists. Survival rate of decapitated flies was monitored 1 h 30 min after brief application of a drop of
Ringer’s solution containing either PQ alone (control) or PQ plus D1 antagonists SKF-83959 or SKF-83566, or D2 antagonist eticlopride. Protection was observed
with the D1-specific antagonists. (D) PQ susceptibility of decapitated D1-like DA receptor mutants. Whereas the survival rate of dumb2 is comparable with wild
type, the Damb1 strain shows higher resistance to PQ. (E) Survival of intact Damb1 flies after PQ ingestion is similarly increased compared with wild type. In
(A)–(E), values were normalized to the mean survival rate of wild-type controls. (F–H) TH overexpression decreases the DAMB transcript level in adult flies.
(F) RT-PCR from head RNAs (30 cycles of amplification) showed reduced level ofDAMB transcripts, compared with wild type, after long-term TH overexpression
indopaminergic (TH.THg) or serotonergic (TRH.THg) neurons, and their absence in theDamb1mutant.Density analysisofRT-PCRproducts (G)or real-timePCR
experiments (H) yielded similar quantitative results.
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measured theDAMB transcript level in adult heads of flies over-
expressing TH in dopaminergic or serotonergic neurons: these
transgenic flies showed marked down-regulation of DAMB
expression to ≏30% of the wild type, and no DAMB mRNA
was detected in Damb1 mutants (Fig. 2F–H). Two independent
sets of experiments using different techniques, i.e. density analysis
of RT-PCR products (Fig. 2G) and real-time PCR (Fig. 2H),
showed similar quantitative results. This strengthens the conclu-
sion thatDAMB is down-regulated in adult flieswhenTH is over-
expressed in dopaminergic or serotonergic neurons and that the
DAMB transcript is absent in Damb1 mutants (as also shown in
Fig. 4B). Thus, various treatments or mutations that resulted in
inactivation or down-regulation of DAMB, either application of
D1 antagonists, DAMB mutation or long-term augmentation of
DA synthesis, all led to the common effect of increased PQ toler-
ance. Therefore, DAMB signaling appears to contribute signifi-
cantly to PQ-induced neurotoxicity inDrosophila.

Age-related decline in PQ resistance correlates
with DAMB expression

Newly eclosed 1-day-oldwild-typeDrosophila have been reported
to be more resistant to PQ exposure than 5- or 10-day-old flies,
which were more sensitive to the toxin (52,53), despite no

significant difference in food intake between PQ-treated 1- and
5-day-old flies (52). We, indeed, found that the PQ resistance
of wild-type flies strongly decreased during the first 2 weeks
of adult life: ≏95% of the 1-day-old flies survived 24 h after
PQ exposure against only 8% of the 15-day-old flies (Fig. 3A).
Interestingly,DAMB expression levelwas found toaugment pro-
gressively during the same period, reaching twice as high in
15-day-old flies compared with newly eclosed flies (Fig. 3B
andC).We therefore tested the evolutionwith age of PQ suscep-
tibility in the Damb1 mutant. Strikingly, the mutant flies were
strongly resistant at all ages between 1 and 15 days after eclosion
(Fig. 3A). This suggests that DAMB is required for the progres-
sively higher sensitivity of aging flies to PQ-induced oxidative
stress.

DAMB inactivation in glutamatergic neurons alleviates
PQ neurotoxicity

The DAMB receptor is known to be expressed in the mushroom
bodies (45,54), a fly brain center involved in the regulation of
associative learning and sleep. As described earlier, DAMB
inactivation enhanced the resistance of PQ-fed Drosophila or
of decapitated flies when PQ was applied to the nerve cord.

Figure3.Age-related increase inDrosophilaPQsusceptibility appears tobeDAMBdependent. (A)Whereasnewlyeclosed (1-day-old)wild-type (w1118)Drosophila
were quite resistant to PQ exposure, susceptibility markedly increased during the first 2 weeks of adult life. In contrast, resistance of w;Damb1mutant flies after PQ
ingestion was similarly high at all ages during this period. (B) RT-PCR experiments (30 cycles of amplification) demonstrated thatDAMB expression progressively
increasedwith age in wild-type flies during the first 2 weeks after adult eclosion. (C) Quantification of the RT-PCR products from 3 to 5 independent experiments by
density analysis. The relative transcript abundance of the DA receptor in 15-day-old flies was found to be about twice as much as in 1-day-old flies.
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Figure4.DAMBis expressed inGNsof theVNC. (A) SketchofGlu- (green circles) andDA- (red circles) synthesizing cells in theVNC.The regions corresponding to
the thoracic ganglia (tho) and fused abdominal neuromeres (abd) aremarked.Circles represent neuronal cell bodies.Thegray rectangle indicates the regionmagnified
in panels (C) and (D), and the dashed rectangle does the same for panels (E) and (G). (B) RT-PCR experiment (40 cycles) showing thatDAMB is expressed both in the
headand thoraxofwild-typeCanton-Sflies and is absent fromboth tissues inDamb1mutant. (C)PresenceofDAMBimmunoreactivity in adultVNCofwild-typeflies.
DAMB is expressed particularly in neuronal cell bodies thatmay correspond toGlu-releasingmotor neurons. (D) NoDAMB immunoreactivity was detected in VNC
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We looked, therefore, forDAMB expression in the VNC aswell.
The structure of the VNC with the relative localization of Glu-
and DA-releasing neurons is schematically depicted in
Figure 4A. RT-PCR experiments showed that DAMB mRNA
is detectable in both the head and thorax of adult wild-type

Drosophila but not in the Damb1 mutant (Fig. 4B). Note that
the DAMB signal appears stronger in this figure because 40
cycles of amplification were performed instead of 30 in
Figures 2F and 3B, as described in Materials and Methods.
DAMB-specific immunostaining confirmed that this receptor

