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ABSTRACT To investigate the regulation of Drosophila melanogaster behavior by biogenic amines, we have exploited the broad
requirement of the vesicular monoamine transporter (VMAT) for the vesicular storage and exocytotic release of all monoamine
neurotransmitters. We used the Drosophila VMAT (dVMAT) null mutant to globally ablate exocytotic amine release and then restored
DVMAT activity in either individual or multiple aminergic systems, using transgenic rescue techniques. We find that larval survival, larval
locomotion, and female fertility rely predominantly on octopaminergic circuits with little apparent input from the vesicular release of
serotonin or dopamine. In contrast, male courtship and fertility can be rescued by expressing DVMAT in octopaminergic or dopami-
nergic neurons, suggesting potentially redundant circuits. Rescue of major aspects of adult locomotion and startle behavior required
octopamine, but a complementary role was observed for serotonin. Interestingly, adult circadian behavior could not be rescued by
expression of DVMAT in a single subtype of aminergic neurons, but required at least two systems, suggesting the possibility of
unexpected cooperative interactions. Further experiments using this model will help determine how multiple aminergic systems
may contribute to the regulation of other behaviors. Our data also highlight potential differences between behaviors regulated by

standard exocytotic release and those regulated by other mechanisms.

OTH invertebrate and mammalian behaviors undergo

extensive regulation by monoamine neurotransmitters
(reviewed in Joshua et al. 2009; Sara 2009; Barron et al.
2010; Bromberg-Martin et al. 2010; Schultz 2010; Shohamy
and Adcock 2010; Haenisch and Bonisch 2011). These include
serotonin (5-HT), dopamine (DA), noradrenaline (NE), adren-
aline, and histamine in mammals (Southwick et al. 2005; Sara
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2009; Daubert and Condron 2010; Schultz 2010; Shohamy
and Adcock 2010; Barnes et al. 2011; Haenisch and Bonisch
2011) and 5-HT, DA, histamine, octopamine (OA), and tyra-
mine (TA) in Drosophila as well as other insects (Monastirioti
et al. 1996; Blenau and Baumann 2001; Cole et al. 2005;
Roeder 2005; Farooqui 2007; Hardie et al. 2007; Barron
et al. 2010; Daubert and Condron 2010; Waddell 2010). The
function of individual aminergic systems has been studied with
both genetic and pharmacologic methods, yet the contribution
of each system and the manner in which they may interact to
regulate complex behaviors remain unclear. Understanding
these interactions will be critical to determine not only the
molecular mechanisms by which amines regulate behavior,
but also the contribution of each system to the therapeutic
effects of antidepressants, antipsychotics, and other psychotro-
pic drugs (Sora et al. 2001; Wilens 2006; Meltzer et al. 2008;
Mailman and Murthy 2010; Haenisch and Bonisch 2011).
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Studies in mammals illustrate the complex relationship
between central aminergic circuits (Mabry and Campbell
1973; Guiard et al. 2008; Leggio et al. 2009; Sesack and Grace
2010). These include the regulation of DA release by 5-HT (Di
Matteo et al. 2001; Alex and Pehek 2007; Abdallah et al. 2009),
as well as the convergence of 5-HT and DA onto some of the
same downstream outputs (Gervais et al. 1999; Boureau and
Dayan 2010). However, studies of possible interactions be-
tween aminergic systems in mammals are limited by techni-
cal constraints usually associated with combining multiple
knockout alleles. Most behavioral-genetic models therefore
study the effects of inhibiting one or at most two aminergic
systems. This approach can limit the analysis of potential
interactions: since each of these regulatory systems may
be either redundant or replaceable by other aminergic sys-
tems, knocking out one component may not alter behavioral
phenotypes of interest. For example, the combined contri-
butions of 5-HT, noradrenaline, and DA to the behavioral
effects of cocaine remained unclear until double and triple
knockouts of the 5-HT, DA, and noradrenaline transporter
genes were generated (Mossner et al. 2006).

Behavior in model systems such as Caenorhabditis elegans
(Duerr et al. 1999; Sawin et al. 2000; Sanyal et al. 2004;
Chase and Koelle 2007; Suo et al. 2009) and Drosophila is
also dependent on multiple aminergic regulatory systems
(Monastirioti et al. 1996; Blenau and Baumann 2001; Cole
et al. 2005; Roeder 2005; Farooqui 2007; Hardie et al. 2007;
Barron et al. 2010; Daubert and Condron 2010; Waddell
2010). In Drosophila, molecular-genetic and pharmacologic
analyses have demonstrated the importance of DA in sleep,
arousal, light perception, circadian entrainment, feeding,
and aversive conditioning (Schwaerzel et al. 2003; Andretic
et al. 2005; Kume et al. 2005; Neckameyer and Weinstein
2005; Chang et al. 2006; Draper et al. 2007; Bayersdorfer
et al. 2010; Hirsh et al. 2010; Riemensperger et al. 2011); of
5-HT in aggression, place memory, circadian rhythms, and sleep
(Yuan et al. 2005, 2006; Sitaraman et al. 2008; Alekseyenko
et al. 2010); and of OA in sleep, locomotion, female fertility,
aggression, place memory, and the fly’s response to environ-
mental stressors (Hirashima et al. 2000; Lee et al. 2003; Fox
et al. 2006; Hardie et al. 2007; Crocker and Sehgal 2008;
Zhou et al. 2008; Crocker et al. 2010; Sitaraman et al. 2010).
However, as in mammals, the relative importance of each
aminergic system for particular behaviors and their potential
interplay remain unclear.

To explore the function and interaction of aminergic
systems in Drosophila, we have taken advantage of the re-
quirement for the vesicular monoamine transporter (VMAT)
in the vesicular storage and exocytotic release of all biogenic
amines within independent subsets of aminergic neurons
(Liu and Edwards 1997; Duerr et al. 1999; Greer et al.
2005). We have previously shown that flies express a single
VMAT gene (dVMAT) in 5-HT, DA, and OA neurons and that
mutation of dVMAT causes multiple behavioral deficits (Simon
et al. 2009). The requirement of DVMAT for normal exocytotic
transmitter release in all central aminergic neurons—rather
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than a single subset—presents a unique opportunity for ablat-
ing normal synaptic transmission in all aminergic systems si-
multaneously and then adding back each one in isolation or in
combination. Thus, starting with a loss-of-function dVMAT
mutant background, we have systematically added back, or
genetically rescued, DVMAT function and vesicular release in
specific subsets of aminergic neurons.

Our approach differs from previous studies using single
mutations, as well as from those in which toxins or dominant
transgenes have been used to silence individual transmitter
systems or circuits, and circumvents some important limita-
tions. First, ablating the function of one modulatory system
may not reveal deficits if redundant or complementary
regulatory circuits compensate for the loss. Second, al-
though genetic ablation studies can determine how loss of
particular systems or circuits will affect behavior, they do not
describe the minimal circuitry that is both necessary and
sufficient to drive any given behavior. Conversely, our ap-
proach allows us to determine whether a single system is
sufficient to drive a particular behavior, since we start from
a baseline of no exocytotic release in any aminergic system
and then add back individual amines. Third, unlike some
other probes of aminergic processes (Neckameyer and Quinn
1989), dVMAT is not expressed in nonneuronal tissues such
as those required for cuticle hardening and pigmentation
(Simon et al. 2009). This restricted pattern of expression
renders DVMAT particularly useful for studying neuronal
processes in the absence of potentially confounding non-
neuronal effects (Colas et al. 1999; True 2003; Hsouna
et al. 2007). Fourth, mutation of VMAT specifically blocks
release of amines while preserving release of peptide neuro-
transmitters, a potential confound for other techniques that
inhibit the exocytotic machinery. Finally, the mutation of
dVMAT rather than biosynthetic enzymes also confines the
signaling deficit to normal exocytotic release as opposed to
other types of release such as efflux.

Our data indicate that restoration of DVMAT in cells that
release OA and/or TA is sufficient to rescue larval locomo-
tion, female fertility, and the decreased viability of dVMAT
mutants. The findings are consistent with previous studies
demonstrating the widespread importance of OA in multi-
ple aspects of invertebrate behavior (Bicker 1999; Roeder
1999; Scheiner et al. 2006; Chase and Koelle 2007; Verlinden
et al. 2010). Both DA and OA can individually rescue male
courtship and male fertility, suggesting potentially redun-
dant roles for these systems in stimulating male sexual
behavior. Individual aminergic systems are able to rescue
distinct components of the dVMAT mutant startle response,
consistent with the notion that they serve complementary
roles. In contrast, only combinations of aminergic systems
are able to detectably rescue the defects we observe in
circadian behavior, suggesting unexpected cooperative
interactions. These data may be generally relevant to the
mechanisms by which aminergic systems interact to mod-
ulate other complex behaviors and the response to psycho-
tropic drugs.