Figure 5.DAMB inactivation in GNs enhances PQ tolerance. (A andB) Survival of decapitated (A) and intact (B) flies at 2 and 48 h, respectively, after PQ exposure.
The survival rate is greater for VGlut-GAL4; UAS-DAMB-IR Drosophila (VGlut.DAMB-IR), which express DAMB interfering RNA (IR) in GNs compared with
control flies carrying one copy of VGlut-GAL4 or UAS-DAMB-IR alone. (C) Survival of decapitated TH-GAL4; UAS-DAMB-IR flies (TH.DAMB-IR) that
express DAMB IR in DNs is, in contrast, similar to controls. (D) PQ susceptibility of VGlut-GAL4; UAS-DAMB flies (VGlut.DAMB) that overexpress DAMB in
GNs is significantly increasedcomparedwith controls. (E andF)Effect of in vivo stimulationofGlu-orDA-releasingneuronsonPQresistance. (E)Survivalofdecapi-
tated VGlut-GAL4;UAS-dTrpA1 (VGlut.dTrpA1)Drosophila incubated for 2 h at 318C in the presence of PQ is decreased compared with similarly treated control
flies carryingone copyof eitherVGlut-GAL4orUAS-dTrpA1 alone. (F) Same experiment as inDwithTH-GAL4;UAS-dTrpA1flies (TH.dTrpA1). Short-termstimu-
lation of DNs also markedly increased PQ neurotoxicity. In all panels, values were normalized to the mean survival rate of respective UAS strain controls.

of Damb1 mutant. (E–G) Double staining with anti-DAMB (magenta) and anti-GFP (green) antibodies in VNC of VGlut-GAL4; UAS-mCD8::GFP flies, (E) anti-
DAMB, (F) merge and (G) anti-GFP. Large arrows show cell bodies of GNs expressing DAMB at various levels. Thin arrows indicate cells expressing DAMB
and not GFP. (H–J) Double staining with anti-TH (magenta) and anti-GFP (green) antibodies in VNC of VGlut-GAL4; UAS-VGlut::GFP flies. (H) anti-TH, (I)
merge and (J) anti-GFP. DN axonal varicosities and GN nerve endings are widely distributed and overlap in several regions of the VNC neuropil. (K–M) Magnifi-
cation of the regions indicated by white rectangles in I. Examples of overlapping neuronal domains are marked (arrowheads). Scale bars: (C and D) 25 mm, (E–G)
5 mm, (H–J) 50 mm and (K–M) 20 mm.
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is widely expressed in the VNC, specifically in areas containing
glutamatergic neurons (GNs) (Fig. 4C).No immunostainingwas
observed in the VNC of mutantDamb1 flies (Fig. 4D). We used
the VGlut-GAL4 driver to express GFP selectively in GNs.
Double staining for DAMB and GFP showed that DAMB
could be detected in GNs (large arrows) and in other cells (thin
arrows) in the VNC (Fig. 4E–G). Expression of a synaptic
vesicle marker, VGlut::GFP, in GNs revealed that glutamatergic
nerve endings are widely distributed in the VNC neuropil in
regions that also contain dense dopaminergic arborizations
(Fig. 4H–J, showing co-immunostaining against GFP and
TH). Highermagnification demonstrates that dopaminergic pro-
jections and glutamatergic nerve terminals are often overlapping
(Fig. 4K–M, arrowheads). Previous studies in Drosophila and
other insects suggest that these glutamatergic terminals could ori-
ginate from Glu-releasing CNS interneurons or, alternatively,
from motor axon collaterals (55–57).
To determinewhetherDAMB signaling inGNs contributes to

PQ-induced lethality, we inactivated DAMB selectively in GNs
by targeted RNA interference (RNAi). This led to a significant
increase in fly survival under PQ poisoning, by either dietary
ingestionor after applicationof thedrug todecapitatedflies, com-
paredwith thecontrolGAL4andUAS-RNAi strains (Fig. 5Aand
B). Incontrast, expressionof thedouble-strandedDAMBRNAi in
DNswith TH-GAL4 had no effect on PQ susceptibility (Fig. 5C).
Conversely, we overexpressed DAMB in GNs and this indeed
caused a higher susceptibility of the flies to PQ lethal effects
(Fig. 5D). We then tested the effect of DAMB overexpression
onDrosophila survival in the absence of PQ. This led to contrast-
ing results depending on the cell type. Overexpression either in
GNs, where DAMB is normally expressed, in serotonergic
neurons, or in glial cells was without effect. In contrast, DAMB
expression in all neurons as well as in dopaminergic or choliner-
gic neurons resulted in fly death at the pupal stage (Table 1).
However, we observed that panneuronal expression of dDA1,
the other D1-like receptor in flies, did not alter Drosophila sur-
vival in any case. This suggests that DAMB signaling can be
specifically neurotoxic, either when this receptor is overex-
pressed in certain neuronal subpopulations, leading to hampered
fly development, or in the adult stage when its activation is com-
bined with an exposure to pro-oxidant molecules such as PQ.

Short-term stimulation of GNs or DNs increases
PQ susceptibility

DAMB activation elevates intracellular cAMP and Ca2+ levels
(58), which in turn could potentiate neuronal activity and neuro-
transmitter release. dTRPA1 is a cation-permeant thermal sensor
channel that depolarizes neurons when the ambient temperature
is raised above 258C (59). We expressed dTRPA1 in GNs to
assess whether the activity of these neurons can modulate PQ
toxicity. Headless adult flies were treated with PQ or plain
Ringer’s solution and then incubated at 318C for 2 h. We
observed that the expression of dTRPA1 in GNs did not trigger
paralysis of theflies at 318C, indicating that neuromuscular junc-
tions were still functional under this condition. In the absence of
PQ treatment, most of the dTRPA1-expressing flies survived the
2 hours of neuronal overstimulation (80% compared with 93%
for control flies that did not express dTRPA1). In contrast, the
survival rate of PQ-intoxicated dTRPA1-expressing flies was
reducedbyhalf comparedwith that of the controlflies containing
UAS-dTRPA1 or VGlut-GAL4 alone (Fig. 5E). Similarly, over-
stimulationofDNswithdTRPA1 for 2 hheavily decreased the re-
sistance of the flies against PQ (Fig. 5F): survival rate dropped to
≏5 times lower than the UAS-dTRPA1 and TH-GAL4 controls.
This last result contrasts with the protective effect observed in
adult flies after a long-term augmentation of DA biosynthesis in
theCNSduringdevelopment (seeFig. 2AandB).Although short-
term stimulation of DNs in the adult fly CNS aggravates the det-
rimental effects of oxidative stress (Fig. 5F), a long-term increase
in DA release compensates for this effect by constitutively down-
regulating the DAMB receptor (Fig. 2F–H).

DAMB inactivation protects against DA neurotoxicity

After PQ exposure, DAMB could be overactivated by the large
amounts of DA likely to be released from PQ-damaged DNs,
thus impairing Drosophila survival under oxidative stress. As
a further test of this hypothesis, we applied various dilutions
of DA directly to the nerve cord of decapitated Drosophila in
the absence of PQ. Interestingly, DA levels of .10 mM were
found to be lethal in these conditions in a dose-dependent
manner, with a median lifespan of ≏45 min at 50 mM DA

Table 1. Lethal effect of DAMB expression in selective neuronal subpopulations

Driver name Driver pattern Score of adult females Score of adult malesb Phenotype
Cy Cy+a Cy Cy+a

elav-GAL4b All neurons 35 0 (0) 33 98 (74.8) Lethal
repo-GAL4 All glial cells 17 11 (39.3) 12 13 (52.0) Not lethal
TH-GAL4 Dopaminergic 49 0 (0) 63 0 (0) Lethal
TRH-GAL4 Serotonergic 56 45 (44.5) 48 27 (36.0) Not lethal
Cha-GAL4 Cholinergic 71 0 (0) 57 0 (0) Lethal
VGlut-GAL4 Glutamatergic 26 38 (59.4) 23 28 (54.9) Not lethal

FemaleUAS-DAMB/CyOfliesweremated tomaleflieswithhemizygousor homozygous insertionsof the indicatedGAL4drivers. Survivalwas determinedby scoring
the relativenumberofCy+ adultflies in theprogeny.TheDAMBreceptordidnothinderDrosophila survivalwhen itwasexpressed in either glial cells, or selectively in
glutamatergicor serotonergicneurons. In contrast,DAMBexpression in all neurons, or restricted todopaminergic or cholinergicneurons, caused lethalityprior to adult
eclosion.
aPercent of Cy+ progeny are in italics.
bBecause elav-GAL4 is inserted on the X chromosome and male driver flies were used, only the female progeny of this cross inherited the GAL4 transgene.
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(Fig. 6A). Here again, the Damb1 mutant strain was markedly
more resistant than the wild type to DA toxicity (Fig. 6B): sur-
vival rate of Damb1 Drosophila 2 h after exposure to 35 mM

DA was ≏1.7 times higher than that of similarly treated wild-
type flies and close to the survival rate of the untreated wild
type. Similar to the results of experiments conducted with PQ
(Fig. 5A and B), we found that targeted inactivation of DAMB
by RNAi in GNs andDAMB overexpression in GNs, respective-
ly, increased and decreased the survival of headless Drosophila
2 h after DA exposure (Fig. 6C and D). This suggests that

DA neurotoxicity in Drosophila in part results from DAMB
overactivation in GNs.

Decreased cytosolic Ca
21

protects against PQ neurotoxicity

AsDAMBactivation can elevate both cytosolic cAMPandCa2+

levels, we tried to determine which of these second messengers
could be involved in the detrimental effects induced by the DA
receptor under oxidative stress. To raise the level of cAMP in
cells, we applied PQ together with forskolin and IBMX to the

Figure 6. DAMB inactivation protects decapitated Drosophila against DA neurotoxicity. (A) Survival of decapitated wild-type (Canton-S) flies was monitored at
various times (15, 30, 45 and 60 min) after a 5-s application of a drop of DA dissolved in Ringer’s at the indicated concentration (10, 20, 50 or 100 mM). DA
levels of .10 mM were found to be toxic in a dose-dependent manner under these conditions. (B) Survival rate of decapitated flies 2 h after a 5-s application of
Ringer’s solution alone (R) or 35 mMDAdissolved in Ringer’s (DA).Damb1mutants resist DA toxicity better thanwild-type flies. (C) Survival of decapitatedDros-
ophila2 h after a 5-s exposure to 35 mMDAis significantly prolonged forVGlut-GAL4;UAS-DAMB-IRflies (VGlut.DAMB-IR) that expressDAMB interferingRNA
in GNs as compared with control flies carrying one copy of VGlut-GAL4 or UAS-DAMB-IR alone. (D) DA susceptibility of VGlut-GAL4; UAS-DAMB Drosophila
(VGlut.DAMB) that overexpress DAMB in Glu neurons is markedly increased compared with controls. Values were normalized to the mean survival rate of
UAS strain controls. Note that all experiments in this figure were performed in the absence of PQ.
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trunkofdecapitatedflies.ComparedwithcontrolswithPQonly,we
found that the resistanceof theflieswithahigher levelof cAMPwas
increased(Fig.7A).This resultagreeswith theviewthatcAMPgen-
erally has a neuroprotective effect in the nervous system (38,60–
62). This suggests that cAMP may not take part in the neurotoxic
signaling triggered by the DAMB receptor.
As shown in Figure 5E and F, we have found that increasing the

levelofcations inneuronsusing thedTRPA1channelmade theflies
more susceptible to PQ, arguing for a role of Ca2+ in PQ neurotox-
icity. To test in reverse for an effect of reduced intracellular Ca2+,
we determined the PQ resistance of a heterozygous mutant of the
single ryanodine receptor (RyR) in flies,RyR16 (63). Ryanodine re-
ceptor channels aremajormediators of activity-induced increase in
cytosolic Ca2+ (64,65), and the RyR16 mutation was previously
shown to suppressAb neurotoxicity in aDrosophilamodel ofAlz-
heimer’sdisease(66). Interestingly,wefoundthat theRyR16mutant
flies were markedly resistant to PQ exposure, to an extent compar-
able to that of theDamb1mutants (Fig. 7B).This shows thatRyR is
a component of the PQ-induced cell death pathway and suggests
that DAMB contributes to PQ toxicity at least in part by increasing
the level of cytosolic Ca2+ in neurons.