Materials and Methods
Drosophila husbandry

For larval locomotion assays, the wl11® mutant outcrossed
into Canton-S (CS) for 10 generations (w'118CS, ) was used
as the wild-type (WT) control, and for rhythmicity assays,
the w mutant was used as the WT control. For all other
experiments WT controls were Canton-S (CS). The dVMAT
null, homozygous for the loss-of-function allele (dVMAT??),
and the UAS-DVMAT transgene have been previously described
(Oh et al. 2003; Chang et al. 2006; Romero-Calderon et al.
2008; Simon et al. 2009). Note that the UAS-DVMAT transgene
used here encodes the neuronal isoform of DVMAT (DVMAT-
A); a distinct RNA splice variant of dVMAT (DVMAT-B) is ex-
pressed only in a small subset of glia in the visual system and
is unlikely to be relevant to the behaviors discussed here
(Greer et al. 2005; Romero-Calderon et al. 2008). Gal4
driver lines include those previously shown to drive expres-
sion in serotonergic (TrH-Gal4) (Park et al. 2006), dopami-
nergic (TH-Gal4) (Friggi-Grelin et al. 2003), tyraminergic
and octopaminergic (Tdc2-Gal4) (Cole et al. 2005), and both
serotonergic and dopaminergic (Ddc-Gal4) (Li et al. 2000)
neurons. To reduce the effects of genetic background on be-
havior, all drivers, as well as the dVMAT?! allele and the UAS-
DVMAT transgene, were outcrossed for 5 generations into
wild-type background (w!!'18CS;,). The outcrossed trans-
genes were introduced into the dVMATP! mutant back-
ground to generate the following genotypes, used for the
transgenic rescue experiments described in the text: (1)
“ubiq>HT)” w; dVMATPY; daughterless-Gal4, UAS-DVMAT / +;
(2) “Ddc,” w; dVMATP!, DDC-Gal4; UAS-DVMAT; (3) “Tdc,”
w; dVMATP!, Tdc2-Gal4; UAS-DVMAT; (4) “TH,” w; dVMATF?;
TH-Gal4, UAS-DVMAT; (5) “TrH,” w; dVMAT?!, TrH-Gal4;
UAS-DVMAT; (6) “Tdc + TH,” w; dVMATP! / Tdc2-GALA4,
dVMATP?; UAS-DVMAT / TH-Gal4, UAS-DVMAT; (7) “Tdc +
TrH,” w; dVMAT?!, TrH-Gal4 / dVMAT??, Tdc2-Gal4; UAS-
DVMAT; (8) “TH + TrH,” w; dVMAT?! / TrH-GAL4, dVMAF,;
UAS-DVMAT / TH-Gal4, UAS-DVMAT; and (9) “UAS,” w;
dVMATP?; UAS-DVMAT. All lines were maintained on stan-
dard agar-molasses-based fly food made by the University
of California, Los Angeles (UCLA) fly facility: 10.7 g/liter
agar, 28.6 g/liter yeast, 71 ml/liter molasses, 71 g/liter
cornmeal, 5.7 ml/liter propionic acid, and 16 ml/liter of
a 10% g/ml solution of methyl-paraben used as an antifun-
gal agent.

Western blots

Western blots were performed as previously described
(Chang et al. 2006). Briefly, adult flies (4 days posteclosion)
were anesthetized using CO,, and four heads per genotype
were homogenized in SDS-PAGE sample buffer. One head
equivalent of homogenate from each fly line was loaded
onto a polyacrylamide gel, followed by transfer to nitrocel-
lulose. The membrane was incubated with 1:1000 mouse
anti-HA (Covance Research Products, Denver, CO) overnight
at 4° and then incubated with 1:1000 mouse anti—3-tubulin

(Accurate Chemical and Scientific, Westbury, NY) for 1 hr at
room temperature. Membranes were incubated in secondary
antibody for 1 hr at room temperature, using 1:1000 anti-
mouse HRP-conjugated antibodies (Amersham Biosciences,
Piscataway, NJ). The protein bands were detected using
SuperSignal West Pico Luminol/Peroxide (Thermo Scien-
tific, Rockford, IL) and exposed for 15-60 sec on Kodak
(Rochester, NY) Biomax Light Film.

HPLC

HPLC analysis of dopamine and serotonin was performed as
previously described (Chang et al. 2006). For all experi-
ments to measure dopamine and serotonin we used four
2- to 3-day-old female heads per sample. Fly heads were
manually collected and homogenized in 0.1 M perchloric
acid containing 0.1% EDTA, using a glass-on-glass micro-
tissue grinder (Kontes). Insoluble debris was sedimented
by centrifugation and the supernatant filtered through a
0.22-pm Millipore (Bedford, MA) MC cartridge. To measure
octopamine, brains were dissected from four 2- to 3-day-old
females for each sample and homogenized as above. Octop-
amine was analyzed by HPLC coupled to electrochemical
detection (Antec Leyden, Palm Bay, FL; oxidation potential
0.95 V, glassy carbon electrode against Ag/AgCl reference),
using a reverse-phase column (SC-50DS, 150 x 3.0 mm with
a 4 x 5-mm AC-ODS precolumn maintained at 25°; Eicom,
San Diego, CA) pumped at 0.5 ml/min with mobile phase
consisting of 0.1 M citrate-acetate buffer (pH 3.5), 13% meth-
anol (v/v), and 130 mg/liter sodium-1-octane sulfonate.
Viability

To obtain flies for viability assays, 10 males and 10 females
heterozygous for the dVMAT mutation were mated for 3 days
at ~23° in bottles containing standard fly food. For all gen-
otypes, the percentage of progeny homozygous for dVMAT??
was compared to the number of homozygous progeny pre-
dicted by standard Mendelian ratios. The numbers of F
dVMAT homozygote and total progeny were summed over
19 days postmating. Bottles containing 500-1000 progeny
were scored as standard culture conditions for calculating
percentage of survival in Supporting Information, Figure S3F.

Anatomical analysis

To image dopaminergic neurons, WT and dVMAT mutant
wandering third-instar larvae were dissected and fixed in
4% paraformaldeheyde and then probed with rabbit anti-
DTH (Neckameyer et al. 2000), a gift of W. Neckameyer
(St. Louis University School of Medicine), followed by anti-
rabbit Alexaflour 488 (Invitrogen Molecular Probes, Eugene,
OR). For serotonergic and octopaminergic neuron counts,
one copy of UAS-mCD8-GFP and one copy of either TrH-Gal4
or Tdc2-Gal4, respectively, were expressed either in the WT
or in the dVMAT mutant background, and the endogenous
fluorescent signal of GFP was used to count cell bodies in
larval brains from wandering third-instar larvae fixed in 4%
paraformaldehyde. All images were obtained using a Zeiss
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(Thornwood, NY) confocal microscope, using either a 20x
Plan-Apochromat (0.75 NA) or a 40x/0.75 EC Plan-Neofluar
objective. For some preparations, additional quantification
was performed using an AxioSkop Zeiss upright microscope
and manually focusing through the entire depth of the
cluster.

Larval locomotion

To obtain larvae homozygous for dVMAT?! in the presence
or absence of additional rescue transgenes, 20 males and 20
females were mated for 1 day at ~23° in a 6-cm plastic dish
filled with 20 ml of standard molasses fly food. Approxi-
mately 1 week later, third-instar larvae were collected. To
assay larval locomotion, a single third-instar larva was placed
on a 14.5-cm diameter plastic dish filled with standard fly
food and allowed to acclimate for 1 min. The lid of the dish
was covered with a 5 x 5-mm grid and the number of grid
lines crossed by the larva was manually recorded over a pe-
riod of 5 min. Experiments were performed blindly with
respect to genotype. All larvae were then allowed to pupate
and eclose as adults: individuals homozygous for the dVMAT
mutation were confirmed post hoc by the absence of the CyO
chromosome. Only data collected from dVMAT?! homozy-
gotes were used for further analysis.

Neurotransmitter feeding

To make plates for drug administration, molten fly food was
mixed with red food dye (Kroger, Cincinnati; 9.6% final
concentration) and an aqueous stock solution of neurotrans-
mitter for a final neurotransmitter concentration of 10 mg/ml.
Third-instar larvae with colored abdomens were tested using
the locomotion assay described above. Larvae were allowed
to feed for 4 hr and were tested at the start of feeding, after
2 hr of feeding, and at the end of feeding.

Fertility

To obtain adult flies for fertility assays, 10 males and 10
females heterozygous for the dVMAT mutation were mated
for 3 days at ~25°. Homozygous progeny were sorted under
cold anesthesia over ice. To test male fertility, one male can-
didate (0-5 days old) was mated with 3 WT virgin females in
a standard culture vial. To test female fertility, one virgin
female candidate (0—4 days old) was mated with 3 Canton-S
males in a vial. One to 2 weeks after initial mating, candidates
were scored as either fertile or infertile based on whether the
vial contained at least one progeny (larva, pupa, or adult).
Only vials containing at least one male and at least one fe-
male the day after initial mating were scored.