DISCUSSION

Neuronal targets of PQ in Drosophila

Paraquat has long been used in Drosophila and other species to
study mechanisms of oxidative stress resistance and to model
agingorPD (26,33,39,53,67–73).Advantages of this compound
include water solubility, its ability to cross the digestive and
blood–brain barriers and its ability to quickly generate reactive
oxygen and nitrogen species, which cause oxidative damage. In
Drosophila, PQ is generally administered by feeding for 1–2
days (74). However, this drug was previously shown to have a
strong anorexigenic effect in flies (46). Here, we introduce an al-
ternative technique for PQ exposure, i.e. its direct application
onto the anterior notum of decapitated Drosophila. Such a be-
haviorally active preparation was used in previous works for
pharmacological studies of biogenic amines (47–49,75,76).
This method allows for PQ to diffuse rapidly into the VNC,
thus avoiding the use of sucrose solution and digestive tract
absorption and also minimizing the time for experiments
because lethality occurs a few hours after the brief (5-s) drug
application. A potential concern is that the brain and other
parts of the CNS located in the head are also oxidatively
damaged following PQ ingestion and are absent in decapitated
flies. Although it is likely that the head tissues contribute to PQ
susceptibility in entire flies, we always found qualitatively
similar results in survival tests when comparing PQ ingestion
and direct application to decapitated animals, as shown here in
Figures 1, 2 and 5. This shows that both methods can be used
with confidence to analyze PQ neurotoxicity effects.
Because PQ is an environmental risk factor for PD (18,77) that

causes selective loss of SNpc DNs in animal models (78–80), it
is essential to investigate the relationship between PQ-induced
toxicity and the neural dopaminergic system. The selective sus-
ceptibility of SNpc neurons to PD factors is thought to arise in
part from the pro-oxidant properties ofDA and of itsmetabolites
(13–15,17). This suggests that increasing DA levels in neurons
should enhance PQ susceptibility. Intriguingly, a previous study

in Drosophila showed that mutations that augment DA levels
have the opposite effect, causing enhanced PQ tolerance,
whereas mutations that diminish DA pools increase fly vulner-
ability (33). Here, we found that increasing DA synthesis in
neurons, by overexpressing theTH gene duringfly development,
extendedPQ tolerance both after ingestion anddirect application
of the toxin. PQ-induced neurotoxicity appears therefore to be a
primary cause of death in Drosophila that precedes a slower
systemic organ failure.
Surprisingly, a similar protective effect was observed when

DA synthesis was increased either in dopaminergic or in seroto-
nergic neurons, suggesting that a critical factor forDA-mediated
neuroprotection is the amount of DA released over time in the
extracellular space rather than the level of DA inside DNs. Con-
sistent with this interpretation, it was reported that flies overex-
pressing throughout life the vesicular monoamine transporter in
DNs, a genetic way to increase DA release, showed enhanced
resistance to PQ (36).We subsequently gathered an array of evi-
dence agreeing with this hypothesis and arguing for the involve-
ment of a DA receptor in PQ susceptibility (Figs 2 and 3): (1) PQ
tolerance is enhanced in thepresenceofDAreceptor antagonists,
(2) increased DA synthesis in neurons down-regulates the
D1-like DA receptor DAMB, (3) DAMB-deficient mutants are
more tolerant to PQ than wild-type flies, and (4) DAMB expres-
sion is required for the age-related decrease in PQ resistance that
occurs during the first 2weeks of adult life. This last observation
suggests, quite interestingly, that the expressionof aDAreceptor
underlies aging-associated changes in oxidative stress suscepti-
bility in young adult flies. All together, these results lead to con-
clude that DAMB significantly contributes to PQ neurotoxicity
and that the amount of DA released over the long term in the
CNS controls Drosophila PQ resistance by modulating the ex-
pression of this receptor.
On the other hand, we also present evidence that a sudden

increase in extracellular DA triggered by acute PQ intoxication
in naı̈ve flies directly contributes to fly death. PQ-induced DA
release could not be demonstrated here because of the small
size and low accessibility of the adult Drosophila CNS. How-
ever, itwasdemonstrated inmammals (see below)and suggested
by the rapidmorphological alterations of DNs in PQ-intoxicated
flies (Fig. 1). Here, we provide two arguments in favor of this hy-
pothesis. First, short-term stimulation of DNs by dTRPA1 acti-
vation in the adult fly CNS strongly aggravated the detrimental
effects of PQ (Fig. 5F). Second, brief exposure of headless
flies to DA levels of .10 mM, in the absence of PQ, was
enough to induce progressive lethality in the following hours
(Fig. 6A). These experiments show that a sudden increase in
the extracellular DA level is neurotoxic inDrosophila. Interest-
ingly, Damb1 mutant flies appear much less susceptible to DA
toxicity thanwild-type flies (Fig. 6B), as is the case with PQ sus-
ceptibility. This indicates that a significant portion of DA neuro-
toxicity results from the activation of DAMB. Therefore, PQ
could primarily target DNs, causing abnormal extracellular
DA, which would then aggravate oxidative damage by overacti-
vating theDAMB receptors located on nerve terminals of neigh-
boring neurons.
Because headless Damb1 mutants are also less susceptible to

PQ toxicity, we searched for the presence of theDAMB receptor
in the VNC. DAMB is indeed expressed in neuronal subtypes in
this tissue, including glutamatergic motor neurons (Fig. 4C–G).
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Wealsofind that glutamatergic projections arewidespread in the
VNC neuropil and often located close to dopaminergic varicos-
ities (Fig. 4H–M), such that when large amounts of DA are
released, diffusion could ensure that the DAMB receptors
expressed in GNs are overactivated. Accordingly, we show
that DAMB inactivation by RNAi targeted to GNs did partially
protect the flies against both PQ- and DA-induced toxicity, indi-
cating thatDAMBactivation in these cells contributes to the det-
rimental effects of those compounds (Figs 5A and B and 6C).
This conclusion is strengthened by the fact that, in contrast, over-
expressingDAMB inGNs increased susceptibility to eitherPQor
DA (Figs 5D and 6D). In accordance with these results, other
reports demonstrated a central role for GNs in Drosophila PQ
susceptibility. Thus, targeted expression of either the human
superoxide dismutase, SOD1, or the mitochondrial heat shock

protein, Hsp22, within glutamatergic motor neurons significant-
ly increased Drosophila survival after PQ poisoning (68,81).

Mechanisms of DAMB-mediated potentiation
of PQ susceptibility

How can DAMB overactivation trigger CNS failure and death
under PQ exposure? It is known that increased cytosolic Ca2+

in neurons canmediate or potentiate the damaging effects of oxi-
dative stress and excitotoxicity (82–84). One possibility, there-
fore, is that DAMB signaling in PQ-intoxicated flies abnormally
elevates cytosolic Ca2+ and cAMP levels in neurons expressing
the receptor, leading to aberrant release of Glu and other neuro-
transmitters and enhanced excitotoxic defects (85,86). Accord-
ingly, we previously showed that flies with reduced Glu

Figure 7. Mechanisms of DAMB-mediated potentiation of PQ susceptibility in Drosophila. (A) Survival of decapitated wild-type Drosophila was monitored at
various times after a 5-s application of a PQ solution mixed (open squares) or not (closed squares) with forskolin plus IBMX, as described in Materials and
Methods. Increased cAMP levels appeared to protect the flies against PQ neurotoxicity. (B) Heterozygous RyR16 mutants that have a reduced level of ryanodine
receptor calcium channels survived in significantly higher numbers compared with wild-type flies either at 24 or 48 h after PQ ingestion. This suggests a primary
role for cytosolicCa2+ in the PQ toxicity pathway. (C) Proposedmodel of PQneurotoxicity in flies. (a) In physiological conditions, DA release andDAMB-mediated
signaling are not neurotoxic. (b) In naı̈ve flies exposed to PQ, high amounts of DA released from oxidative stress-injured DNs would overactivate DAMB. Neuronal
dysfunctionwould then result from two synergistic causes: on the one hand, elevated oxidative stress caused byPQabsorption, and on the other hand, aberrantDAMB
activation leading to increased cytosolic Ca2+ through the ryanodine receptor. Thiswould ultimately cause CNS failure and precipitate organismdeath. (c) InDamb1

mutants or in flies with constitutively higher DA synthesis,DAMB deficiency or DAMB down-regulation, respectively, alleviate PQ neurotoxicity, mediating CNS
protection and prolongedDrosophila survival. Such a modulation of DAMB expression might be used in wild-type flies as an adaptive mechanism to increase oxi-
dative stress tolerance.
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buffering capability are more susceptible to PQ exposure (85).
This hypothesis also agrees with novel observations reported
here, e.g. the localization of DAMB in GNs of the VNC, the
enhanced PQ susceptibility of flies in which GNs are stimulated
with the cation channel dTrpA1 (Fig. 5E) and the striking resist-
ance of a ryanodine receptor mutant to PQ neurotoxicity
(Fig. 7B). A raised level of cytosolic Ca2+ appears, therefore,
to be an important component of the neurotoxic effects of PQ
inDrosophila and could lead to aberrant Glu release. In contrast,
an increase in cAMP level appears to be neuroprotective in the
same conditions (Fig. 7A). However, more experiments are
needed before we could conclude that DAMB-mediated activa-
tion of cAMP signaling does not play a role in PQ neurotoxicity.
Finally, we also report thatDAMB overexpression in all neurons
or in specific neuronal subpopulations, i.e. dopaminergic or cho-
linergic cells, in the absence of PQ, arrests development of the
flies during thefinal steps ofmetamorphosis (Table 1), indicating
that DAMB signaling can be by itself potently neurotoxic. It can
be noted that a comparable lethal effect was previously reported
following panneuronal expression of the Drosophila adenosine
receptor that also activates cAMP and calcium signaling (87).
The reasons why DAMB overexpression in other cell types,
such as GNs, serotonergic neurons and glial cells, has no detri-
mental effect on fly survival are still to be unraveled.
Further data from the literature support the excitotoxicity

hypothesis of PQ action. In Drosophila, a hypomorphic mutant
of methuselah (mth), a gene encoding a peptide-binding G
protein-coupled receptor, has an increased average lifespan
and enhanced resistance to various stress, including dietary PQ
(53,88). Interestingly, evoked Glu release from motor neurons
in this mth mutant is decreased by ≏50% owing to reduced
synaptic area and synaptic vesicle density (89). Such a decrease
in Glu release capability could be an advantage under oxidative
stress conditions by delaying excitotoxic insults. In another
system, i.e. the striatum of freely moving rats, it was demon-
strated that PQ dose dependently elevates extracellular Glu
and DA levels. The increase in extracellular DA level lasted
for .24 h after the PQ treatment. Pharmacological evidence
showed that PQ-stimulated Glu efflux initiates a cascade of
excitotoxic reactions eventually leading to damage of striatal
dopaminergic terminals (90).