Negative geotaxis

Negative geotaxis assays were performed as described in Simon
et al. (2009). Briefly, 2- to 5-day-old males and females were
cold anesthetized and allowed to recover for 1 day prior to
testing. For each trial, 20 flies were loaded into a choice-test
apparatus and the percentage of flies that climbed to the upper
tube in 15 sec after tapping the apparatus on the bench top
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three times was recorded. At least 160 naive flies were tested
for each genotype.

Response to startle (puff-o-mat)

Males (2-4 days old) were CO, anesthetized and allowed
to recover for 2 days prior to testing. Flies were reared on
a 12-hr day-night cycle at 25°. Temperature for behavioral
experiments was maintained at 23°-25°. For each assay, 10 flies
were manually loaded into tubes and allowed to acclimate for
10 min prior to filming. Activity was recorded beginning at
1 min before delivery of the puff stimuli, until 3.5 min after
stimulus termination. Each air puff (35 psi) lasted 200 msec
with a 5-sec interpuff interval. Movies were analyzed using
custom locomotor tracking software (described in Lebestky
et al. 2009).

Courtship

To obtain courtship candidates, 20 males and 20 females
heterozygous for the dVMAT mutation, or WT controls, were
mated in bottles for 3 days at ~25°. Cold anesthesia was used
to collect homozygous male progeny, control males, and virgin
females. Flies were aged 3-7 days in vials with fly food and
were passed into fresh vials both the night before and the
morning of testing. Using very brief (~10 sec) cold anesthesia,
a single male was paired with a single WT virgin female in
a polypropylene chamber (8 mm inner diameter X 4 mm
height) and digitally recorded for a maximum of 30 min or
until copulation occurred. All courtship assays were performed
in a dedicated test area maintained at ~23° and ~80% hu-
midity. Male following of the female and wing song were
scored as male courtship behaviors. Courtship index (CI) was
calculated as the total time in which the male spent performing
courtship behaviors as a percentage of total observation time
prior to copulation or as a percentage of 30 min if copulation
never occurred within the designated 30-min time period.

Circadian behavior

Behavioral data were collected with the Trikinetics Drosoph-
ila Activity Monitor (DAM) system. One- to 3-day-old flies
were loaded in DAM monitors and activity data were col-
lected for 10-12 days at a constant temperature of 23° in-
side an enclosed incubator. During each experiment, flies
were first maintained under a light:dark (LD) 12:12 sched-
ule for 3-4 days to collect entrainment data, followed by a
constant dark period (DD) for 7-8 days. The signal process-
ing toolbox algorithms (Levine et al. 2002) within MATLAB
(MathWorks) were used to estimate circadian periods and
to visualize actograms of individual flies. Differences in
rhythmicity among genotypes were determined using the
rhythmicity index (RI) (a measure of robustness), the corre-
logram (a statistical measure of rhythmicity), and the pat-
tern of activity (as assessed by examining actograms).
Activity under LD conditions was scored as bimodal if both
the morning and evening activity peaks were at least twofold
higher than the baseline (mean) activity in the actograms.
Flies were scored as entrained if they satisfied the following



three criteria under LD conditions: (1) bimodality in each
24-hr period, (2) statistical significance for the correlogram,
and (3) an RI value >0.1.

Behavior under DD conditions (see Table 2, page 168). was
scored for those flies that were entrained under LD conditions
and still alive after 5 days of constant darkness conditions. To
increase the sample size under DD conditions for the TH, WT,
and the dVMAT mutant, additional flies not tallied in Table 1
(page 168) were tested and included in the tally for Table 2
and the analysis of rhythmicity under DD conditions. The per-
centage of flies that were rhythmic (% rhythmic) under DD
conditions was calculated as NR/NB, where NR is the total
number of rhythmic flies and NB is the total number of flies
with bimodal behavior (during LD) that survived for at least 5
days of DD. For both LD and DD conditions, RI values were
assessed using the Kruskal-Wallis test (nonparametric ANOVA)
with Dunn’s multiple-comparisons test (InStat 3, GraphPad).

Results
Rescue strategy

To determine how exocytotic release of specific amines
contributes to the dVMAT mutant phenotype, we compared
the effects of expressing UAS-DVMAT with previously devel-
oped aminergic drivers. Drivers used here included Tyrosine
decarboxylase-Gal4 (Tdc2-Gal4) to express UAS-DVMAT in
octopaminergic and tyraminergic neurons, Tyrosine Hydrox-
ylase-Gal4 (TH-Gal4) to express UAS-DVMAT in dopaminer-
gic cells, and Tryptophan Hydroxylase-Gal4 (TrH-Gal4) to
express UAS-DVMAT in serotonergic cells. These drivers confer
specificity by encoding regulatory regions of genes involved
in the biosynthesis of specific neurotransmitters (Friggi-
Grelin et al. 2003; Zhang et al. 2004; Cole et al. 2005).
Expression of DVMAT using each driver was confirmed on
Western blots (Figure S1). As previously reported, we have
also used the daughterless-Gal4 (da-Gal4) driver to broadly
express UAS-DVMAT throughout the fly and to rescue amine
levels and the dVMAT mutant phenotype (Simon et al
2009). Since UAS-DVMAT driven by da-Gal4 is not expressed
in 5-HT neurons, we designate rescue with da-Gal4 in the
experiments below as nominally ubiquitous with the notable
absence of rescue in serotonergic neurons (“ubiq—>HT").

To further demonstrate that expression using TH-, TrH-,
and Tdc2-Gal4 conferred functional rescue, we performed
HPLC with electrochemical detection (Figure 1). For mea-
surement of DA and 5-HT, homogenates were obtained from
whole adult heads as described (Chang et al. 2006). However,
since the cuticle contains an unidentified compound with
a column retention time similar to that of OA, we measured
OA levels in homogenates of dissected adult brains (Hardie
and Hirsh 2006). Expression of UAS-DVMAT using Tyrosine
Hydroxylase-Gal4 driver (Figure 1A, TH-Gal4) (Friggi-Grelin
et al. 2003) restored DA to levels similar to those in WT flies
(compare Figure 1A and 1B). We also see a trend toward
higher levels of DA, using Tryptophan Hydroxylase-Gal4 to
express DVMAT (Figure 1A). Although this difference did

not reach statistical significance, we cannot rule out the
possibility that the TrH-Gal4 driver used in these studies is
expressed at low levels in some dopaminergic cells (Park
et al. 2006). Alternatively, it is possible that these systems
functionally interact in a manner that we do not yet under-
stand. Expression of UAS-DVMAT using Tryptophan Hydrox-
ylase-Gal4 (Figure 1C, TrH-Gal4) (Park et al. 2006) and
Tyrosine decarboxylase2 (Figure 1D, Tdc2-Gal4) (Cole et al.
2005) partially rescued the tissue content of 5-HT and OA,
respectively. Rescued levels of 5-HT and OA were lower than
those of WT (CS) flies (compare Figure 1, C and D, 1E, and
1F) but may be more specific for the appropriate driver than
rescue of DA using TH-Gal4.

Octopamine and tyramine are sufficient to rescue
the density-dependent survival deficit
of the dVMAT mutant

We have previously shown that the dVMAT mutation is lethal
under standard culture conditions but can survive under con-
ditions of low density; only 5-10% of homozygous dVMAT
mutants reared under standard culture conditions survive to
adulthood (Simon et al. 2009). To determine whether this
could be due to gross changes in neural development, we
quantified the number of larval aminergic neurons in the mu-
tant vs. WT nervous system (Figure S2). We used an antibody
to tyrosine hydroxylase to detect DA neurons (Neckameyer
et al. 2000). Of the seven DA clusters we analyzed, one
(DL2) showed an ~17% decrease in total cell number (Figure
S2, A and B). The other DA clusters did not differ significantly
from WT (Figure S2, A and B). Using a membrane-bound
form of GFP as an additional marker, we failed to detect
any differences between WT and the mutant for either 5-HT
(Figure S2, C and D) or OA cell clusters (Figure S2, E and F) in
the larvae. Since the DA, 5-HT, and OA systems appeared to
be grossly intact, we proceeded with genetic experiments to
rescue the storage and release of individual amines, using
UAS-DVMAT; however, we cannot rule out the possibility
that mutation of dVMAT causes additional defects in the
neuropil that could affect our analysis (see Discussion).

To determine which aminergic system(s) is required for
survival under normal density culture conditions, we com-
pared the survival of dVMAT mutants rescued with each
aminergic driver (Figure S2G and Figure S3). Expression of
UAS-DVMAT using Dopa Decarboxylase-Gal4 (Ddc-Gal4 for
expression in serotonergic and dopaminergic neurons), TH-
Gal4, or TrH-Gal4 did not increase survival under standard
(high-density) culture conditions (Figure S3, A-C and F). In
contrast, mutants rescued with either Tdc2- or daughterless-
Gal4 (Figure S3, D-F) survived at rates comparable to those
of WT controls. Thus, although we cannot rule out additional
effects of DA and 5-HT on development under low-density
conditions (see Figure S3), our data suggest that the exocytotic
release of DA and 5-HT may not be required for viability under
standard, high-density culture conditions. By contrast, OA and/
or TA are sufficient to rescue the density-dependent lethality of
the dVMAT mutant under standard culture conditions.
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Figure 1 Neurotransmitter content in genetically rescued dVMAT mutants.
Shown is content of DA (A and B), 5-HT (C and D), and OA (E and F) in the
dVMAT mutant (—/—) expressing UAS-DVMAT with the indicated drivers
(A, C, and E); WT controls are shown for comparison (B, D, and F). Note that
the y-axes differ across panels. HPLC with electrochemical detection was
used for homogenates of either adult heads (5-HT and DA) or adult brains
(OA). Nonparameteric ANOVA was used for analysis (Dunn’s post hoc, *P <
0.05 as indicated) since some mutant values were undetectable.

Octopamine is sufficient for the initiation of
larval locomotion

dVMAT mutant larvae have grossly retarded locomotion
(Simon et al. 2009), consistent with other studies demon-
strating aminergic regulation of crawling and fictive locomo-
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tion in intact larvae and ex vivo preparations, respectively
(Neckameyer 1996; Fox et al. 2006). 5-HT is important for
regulation of locomotion in some invertebrates (Willard
1981; Mackey and Carew 1983; Nusbaum 1986), and it
has been previously suggested that both 5-HT and DA
might contribute to the regulation of larval motor func-
tion in Drosophila (Mackey and Carew 1983; Neckameyer
1996; Cooper and Neckameyer 1999). We do not detect
a significant increase in locomotion in larvae that express
DVMAT in 5-HT neurons using TrH-Gal4 (Figure 2A, TrH), in
DA neurons using TH-Gal4 (Figure 2A, TH), or, in a separate
set of experiments, in both DA and 5-HT neurons using Ddc-
Gal4 (Figure S4). In contrast, DVMAT expression in OA+TA
neurons using Tdc2-Gal4 cells rescued locomotor activity to
levels approaching those of the wild-type controls (Figure 2A,
Tdc).

Previous studies have shown that ingested amines can be
taken up by cells in the central nervous system (Budnik et al.
1989) and thereby rescue the behavior of mutants deficient
in OA synthesis (Monastirioti et al. 1996; Cole et al. 2005).
Similarly, 5-HT and DA feeding have been used to study their
potential effects on ovarian follicle development (Willard
et al. 2006) and DA feeding has been shown to partially
rescue the phenotype of the Dopa Decarboxylase (Ddc) mu-
tant (Budnik et al. 1989). To explore the potential roles of
particular amines in stimulating larval locomotion, homozy-
gous dVMAT null mutants were fed 10 mg/mL OA or other
amines (Figure 2, B and C, and Figure S5, B and C). dVMAT
mutant larvae fed OA for either 2 or 4 hr showed enhanced
locomotion relative to mutant controls (Figure 2B). In con-
trast, feeding TA (Figure 2C) had no detectable effect on
larval locomotion in the dVMAT mutant. Likewise, vehicle
(Figure S5A), DA (Figure S5B), and 5-HT (Figure S5C) had
no apparent effects on larval locomotion in the dVMAT mu-
tant. Although we cannot rule out the possibility that amines
other than OA failed to rescue because they were inefficiently
absorbed, these findings suggest that OA, in the absence of
other amines can rescue the larval locomotion defect seen in
the dVMAT mutant.

In contrast to our results using the dVMAT mutant, we
did not detect a consistent increase in locomotion in wild-
type larvae fed OA or any of the other biogenic amines
(Figure S5D). The lack of any apparent effect of biogenic
amines fed to wild-type larvae demonstrates that any metab-
olites potentially produced by feeding the neurotransmitters
did not have any dramatic untoward effects on behavior.

Figure 2 Octopamine rescues larval locomotion. (A) Ex-
pression of DVMAT using Tdc2-Gal4 but neither TH-Gal4
(TH) nor TrH-Gal4 (TrH) rescues larval locomotion to levels
significantly higher than those of the dVMAT mutant
(—/—), albeit less than those of WT (one-way ANOVA,
*P < 0.05, Bonferroni posttest to compare indicated col-
umns). Feeding octopamine (B) but not tyramine (C) or
other amines (Figure S5) increased larval locomotion in

2 4 the dVMAT mutants.

Hours fed tyramine
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Storage of octopamine by DVMAT is required
for egg release

Female flies that lack DVMAT are infertile and retain more
eggs in their ovaries than WT females (Simon et al. 2009).
Consistent with these earlier findings, we show here that
few dVMAT mutants produce progeny (Figure 3A, —/—).
DVMAT expression in OA+TA+DA cells using da-Gal4 res-
cued the fertility defect (Figure 3A, ubiq—>HT), and since da-
Gal4 does not appear to drive expression in 5-HT neurons
(Simon et al. 2009), these data suggest that 5-HT is dispens-
able for female fertility. Indeed, rescue of DVMAT expression
in 5-HT cells using TrH-Gal4 did not improve fertility of the
dVMAT mutant (Figure 3A, TrH). Rescue using TH-Gal4
alone was associated with a small, but statistically signifi-
cant increase in fertility (Figure 3A, TH). In contrast, expres-
sion of DVMAT in TA+OA cells with Tdc2-Gal4 restored
female fertility to nearly wild-type levels (Figure 3A, Tdc).

To further explore the mechanism by which loss of OA
storage and release reduces fertility of the dVMAT mutant,
we examined oocyte retention in the ovaries of mated fe-
male flies (Figure 3, B and C). We find that expression of
DVMAT in OA+TA cells (Tdc) rescues the oocyte retention
deficit observed in the dVMAT mutant (Figure 3, B and C,
Tdc). We also find that feeding OA but not TA or DA rescues
the egg retention phenotype in the dVMAT mutant (Figure
S6). These results are consistent with previous reports show-
ing that mutation of the biosynthetic enzyme for OA causes
egg retention (Monastirioti 2003) and that OA receptors are
likely to mediate passage of eggs through the oviduct as well

Figure 3 Dopamine and octopamine contribute to fertility
and sexual behavior. (A) Expression of DVMAT using da-
Gal4 (ubig™"T) or Tdc2-Gal4 (Tdc) rescues the dVMAT
female fertility defect (Fisher's exact test, *P < 0.05). Res-
cue using TH-Gal4 (TH) was less robust but significant
(*P < 0.05) with respect to the mutant (but unlike either
Tdc2-Gal4 or da-Gal4 differed significantly from WT, not
shown). Flies expressing DVMAT in serotonergic (TrH) neu-
rons remained infertile. (B and C) dVMAT mutants retain
more oocytes than WT controls. Expression of DVMAT
using Tdc-Gal4 rescues this deficit (one-way ANOVA,
*P < 0.05, Bonferroni posttest). Expression using TH-
Gal4 (TH) shows a trend toward retention of more oocytes
than the mutant. (D) Expression of DVMAT using da-Gal4
(ubiq=>HT), TH-Gal4 (TH), or Tdc2-Gal4 (Tdc) rescues the
dVMAT male fertility defect (Fisher's exact test, *P < 0.05).
(E) Male courtship is reduced in the dVMAT mutant (—/—)
and partially rescued using either Tdc2-Gal4 or TH-Gal4
(one-way ANOVA, *P < 0.05, Bonferroni posttest) but not
TrH-Gal4.

QR

(Lee et al. 2003, 2009; Middleton et al. 2006; Rodriguez-
Valentin et al. 2006). Our data further indicate that the ve-
sicular storage and release of OA rather than other signaling
mechanisms are important for female fertility and egg laying.

Although OA appeared to exert the most robust effects
on female fertility and egg laying, we observe additional,
possibly complementary effects of DA. Expression of DVMAT
in DA neurons alone modestly but significantly increased the
fertility of the dVMAT mutant (Figure 3A) and also showed
a trend toward higher numbers of retained oocytes, al-
though this did not reach statistical significance (Figure 3,
B and C, TH). These observations may reflect a role for DA in
oocyte development, independent of the role of OA in egg
laying (Willard et al. 2006).