A proposed model for PQ neurotoxicity

Overall, our results suggest that the activation state of a DA
receptor contributes to oxidative stress susceptibility in Dros-
ophila and lead to a proposed model for PQ neurotoxicity, sche-
matically depicted in Figure 7C. Large amounts of DA released
under acute oxidative stress in naı̈ve flies would overactivate
DAMB, triggeringCa2+ release in the cytosol through the ryano-
dine receptor, leading to neuronal dysfunction and finally
causing nervous system failure. This hypothesis is supported
by the following experimental evidence: extracellular DA is
by itself lethal at high doses, short-term stimulation of DNs or
GNs increases PQ susceptibility and, in GNs, DAMB inactiva-
tion and overexpression, respectively, protects against and sen-
sitizes to, either PQ- or DA-induced toxicity. The fact that
acute stimulation of specific neuronal subsets increased PQ sus-
ceptibility in flies importantly correlates neuronal activity and
oxidative stress tolerance. In contrast, moderate and long-term

augmentation of DA synthesis in the CNS down-regulate
DAMB, leading to better resistance against oxidative stress.
We may infer from this model that modulating downstream

DAMB signaling in response to a mild and prolonged oxidative
stress exposure could elevate resistance in adult flies. Such an
adaptive ‘hormetic’ effect might be used in Drosophila and
other insects to survive under conditions of raised environmental
stress. An adaptive increase in oxidative stress resistance was
indeed recently demonstrated in Drosophila, and it was shown
to depend on the induction of the Nrf2 antioxidant response
pathway (91). A potential relation between DAMB signaling
and the Nrf2 pathway remains to be investigated.

Parallel with human disease conditions

Arole for postsynapticD1DAreceptors in neuronal cytotoxicity
is not restricted toDrosophila and has been previously reported
inmammalianmodels in the case of striatal neurodegeneration, a
symptom associated with major neurological disorders such as
multiple system atrophy and Huntington’s disease. The striatal
GABAergic medium spiny neurons are indeed uniquely vulner-
able to elevated extracellular DA levels (92,93). In these cells,
D1 receptor stimulation potentiates Ca2+ influx via Glu recep-
tors of theNMDAsubtype (94,95) and stimulates the phosphory-
lated form of the extracellular signal-regulated kinase (p-ERK)
via cAMP-dependent signaling (96). Both mechanisms contrib-
ute to the activation of cellular toxicity pathways, ultimately
resulting in neuronal death. Such a toxic convergence of DA
and Glu signals is quite similar to the mechanism of PQ neuro-
toxicity observed here. The Drosophila DAMB-expressing
neurons and human striatal medium spiny neurons share the
property of being potentially overloaded with cAMP and Ca2+

ions in conditions that abnormally increase extracellular DA
levels. Further investigations on the DAMB-mediated neuro-
toxic pathways in Drosophila could thus lead to a better under-
standing of major DA-related disorders in humans.

MATERIALS ANDMETHODS

Drosophila culture and strains

Fly stocks were raised at 258C on standard cornmeal-yeast-agar
medium supplementedwithmethyl-4-hydroxy-benzoate as amold
protector, under 12 h:12 h light/dark cycle and ≏70% humidity.
The following Drosophila strains were used: Canton S or w1118

as wild type; y, w for germ-line transformation; UAS-DTHg (40)
to express the Drosophila TH gene; UAS-VGlut::GFP to express
GFP fused to the Drosophila vesicular Glu transporter gene
(VGlut), used as a synaptic vesicle marker (97); Cha-GAL4 (98),
TH-GAL4 (51), TRH-GAL4 and VGlut-GAL4 that drive gene
expression in cholinergic, dopaminergic, serotonergic and
GNs, respectively; elav-GAL4 (99) that expresses in all neurons
and repo-GAL4 (100) in all glial cells in adult flies; Damb1, a null
mutant of the DopR2/DAMB receptor generated by P element im-
precise excision (45,101); dumb2, a hypomorphic DopR/dDA1
allele (102); UAS-DAMB/CyO (provided by Kyung-An Han);
UAS-dDA1 (50); UAS-DAMB RNAi (UAS-DAMB-IR) (Vienna
Drosophila RNAi center, stock #v3391); RyR16, a mutant of
the ryanodine receptor (63), UAS-dTrpA1 (59) (described in
Result section), UAS-mCD8::GFP (103) and UAS-GFP-S65T
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(Bloomington Drosophila Stock Center). Constructions of the
TRH-GAL4, VGlut-GAL4 and UAS-VGlut::GFP transgenes used
in this study are described in the Supplementary Materials and
Methods and in Supplementary Material, Figures S3 and S4.

PQ intoxication and survival score

Unless otherwise indicated, PQ treatmentwasperformedon7- to
10-day-old adult females, either by dietary ingestion or by direct
application of the drug to decapitated flies. For dietary ingestion,
≏100 flies per condition were incubated at 258C in 2-inch
(5.2 cm) diameter Petri dishes (10 flies per dish) containing two
layers of Whatman paper soaked with 600-ml PQ (methyl violo-
gen,Sigma)diluted in2%(wt/vol) sucroseorsucroseonlyforcon-
trols. To avoid dehydration, dishes were enclosed in a plastic box
layeredwithmoist paper. Survivalwasmonitored after 24or 48 h.
Generally, 20 mM PQ was used in ingestion experiments, which
yielded ≏40% survival after 24 h for wild-type flies (Fig. 1A).
For direct application, flies were anesthetized on ice for