Dopamine and octopamine play complementary
or redundant roles in male sexual behavior

We next used the dVMAT rescue lines to examine male sex-
ual behavior (Figure 3, D and E). We have previously shown
that male fertility is dramatically reduced in the dVMAT
mutant (Simon et al. 2009); however, the contribution of
aminergic circuits to male courtship and mating remains
poorly understood. We find that fertility of dVMAT mutant
males is restored with the da-Gal4 driver (Figure 3D,
ubiq™>HT), In addition, both TH-Gal4 and Tdc2-Gal4 but
not TrH-Gal4 partially rescued male fertility (Figure 3D).
We have previously shown that overexpression of DVMAT
results in increased courtship activity (Chang et al. 2006). We
show here that male courtship behavior is reduced in the
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dVMAT mutant (Figure 3E, —/—). Courtship is partially res-
cued using either Tdc2-Gal4 or TH-Gal4 (Figure 3E, Tdc and
TH). Conversely, TrH-Gal4 does not significantly rescue the
male courtship defect observed in the dVMAT mutant (Figure
3E, TrH). Although neither TH-Gal4 nor Tdc2-Gal4 fully re-
stores courtship to wild-type levels, these data suggest that
both DA and OA contribute to important aspects of male sexual
behavior. DA has been previously suggested to instigate same-
sex courtship (Liu et al. 2009), female receptivity (Neckameyer
1998b; Wicker-Thomas and Hamann 2008), and male to fe-
male courtship behavior (Alekseyenko et al. 2010) and OA
may modulate the male’s choice between courtship and aggres-
sion (Certel et al. 2007). Similarly, since DA and OA can both
rescue male fertility and courtship in the dVMAT mutants, we
suggest that they serve complementary or perhaps redundant
roles in male sexual behavior (see Discussion.)

The dVMAT mutant has altered startle-induced activity

Dopamine has been previously implicated in arousal and startle
responsiveness in Drosophila (Kume et al. 2005; Lebestky et al.
2009). Although there are no reports on the role of other
amines in the Drosophila startle response per se, OA has been
suggested to increase arousal and mediate the fight-or-flight
response in other insects (Adamo et al. 1995; Bacon et al.
1995; Stern 1999; Rind et al. 2008). In negative geotaxis
assays, the lower percentage of dVMAT mutants that reach
the top of a vial in response to mechanical stimulus may be
due in part to a diminished startle response (Simon et al.
2009). We find that expression of DVMAT in OA+TA neurons
via Tdc2-Gal4 significantly improved performance in negative
geotaxis assays whereas rescue with TH-Gal4 or TrH-Gal4 did
not (Figure 4A).

To further assess the role of OA and other amines in
startle-induced locomotion, we utilized a previously described
repetitive startle assay (the puff-o-mat), which allows quan-
tification of parameters and phases within the startle re-
sponse (Lebestky et al. 2009). In response to air puffs, WT
controls increase locomotor speed within seconds and then
gradually return to a less active state in a response profile that
can be characterized by a single exponential (Lebestky et al.
2009). We find that dVMAT mutants show a dramatically re-
duced peak velocity relative to WT controls (Figure 4, B-E,
—/—, shown in red). Also consistent with earlier observations
(Simon et al. 2009), dVMAT mutants display a somewhat
higher basal locomotion in the prestartle phase, when accli-
mating to a novel environment, in comparison with WT ani-
mals (Figure 4C, time 0-60 sec, compare to WT shown in
blue). This result suggests that although the mutants display
an abrogated startle response, they are not generally sluggish
in all locomotor measures.

Consistent with the results of negative geotaxis assays,
we observe significant rescue of the startle response in the
puff-o-mat assays by restoring DVMAT expression in OA+TA
neurons (Figure 4C, Tdc, shown in green). Further dissec-
tion of the startle response shows that selective restoration
of DVMAT in OA+TA neurons restores peak response to
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startle (Figure 4B) and distance traveled (Figure 4F). How-
ever, dVMAT mutants rescued with Tdc2-Gal4 continued to
show heightened basal locomotor activity relative to that of
WT controls (Figure 4C, Tdc, time 0-60 sec; note that the
peak velocity value reported in Figure 3B is the difference
between peak velocity and basal activity and corrects for
differences in basal locomotor activity). Restoration of
DVMAT expression using Tdc2-Gal4 also resulted in a pro-
longation of the startle response, where the slow decay of
the startle state following peak velocity is measured as
a heightened time constant, T (Figure 4, C and G).

In contrast to the effects seen using the Tdc2-Gal4 driver,
restoration of DVMAT in DA (Figure 4D) and 5-HT neurons
(Figure 4E) failed to rescue peak startle responsiveness (Fig-
ure 4B) or distance traveled in the immediate, post-startle
period (Figure 4F). However, speed to reacclimation after
startle, quantified as the time constant T, appeared to be
rescued using TrH-Gal4 (Figure 4G). In addition, asymptotic
velocity of dVMAT flies recued with TrH-Gal4 (Figure 4H,
yellow bar) was significantly lower than of the dVMAT mu-
tant and indistinguishable from WT. In sum, some aspects of
adult locomotion and startle were rescued by expression in
OA+TA cells, irrespective of the activity of other systems. In
addition, expression using TH-Gal4 showed effects on other
aspects of the startle response, suggesting a potentially com-
plementary role for the serotonergic system in regulating
arousal or startle behaviors.

Circadian locomotor activity rhythms are abnormal
in the dVMAT mutant

For both mammals and flies, the control of circadian rhyth-
micity is complex and may involve multiple aminergic systems
including 5-HT and DA (Meijer and Groos 1988; Morin and
Blanchard 1991; Yuan et al. 2005; Hamasaka and Nassel
2006; Nassel and Homberg 2006; Suh and Jackson 2007;
Crocker et al. 2010; Hirsh et al. 2010; Kula-Eversole et al.
2010; Gravotta et al. 2011). However, it is unknown whether
the different aminergic systems function independently, co-
operatively, or in a complementary manner in the regulation
of rhythmicity. We first examined locomotor activity rhythms in
dVMAT mutants and genetically matched wild-type controls in
both LD and free-running (DD) conditions, using the DAM
system. Fly activity was monitored for 3 days in a light:dark
cycle consisting of 12 hr of light and 12 hr of dark (LD 12:12,
Figure 5, Table 1) and then subsequently in DD conditions for
an additional 7-8 days for flies able to entrain in LD (Figure 6,
Table 2). As expected, WT control flies exhibited normal levels
of locomotor activity and robust bimodal activity rhythms in LD
with peaks occurring at the beginning (morning) and end
(evening) of day; this was observed in actograms for indi-
vidual flies (Figure 5A, WT) and in plots illustrating average
daily profiles of activity for an entire population (Figure
S7B, WT). Consequently, the average RI, a measure of the
robustness of the rhythm (Levine et al. 2002), was high for
wild-type control populations (Figure 5C, blue bar). In con-
trast, dVMAT mutants had weaker rhythmicity in LD (Figure
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Figure 4 Restoration of DVMAT in individual aminergic
systems rescues selected aspects of adult startle-induced
locomotion. (A) Negative geotaxis assay. Given 15 sec to
climb after a mechanical startle, flies with DVMAT restored

in OA+TA neurons via Tdc2-Gal4 have improved perfor-
mance compared to dVMAT mutants. Rescue with TH-
Gal4 or TrH-Gal4 did not display improved performance

250 (one-way ANOVA, *P < 0.05, Bonferroni posttest; n = 8—
23 trials per genotype. (B—H) Phenotypic characterization
of startle response to successive air puffs in the puff-o-
matt, n = 24 tubes per genotype. (B) Peak velocity minus
baseline velocity after air puffs is rescued in flies with

TH DVMAT restored using Tdc2-Gal4. (C-E) Traces show

selective restoration of DVMAT using Tdc2-Gal4 (C), TH-

Gal4 (D), or TrH-Gal4 (E). (F) DVMAT expression in OA+TA
neurons using Tdc2-Gal4 rescues distance traveled after

250 startle, computed by integrating the area under the post-
puff curve, after subtracting the prepuff baseline. (G) Post-
startle rate to acclimation is reported as the poststartle
decay constant 7, and is rescued using TrH-Gal4. Rescue
using Tdc2-Gal4 differs from the mutant but is also higher
than WT, suggesting a prolongation of poststartle accli-
mation. (H) Asymptotic velocity represents the estimated

final settle velocity after the puff startle. dVMAT flies re-
main hyperactive after startle. The elevated asymptotic
velocity is rescued with DVMAT expression in 5-HT neu-

250 rons (Kruskal-Wallis ANOVA followed by Mann-Whitney
U-test: *P < 0.05).
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5C, red bar) and reduced activity (Figure S7A). In addition,
the daily profile of activity was altered in the mutant such
that morning activity was proportionally decreased relative to
the evening bout of activity (Figure 5A, Figure S7B, —/—).
This effect is reflected in the percentage of bimodality for
mutant populations (Figure 5B, —/—) and in population
averages of daily activity (Figure S7A, —/—, red bar). When
transferred to DD, wild-type controls continued to show ro-
bust activity rhythms (Figure 6A) with a high average percent-
age of rhythmicity (Figure 6B) and RI value (Figure 6C).
However, even for the dVMAT mutant population that
exhibited bimodal rhythms in LD (and were therefore fol-
lowed under DD conditions, see Materials and Methods), only
~40% had statistically significant rhythmicity in DD (Figure 6,
A and B, —/—). Thus, the average RI value for the mutant

& «b"’ »\Q‘ «&

population was significantly decreased relative to that for con-
trols in these conditions (Figure 6C). We also observed small
(<1 hr) differences in circadian period among certain rescued
strains. We have not pursued the origin of these small changes
in period length, but it is possible that further experiments will
elucidate a relationship to specific aminergic pathways.
Interestingly, the circadian molecular oscillator of neu-
rons is normal in the dVMAT mutant in both LD and DD
conditions, as assessed by immunohistochemical measure-
ments of PERIOD (PER) abundance (data not shown). Sim-
ilarly, circadian rhythms in pigment dispersing factor (PDF),
a neurotransmitter released from ventral lateral clock neu-
rons, appeared normal in the mutant (data not shown). Both
observations are consistent with the idea that the defects we
observe here are likely to occur downstream of the pacemaker.
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TrH Tdc+TH

Figure 5 The dVMAT mutant shows a defect in
rhythmicity under LD entrainment conditions
that can be rescued using two aminergic driv-
ers. (A) Actograms showing LD locomotor ac-
tivity profiles for representative flies of each

TH+TrH
[

genotype. The white and black rectangles
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above each graph indicate the light:dark sched-
ule. (B and C) Histograms indicate the percent-
age of flies showing a bimodal rhythm (B) and
the average rhythmicity index (RI). (C) Flies with
DVMAT expression in DA (TH) or 5-HT (TrH)
neurons showed RI values lower than those of
. the mutant, suggesting an exacerbation of the
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We next tested whether expression of a UAS-DVMAT
transgene in DA, OA+TA, or 5-HT cells could rescue rhyth-
micity of the dVMAT mutant. In contrast to other behaviors
described above (Figures 2-5), expression of DVMAT using
any of the three individual aminergic drivers was not able to
rescue the activity rhythm defects of the dVMAT mutant in
LD or DD conditions (Figures 5 and 6, Figure S7, Tables 1
and 2). Indeed, expression of DVMAT using TH-Gal4 or TrH-
Gal4 resulted in an average RI less than that of the dVMAT
mutant in LD conditions (Figure 5C, TH and TrH), suggest-
ing a worsening of the rhythmicity phenotype. Interestingly,
in LD conditions, RI is most decreased in TH-Gal4 rescued
flies (Figure 5C), which have the most severely reduced
morning peak of activity in LD (Figure S7B). These results
are consistent with the idea that DVMAT expression in a sin-
gle aminergic regulatory system may not be sufficient to
rescue the rhythmicity defect of the dVMAT mutant.

Table 1 Locomotor activity data for LD

phenotype. In contrast, flies with DVMAT ex-
pression in OA+TA+DA (Tdc + TH) or 5-HT
+DA neurons (TH + TrH) showed RI values sig-
nificantly higher than those of the mutant, sug-
gesting phenotypic rescue (Kruskal-Wallis,
nonparametric ANOVA, with Dunn’s multiple-
comparisons test, *P < 0.05).
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Normal circadian rhythmicity requires the expression
of DVMAT in multiple aminergic cell types

Given the failure of any single aminergic Gal4 driver to
rescue rhythmicity of the dVMAT mutant, it seemed likely
that multiple aminergic systems might be required for nor-
mal circadian behavior. We therefore examined activity
rhythms in dVMAT mutants expressing DVMAT under the
control of combinations of Gal4 drivers (Tdc + TH, Tdc +
TrH, or TH + TrH) to restore aminergic function in multiple
different cell types. Interestingly, simultaneous expression of
DVMAT using any two of the three aminergic drivers rescued
the abnormal LD phenotypes of the dVMAT mutant (Figure
5, Figure S7D, Tables 1 and 2) with the exception of the RI
value for the Tdc + TrH combination (Figure 5C, green and
yellow striped bar). Similar to our findings under LD con-
ditions, the arrhythmic phenotype of the dVMAT mutant in

Table 2 Locomotor activity data for constant dark (DD)

LD (days 1-4)

DD (days 5-12)

Genotype N Mean activity = SEM RI = SEM % bimodal  Genotype N RI = SEM % rhythmic
WT 70 16.39 = 0.84** 0.42 = 0.01** 99 WT 94 0.44 = 0.01** 99
—/= 100 11.53 = 0.62* 0.29 = 0.01* 65 —/= 81 0.20 = 0.01* 44
Tdc 120 12.78 = 0.60% 0.30 = 0.01* 82 Tdc 98 0.18 = 0.01* 37
TH 33 11.24 = 0.93* 0.15 = 0.02%** 18 TH 21 0.23 = 0.03* 43
TrH 65 13.99 = 0.76 0.22 = 0.07%-** 55 TrH 34 0.21 = 0.02* 46
Tdc+TH 147 18.58 = 0.81** 0.37 = 0.01%* 97 Tdc+TH 140 0.30 = 0.01%*** 88
Tdc+TrH 209 19.23 = 0.49%-** 0.33 £ 0.01* 98 Tdc+TrH 204 0.26 = 0.07%-** 78
TH+TrH 123 1493 = 0.43** 0.36 = 0.071%** 98 TH+TrH 119 0.30 = 0.071%** 83

Activity data under LD conditions. A summary of mean activity, Rl and percentage of
entrainment or rhythmicity for each genotype is shown for LD conditions. * geno-
types that were significantly different from the WT control (Kruskal-Wallace with
Dunn's post-hoc for multiple comparisons P < 0.05). ** genotypes that were
significantly different from the dVMAT mutant (Kruskal-Wallace with Dunn's
post-hoc for multiple comparisons P < 0.05).
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Activity data under DD conditions. A summary of mean activity, Rl value and
percentage of entrainment or rhythmicity for each genotype is shown for DD
conditions. * genotypes that were significantly different from the WT control
(Kruskal-Wallace with Dunn's post-hoc for multiple comparisons P < 0.05). **
genotypes that were significantly different from the dVMAT mutant (Kruskal-
Wallace with Dunn's post-hoc for multiple comparisons P < 0.05).
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Figure 6 Arhythmicity of the dVMAT mutant in

constant darkness (DD) can be rescued using
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DD was rescued only with simultaneous expression of DVMAT
in at least two classes of aminergic neurons (Figure 6). Ex-
pression of DVMAT in a mutant background under control of
any of the three possible combinations of drivers (Tdc + TH,
Tdc + TrH, or TH+TrH) resulted in percentage of rhythmic-
ity values (Figure 6B) similar to those of wild-type controls
and average RIs (Figure 6C) that were significantly higher
than those of dVMAT nulls or mutants carrying DVMAT and
a single Gal4 driver (see Discussion).

Discussion

In previous studies, genetic or pharmacological manipulation
of individual aminergic systems or peptide transmitters has
been the method of choice for determining their functions.
Here we have employed a different approach, exploiting the
broad requirement of the VMAT for the vesicular release of
neurotransmitter from all aminergic neurons. We used the
dVMAT null mutant to globally ablate exocytotic amine re-
lease and then restored vesicular storage of individual amines
or multiple systems, using transgenic rescue techniques. Our
results provide a dissection of the functions of individual vs.
combinations of aminergic neurotransmitters in the regula-
tion of Drosophila behavior and their potential modes of in-
teraction. We find that certain Drosophila behaviors rely
predominantly on a single aminergic system, while others
employ multiple aminergic systems that function in concert
(see cartoons in Figure 7). Similar regulatory interactions
may occur in mammals, for which the interplay between
aminergic systems remains poorly understood (Gainetdinov
and Caron 2003; Leggio et al. 2009). In the sections below,
we discuss in greater detail Drosophila behaviors that (Fig-
ure 7A) depend primarily on a single regulatory system,
(Figure 7, B and C) employ two or more aminergic systems
that may function redundantly (Figure 7B) or in a complemen-
tary manner (Figure 7C), or (Figure 7D) appear to require two

pairs of aminergic drivers. Rhythmicity of the
mutant is rescued by simultaneous expression
of wild-type DVMAT in two of the three differ-
ent aminergic neuronal populations, but not
using a single driver. (A) Representative DD
actograms for each genotype. (B and C) Histo-
grams indicating the percentage of flies that
showed rhythmic behavior (rhythmicity, B) and
the corresponding average rhythmicity index
(RI, €). Flies with DVMAT expression in multiple
aminergic neuronal subsets were significantly
different from the mutant, suggesting pheno-
typic rescue (Kruskal-Wallis nonparametric
ANOVA, Dunn’s multiple-comparisons test,
*P < 0.05).
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or more systems working cooperatively. We emphasize that
loss of DVMAT and the genetic experiments we have per-
formed pertain only to standard exocytotic release of amines
via secretory vesicles. It remains possible that other, novel types
of release are active in the dVMAT mutant and important for
some developmental processes as we discuss below.