10 min and their headswere cut offwith 7-mmblade spring scis-
sors (Fine Science tools). About 100 decapitated flies per condi-
tion were transferred to a 2-inch Petri dish (10 flies per dish) and
allowed to recover for a few minutes until they stood on their
legs. A 5-ml droplet of PQ diluted in Drosophila Ringer’s solu-
tion (in mM: 130 NaCl, 4.7 KCl, 1.8 CaCl2, 0.5 Na2HPO4, 0.35
KH2PO4, pH 7.4 adjusted with 150 Na2HPO4) or Ringer’s only
for controls was applied for 5 s with a P10 Pipetman to the
VNC at the anterior notum as described (47). The same droplet
was successively used for 10 flies. Then, flies were incubated
at 258C in the same conditions as those intoxicated by ingestion.
A concentration of 80 mM PQ was generally used that gave
30–40% survival with 7- to 10-day-old wild-type flies after
2 h (Fig. 1B and Supplementary Material, Fig. S1). Flies were
considered as dead when they laid on the side or back and did
not react to a light mechanical stimulus. Survival wasmonitored
every 30 min, andgraphs present survival at 2 hunless otherwise
noted. A similar procedure was used to assay for DA toxicity.
DA receptor antagonists were purchased from Tocris and

added to the PQsolution used for direct application at the follow-
ingconcentrations:SKF83959,50 mM; SKF83566, 5 mM; eticlo-
pride, 5 mM. To increase cAMP level in cells, 25 mM forskolin
plus 100 mM 3-Isobutyl-1-methylxanthine (IBMX) (both from
Sigma–Aldrich)were similarly added to the PQ solution and con-
trols receivedequivalentvolumesofDMSO.For in vivoneuronac-
tivation,30decapitatedDrosophilaexpressingdTrpA1 inneuronal
subsetswere intoxicated as usual at room temperature and then im-
mediately incubated at 318C for 2 h before fly survivalwas scored.
Survival rates were normalized to the mean value of internal

controls, most often wild-type orUAS control strains. Statistical
analyses were performed with Prism (GraphPad Software, La
Jolla, CA, USA), using ANOVA with post hoc Tukey–Kramer
or Student’s t-test. Unless otherwise stated, errors bars represent
standard errors of the mean (SEM) of 9 or 10 independent deter-
minations. Statistical significance in all figures: ∗P , 0.05,
∗∗P, 0.01, ∗∗∗P, 0.005, n.s. not significant.

RNA extraction

Total RNA was extracted by the TrIzol (Invitrogen) method.
Adult flies were anesthetized on ice and decapitated with a

sterile scalpel. Twenty heads (or 5 thoraxes) were dissolved in
500 ml TriZol and kept at 2808C overnight. Remaining tissues
were then crushed with a mini-Potter. The mixture was extracted
with100 ml chloroformandcentrifugedat2320g (5000 rpm) inan
Eppendorf 5415 Rmicrocentrifuge for 10 min at 48C. The super-
natant was collected, mixed with 250 ml isopropanol, and stored
for 30 min to 2 h at 2208C. After 15-min microcentrifugation
at 2320g, the pellet was washed twice with 250 ml 75% (vol/
vol) ethanol prepared with diethylpyrocarbonate-treated water
followed by 4 min of microcentrifugation at 2320g. The dried
pellet was suspended in 20 ml of RNAse-free water. One micro-
liter of the solution was used to determine RNA concentration
with a NanoDrop spectrophotometer (ThermoScientific).

Reverse transcription–PCR

For retrotranscription, 1 mg of total RNAwasmixedwith 0.5 mg
of oligo(dT)15 (Promega) and 10 mM dNTP mix (Promega) in
RNAse-free water. After heating at 658C for 5 min, the tube
wasplacedon ice and supplementedwith4 ml of 5× First-Strand
Buffer (Invitrogen), 2 ml of 0.1 M DTT, and 1 ml of RNAsin
(Promega). After 2 min pre-incubation at 428C, 1 ml of Super-
Script II Reverse Transcriptase was added and the reaction
mix (final volume: 20 ml) was incubated for 50 min at 428C.
The reaction was stopped by heating at 708C for 15 min. PCR
was performed as previously described (41) in a Techne
TC-312 thermal cycler in 20 ml of final volume. The program
included a cycle of 40 s of denaturation at 948C, 40 s of anneal-
ing at 628C and 40 s of elongation at 728C, repeated 35 or 40
times. Alternatively, PCR was performed using PrimeSTAR
Max DNA Polymerase (Takara). In this case, the program
included a cycle of 10 s of denaturation at 988C, 10 s of anneal-
ingat 558Cand30 sof elongationat 728C, repeated30 timesonly
to allow comparison of transcript expression levels. Band
density analysis of the PCR products was performed with the
Fiji software, and data were normalized to the internal controls
(either rp49 or actin). Results are mean+SEM of 3–5 inde-
pendent experiments. The following primers were used: for
DAMB, sense: 5′ TTTGACTCCTCTGTCGCTCA, antisense:
5′ CAAAGAACGTAATGGAGGATG (amplicon: 232 bp);
for rp49, sense: 5′ GACGCTTCAAGGGACAGTATC, anti-
sense: 5′ AAACGCGGTTCTGCATGAG (amplicon: 126 bp);
for Actin 5C, sense: 5′ CGACAACGGCTCTGGCATGT, anti-
sense: 5′ TCCATTGTGCACCGCAAGTG (amplicon: 1094 bp).

Real-time PCR

For real-timePCR,RNAextracted fromadult headswas cleaned
from contaminant DNA prior to retrotranscription by treatment
with RQ1 RNAse-free DNAse (Promega) according to theman-
ufacturer’s protocol. PCRwas carried out in aMyiQ2 two-color
real-time PCR detection system (Bio-Rad) with the SYBR
GreenER qPCR SuperMix (Invitrogen) in 96-well plates. Each
well contained 2.5 ml of the retrotranscription product and
0.1 mM sense and antisense primers in 1× Syber Green Mix, in
a final volume of 25 ml. The ribosomal gene rp49 was used as
an internal control. The program was: 958C denaturation for
10 min, followed by 40 amplification cycles (15 s at 958C, 15 s
at 558C and 45 s at 608C), and ended by 10-s ramping from 50
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to 908C to run a melting curve. The DAMB and rp49 primers
were the same as those used for the RT-CPR experiments.