OA alone may be sufficient to rescue some behaviors

We find that expression of DVMAT via Tdc2-Gal4 alone is
sufficient to rescue the larval lethality of the dVMAT mutant
that occurs under standard, high-density culture conditions,
indicative of a developmental role for OA and possibly TA.
This result also suggests that the vesicular release of DA and
5-HT may be dispensable for larval development and adult
survival under standard culture conditions, an observation
that is surprising given the fundamental role of DA in many
physiological processes and the lethal effects of genetic
(pale) (Kobayashi et al. 1995) or pharmacologic inhibition
of tyrosine hydroxylase activity (Neckameyer 1996; Pendle-
ton et al. 1996). Similarly, it has been proposed that 5-HT
has a critical role in fly development (Colas et al. 1999;
Sykes and Condron 2005; Willard et al. 2006; Schaerlinger
et al. 2007). In contrast to these results, it has been shown
that mutants of aromatic r-amino acid decarboxylase/Dopa
decarboxylase (AADC/DDC)—which converts 5-hydroxy-i-
tryptophan (5-HTP) to 5-HT (Hodgetts and O’Keefe 2006)—
and flies with increased or decreased 5-HT survive beyond
third-instar larval stages (Budnik et al. 1986; Sykes and Con-
dron 2005; Daubert et al. 2010; Neckameyer 2010). Moreover,
a recent study showed that pale mutants lacking DA synthesis in
the nervous system (but not cuticle-forming tissue) survived to
adulthood, despite observed deficits in phototaxis, arousal, and
avoidance of shock-associated odor (Riemensperger et al. 2011).
Similarly, we find that flies unable to store or exocytotically
release DA and 5-HT can survive through larval and pupal
development and eclose as viable adults. We suggest that
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Figure 7 Summary of potential interactions between aminergic regula-
tory systems. The cartoon summarizes potential modes of interaction
between aminergic regulatory systems highlighted by the rescue experi-
ments we describe in the text. (A) The stimulation of baseline larval
locomotion exemplifies a behavior for which a single aminergic regulatory
system (octopamine) appears to be necessary and sufficient. (B) By con-
trast, rescue of male courtship occurred using two distinct aminergic
drivers, suggesting the possibility of redundant regulatory pathways for
this behavior. (C) The complex adult startle response is composed of at
least two distinct phases, each rescued separately via DVMAT expression
in a different aminergic system, thus suggesting that each system serves
complementary and distinct functions. (D) The simultaneous expression of
DVMAT using two aminergic drivers rescued circadian rhythmicity, whereas
single drivers failed, suggesting possible cooperative interactions between
regulatory systems. Colors indicate inputs from neurons that release octop-
amine (red), dopamine (blue), and serotonin (yellow) and cooperative
effects between dopaminergic and serotonergic circuits (green).

the severe developmental phenotype of the SHT2Dro mu-
tant may reflect a requirement for nonvesicular release of
5-HT (Schaerlinger et al. 2007). In addition, consistent with
Riemensperger et al. (2011), we find that the neuronal stor-
age and exocytotic release of DA are not required for deve-
lopment. The phenotype of the dVMAT mutant vs. that caused
by deletion of tyrosine hydroxylase activity in the nervous
system (Riemensperger et al. 2011) may differ in other im-
portant respects; future comparative studies of these mutants
may allow a dissection of the respective roles for standard
vesicular release of DA vs. other nonexocytotic mechanisms in
the adult brain.

Similar to larval survival, the larval locomotion deficits of
the dVMAT mutant can be rescued using either da-Gal4 or,
more specifically, Tdc2-Gal4 to express DVMAT in OA+TA
neurons. Conversely, although DA and 5-HT application may
modulate firing patterns at the neuromuscular junction
(Cooper and Neckameyer 1999; Dasari and Cooper 2004),
we find that expression of DVMAT using Ddc-, TH-, or TrH-
Gal4 does not significantly rescue the dVMAT larval locomo-
tion phenotype. In addition, we find that feeding larvae the
neurotransmitter OA, but not DA or other amines to dVMAT
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mutants can partially rescue larval locomotion. At present
we cannot rule out the possibility that OA is absorbed more
readily than other amines. This caveat aside, our data are
consistent with the critical role for OA in regulating motor
behaviors in many invertebrates, in part by initiating the
central pattern generators (CPGs) for crawling, walking,
and flying (Sombati and Hoyle 1984; Hashemzadeh-Gargari
and Friesen 1989; Ramirez and Pearson 1991; Orchard et al.
1993; Baudoux et al. 1998; Roeder 1999). Once initiated by
OA or other modulatory neurotransmitters, CPGs propagate
a stereotypic behavior independent of sensory input (Marder
and Bucher 2001; Grillner 2003).

In the Drosophila larva, both TA and OA have been pro-
posed to have opposing effects on locomotion, with OA stim-
ulating and TA possibly inhibiting the CPG (Saraswati et al.
2004; Fox et al. 2006). We do not detect a decrease (or
increase) in locomotion when either dVMAT mutant or WT
larvae are fed TA. It is possible that larvae absorb TA less
efficiently than OA or perhaps that a distinct, sensitized
background will be needed to detect the behavioral effects
of feeding TA.

The apparent dominance of OA vs. either DA or 5-HT for
the behaviors we have studied here may be surprising, but is
consistent with a range of other studies in invertebrates
demonstrating the fundamental importance of OA in a vari-
ety of basic behaviors (Bicker 1999; Roeder 1999; Scheiner
et al. 2006; Chase and Koelle 2007; Verlinden et al. 2010). It
is conceivable that we failed to detect the importance of 5-HT
in some cases because of the limited rescue of 5-HT levels
using the relatively weak TrH-Gal4 driver. However, for both
survival and larval locomotion, the contribution of serotonin
was also tested using the Ddc-Gal4 driver, which drives expres-
sion in both DA and 5-HT neurons and also failed to rescue the
dVMAT phenotype. DVMAT expression using TrH-Gal4 sig-
nificantly altered both startle and circadian behaviors, thus
demonstrating functional effects of UAS-DVMAT expression
in 5-HT cells using this driver despite the limited biochem-
ical rescue of 5-HT levels. We also note that the degree to
which TrH-Gal4 rescued 5-HT levels was similar to the de-
gree to which Tdc2-Gal4 rescued OA levels.

We cannot rule out the possibility that the loss of DA
neurons mitigated the ability of DA feeding to rescue larval
locomotion. We observe a small but significant loss of DA
neurons in the dVMAT mutant larvae; similarly, we see a
small decrease in the number of neurons in some DA clusters
in adults (Lawal et al. 2010). It is also possible that addi-
tional changes in the aminergic neuropil could mitigate
some aspects of our chemical rescue data. Changes in the
branching pattern of serotonergic processes have been ob-
served in the Ddc mutant (Budnik et al. 1989) and in larval
brains exposed to excess exogenous 5-HT (Sykes and Con-
dron 2005), and serotonin may generally function as a trophic
agent (Daubert and Condron 2010). In addition, under some
conditions, exogenous octopamine can increase the number
of filopodia or synaptopods seen on octopaminergic pro-
cesses (Koon et al. 2011). Similar developmental changes
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caused by abnormal amine release in the dVMAT mutants
could potentially block its ability to respond to exogenous
neurotransmitter. This concern would not apply to the ge-
netic rescue experiments that make up the bulk of our data.

Complementary aminergic circuits

dVMAT mutant adults show deficits in motor behavior, but
the adult dVMAT phenotype is more complex than that of
the larvae. Adult flies have periodic bouts of flying, walking,
and relatively stationary grooming and all of these behaviors
may undergo aminergic regulation. Startle-induced locomo-
tion is likely to be particularly important for the escape of
adult flies from predators and survival, and DA has been
previously shown to play an important role for this behavior
in Drosophila (Lebestky et al. 2009) as well as for arousal in
general (Riemensperger et al. 2011; Andretic et al. 2005).
We note that dVMAT mutants show mildly elevated locomo-
tion in the open field (Simon et al. 2009) and at baseline in
the startle assay we have used here. For both of these assays,
it is possible that handling of the flies increased motor be-
havior, since true baseline activity recorded over the course
of many hours revealed a small decrease in the dVMAT mu-
tant relative to WT (data not shown).

The dVMAT mutant showed a robust decrease in startle-
induced locomotion, using a puff of air to stimulate locomo-
tion as previously described (Lebestky et al. 2009). Expression
of UAS-DVMAT using Tdc2-Gal4 rescued some of these defi-
cits, including peak velocity and distance traveled in response
to startle, clearly demonstrating an important role for OA and
perhaps TA in some aspects of adult startle response and
locomotion. These data are consistent with the proposed role
for OA in both arousal and the fight-or-flight response in
other insects (Adamo et al. 1995; Bacon et al. 1995; Stern
1999; Rind et al. 2008).