Immunohistochemistry

Whole adult CNS was dissected at room temperature in Dros-
ophila Ringer’s solution and fixed for 2 h on ice in a watch
glass in 4% (wt/vol) paraformaldehyde in PBS (130 mM NaCl,
7 mM Na2HPO4, 3 mM KH2PO4) before being transferred with
Dumont #5 forceps to 24-well plates (5–10 brains per well).
After three 20-min washes in 0.5 ml PBS plus 0.5% (vol/vol)
Triton X-100 (PBT), tissues were pre-incubated for 2 h in
PBT + 2% (wt/vol) bovine serum albumin as blocking solution,
transferred again to 96-well plates and incubated overnight at
48C with agitation in the presence of primary antibodies
diluted in blocking solution (final volume: 100 ml). The
primary antibodies used were: mouse monoclonal anti-TH
(1:50; ImmunoStar), mouse anti-GFP (1:500; Invitrogen Mo-
lecular Probes), rabbit anti-serotonin (1:500; Sigma), rabbit anti-
DAMB (1:100) (54) and rabbit anti-synaptotagmin (Syt-1)
(1:100, generous gift of Hugo Bellen). After three 20-min
washes in PBT, brains were incubated for 2 h at room tempera-
ture with 0.5 ml of secondary antibodies: Alexa Fluor 555 anti-
mouse, Alexa Fluor 488 anti-rabbit (Invitrogen Molecular
Probes), or FITC anti-rabbit, TRITC anti-mouse (Jackson
ImmunoResearch) diluted to 1:250. Tissues were washed three
times again in PBT for 20 min and finally mounted in Vecta-
shield (Vector Laboratories) or Mowiol 4–88 (Polysciences).
Images were collected on a Nikon A1R confocal microscope
andprocessedwith ImageJ andAdobePhotoshop.Thedopamin-
ergicnerve-endingvaricositieswere quantifiedbymeasuring the
respective area theycovered inTH-immunostainedwholeVNCs
as total pixel number using Adobe Photoshop.

SUPPLEMENTARYMATERIAL

Supplementary Material is available at HMG online.
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K., Iché-Torres, M., Cassar, M., Strauss, R., Preat, T. et al. (2011)
Behavioral consequences of dopaminedeficiency in theDrosophila central
nervous system. Proc. Natl Acad. Sci. USA, 108, 834–839.

42. Blenau, W. and Baumann, A. (2001) Molecular and pharmacological
properties of insect biogenic amine receptors: lessons from Drosophila
melanogaster and Apis mellifera. Arch. Insect Biochem. Physiol., 48,
13–38.

43. Hearn, M.G., Ren, Y., McBride, E.W., Reveillaud, I., Beinborn, M. and
Kopin, A.S. (2002) A Drosophila dopamine 2-like receptor: Molecular
characterization and identification of multiple alternatively spliced
variants. Proc. Natl Acad. Sci. USA, 99, 14554–14559.

44. Lebestky, T., Chang, J.-S.C., Dankert, H., Zelnik, L., Kim, Y.-C., Han,
K.-A., Wolf, F.W., Perona, P. and Anderson, D.J. (2009) Two different
forms of arousal in Drosophila are oppositely regulated by the dopamine
D1 receptor ortholog DopR via distinct neural circuits. Neuron, 64,
522–536.

45. Berry, J.A., Cervantes-Sandoval, I., Nicholas, E.P. and Davis, R.L. (2012)
Dopamine is required for learning and forgetting in Drosophila. Neuron,
74, 530–542.

46. Ja,W.W., Carvalho,G.B.,Mak, E.M., la Rosa de, N.N., Fang, A.Y., Liong,
J.C., Brummel, T. andBenzer, S. (2007) Prandiology ofDrosophila and the
CAFE assay. Proc. Natl Acad. Sci. USA, 104, 8253–8256.

47. Yellman, C., Tao, H., He, B. and Hirsh, J. (1997) Conserved and sexually
dimorphic behavioral responses to biogenic amines in decapitated
Drosophila. Proc. Natl Acad. Sci. USA, 94, 4131–4136.

48. Hirsh, J. (1998) Decapitated Drosophila: a novel system for the study of
biogenic amines. Adv. Pharmacol., 42, 945–948.

49. Torres, G. and Horowitz, J.M. (1998) Activating properties of cocaine and
cocaethylene in a behavioral preparation of Drosophila melanogaster.
Synapse, 29, 148–161.

50. Andretic, R., Kim, Y.-C., Jones, F.S., Han, K.-A. and Greenspan, R.J.
(2008) Drosophila D1 dopamine receptor mediates caffeine-induced
arousal. Proc. Natl Acad. Sci. USA, 105, 20392–20397.

51. Friggi-Grelin, F.,Coulom,H.,Meller,M.,Gomez,D.,Hirsh, J. andBirman,
S. (2003)Targetedgeneexpression inDrosophiladopaminergic cells using
regulatory sequences from tyrosine hydroxylase. J. Neurobiol., 54,
618–627.

52. Neckameyer, W.S. andWeinstein, J.S. (2005) Stress affects dopaminergic
signaling pathways in Drosophila melanogaster. Stress, 8, 117–131.

53. Shukla,A.K., Pragya,P.,Chaouhan,H.S., Patel,D.K.,Abdin,M.Z. andKar
Chowdhuri, D. (2014) A mutation in Drosophila methuselah resists
paraquat induced Parkinson-like phenotypes. Neurobiol. Aging, 35,
2419.e1–2419.e16.

54. Han, K.A., Millar, N.S., Grotewiel, M.S. and Davis, R.L. (1996) DAMB, a
novel dopamine receptor expressed specifically in Drosophilamushroom
bodies. Neuron, 16, 1127–1135.

55. Sombati, S. and Hoyle, G. (1984) Glutamatergic central nervous
transmission in locusts. J. Neurobiol., 15, 507–516.
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