Although the results were less dramatic than those seen
using Tdc2-Gal4, expression of DVMAT using TrH-Gal4
revealed significant rescue effects in the absence of Tdc2-
Gal4. Effects associated with TrH-Gal4 were detectable dur-
ing return to “baseline” activity after startle. The behavior of
mutants expressing DVMAT with TrH-Gal4 suggests that
5-HT neurons may be important for regulating at least some
parameters of the poststartle behavior, including the time
constant (7) and asymptotic velocity. We suggest that the
complexity of adult locomotor behavior may require several
complementary aminergic systems to regulate specific aspects
of this behavior; for example, OA may initiate a fight-or-flight
response whereas other amines may be responsible for shap-
ing the appropriate response after initiation. This complexity
and the nature of the interactions between regulatory inputs
will be an important consideration for future efforts to more
precisely map the underlying circuitries.

Consideration of potential interactions between regulatory
systems is also critical for comparing behavioral phenotypes
across mutants that affect aminergic signaling in different
ways. Indeed, some differences between our current data
and previously published results may depend on complex

interactions between aminergic circuits that we do not fully
understand. For example, although mutation of a single DA
receptor decreased the adult startle response (Lebestky et al.
2009) and DA has been implicated in arousal (Andretic et al.
2005; Riemensperger et al. 2011), genetic rescue of DVMAT
in DA cells did not detectably affect startle behavior. Simi-
larly, although we find that the absence of DA input does not
compromise negative geotaxis, the loss of DA cells inhibits
this behavior (e.g., Feany and Bender 2000). The internal
states of these lines are likely to differ, and the contribution
of particular regulatory circuits may also differ dramatically.
We suggest that these results are not contradictory, but
rather may indicate that removal vs. restoration of specific
regulatory pathways may have very different effects on behav-
ior. More generally, these differences underscore the impor-
tance of understanding the manner in which each regulatory
system interacts with each other and with the nervous system
as a whole.

Similar to larval locomotion, expression of UAS-DVMAT in
OA cells (using Tdc2-Gal4) and feeding OA rescued the in-
fertility of adult dVMAT females. Previous genetic studies
have demonstrated a critical role for OA in female fertility
(Monastirioti et al. 1996; Neckameyer 1996; Lee et al. 2003;
Monastirioti 2003; Willard et al. 2006; Gruntenko et al. 2007;
Hardie et al. 2007). OA is likely to act at several sites in the
female reproductive system to enable egg laying, and activa-
tion of different types of OA receptors may mediate contrac-
tion of the musculo-epithelial net surrounding the ovary,
relaxation of the oviduct, and lubrication of the oviduct via
epithelial cells that line the lumen (Lee et al. 2003, 2009;
Middleton et al. 2006; Rodriguez-Valentin et al. 2006).

A possible role for 5-HT and/or DA in female fertility and
egg development has been suggested previously (Neckameyer
1996; Willard et al. 2006). We find that 5-HT is neither
required nor sufficient to rescue the fertility defect of the
dVMAT mutant (see also Simon et al. 2009). However, con-
sistent with a possible role for DA in early development,
fertility and ovary size in the dVMAT mutant are modestly
increased when DVMAT expression is restored solely in do-
paminergic neurons. Ovary size may increase because dopa-
mine enhances or accelerates oocyte development (Willard
et al. 2006). In the absence of octopaminergic signaling to
allow their release, a larger number of late-stage oocytes
may be retained in the ovary.

Information on the potential contribution of biogenic
amines to normal male sexual function is relatively limited
(Hall 1994; Yamamoto et al. 1997; Greenspan 2000; Lasbleiz
et al. 2006). One recent report suggests that the 5-HT7 re-
ceptor is involved in male courtship (Becnel et al. 2011).
Overexpression or elimination of one aminergic system at a time
has also demonstrated possible dopaminergic effects on court-
ship conditioning, a learned behavior (Neckameyer 1998a), and
on aberrant male-male courtship (Liu et al. 2008). One recent
report has demonstrated that standard male—female courtship is
decreased when DA cells are silenced (Alekseyenko et al.
2010) and OA has been shown to modulate the male’s
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choice between courtship and aggressive behaviors (Certel
et al. 2007). Using genetic rescue of individual aminergic
systems in the dVMAT mutant, we demonstrate a role for
both DA and OA in normal male sexual activity. Interest-
ingly, the expression of UAS-DVMAT using either TH-Gal4
or Tdc2-Gal4 rescues the dVMAT mutant male courtship phe-
notype to a similar degree. We speculate that DA and OA
may serve some redundant or overlapping roles in activating
male courtship. Mechanistically, it is possible that DA and
OA inputs converge upon a similar common pathway or
stimulate courtship via distinct pathways. Although both DA
and OA have been implicated in male courtship (Neckameyer
1998b; Certel et al. 2007; Alekseyenko et al. 2010), the no-
tion that they might serve redundant roles would have been
less obvious in previous studies in which only one of these
system was disrupted at any one time.

Possible cooperative effects between aminergic systems

Our results suggest that interactions between aminergic sys-
tems may be particularly important for the regulation of
circadian rhythms. An earlier study indicated that 5-HT is
required for light input to the clock circuitry via the 5-HT1B
receptor and glycogen synthase kinase 33 signaling (Yuan
et al. 2005). More recently, it has been shown that flies with
reduced neural DA exhibit defects in circadian light sensitiv-
ity, circadian entrainment, and free-running rhythmicity
[i.e., in DD after entrainment (Hirsh et al. 2010)]. We find
that dVMAT mutants lacking vesicular release of 5-HT, DA,
and OA show decreased activity in the DAMS monitor (Fig-
ure S7A) and exhibit an altered profile of daily activity in
LD. Specifically, there is an unusually high percentage of
night-time activity (Figure S7, B and C) and the morning
bout of activity is proportionally decreased relative to the
wild-type profile or missing entirely in many mutants. Al-
though both defects are likely to contribute to a decrease in
rhythmicity, the defect in morning activity appears to be
more severe. A relatively selective effect on morning vs.
evening activity is of interest because different groups of
clock neurons are postulated to control the two bouts of
activity (Nitabach and Taghert 2008), although there is still
ongoing debate about the precise composition of the evening
and morning circadian oscillators (e.g., Shafer and Taghert
2009; Sheeba et al. 2010). In addition to the LD phenotype,
most dVMAT individuals—even those that exhibit bimodal
activity in LD—are weakly rhythmic or arrhythmic in free-
running DD conditions (Figure 6, Table 2), consistent with
the idea that biogenic amines are also essential for free-running
rhythmicity.

As both DA and 5-HT are required for normal circadian
light sensitivity, a deficit in this process might contribute to
the phenotype of dVMAT. However, neuronal PER cycling can
be synchronized to LD and persists in DD in the dVMAT mu-
tant (data not shown), suggesting that loss of dVMAT primar-
ily modulates clock output rather than directly affecting the
circadian pacemaker itself. It remains possible that DVMAT-
dependent amine release contributes to the so-called “posi-
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tive masking” response to lights on—a clock-independent,
direct stimulation of locomotor activity (Wheeler et al. 1993;
Rieger et al. 2003)—since most dVMAT mutant individuals
do not exhibit the short, light-induced bout of activity that is
observed at the beginning of day in wild-type flies (see Fig-
ure 5A). Of note, increased activity is observed in mutant
individuals in response to the lights-off signal, so the effect
on masking may be selective for the lights-on signal. To our
knowledge, it is not known whether distinct circuits control
responses to lights on vs. lights off in Drosophila, although
DA has been shown to be required for the circadian entrain-
ment in low light (Hirsh et al. 2010).

Surprisingly, we were unable to detect partial rescue ef-
fects for rhythmicity with any single driver. Rather, restora-
tion of DVMAT expression in two classes of aminergic neurons
was required to detectably rescue circadian behavior. One
trivial explanation for this observation would be that the
methods we used to quantify circadian behavior were less
sensitive than those used for other behaviors. We think this
is unlikely, since in some cases single drivers did indeed
show a detectable effect, but worsened rather than rescued
the mutant phenotype. Rather, we speculate that the ap-
parent requirement for at least two systems may reflect an
unexpected cooperativity between the aminergic circuits that
regulate circadian rhythms. We suggest that the potential
for nonadditive, synergistic interactions may be important
to consider in future efforts to map the circuitry underlying
rhythmic behavior in the fly.

The failure of a transgene expressing TH to rescue circadian
rhythmicity in the TH-deficient pale mutant has been attrib-
uted to a hypothesized lack in the temporal cycling of the TH
transcript (Hirsh et al. 2010). Similarly, we cannot rule out
the possibility that some of the circadian deficits we observed
were caused by incomplete temporal regulation of DVMAT
expression. It is unclear, however, how this effect would ex-
plain the requirement for two rather than a single aminergic
driver in the rescue experiments we report here.

Another interesting aspect of these data is that any com-
bination of two Gal4 drivers (TrH + TH, Tdc + TH, or Tdc +
TrH) was sufficient to rescue the circadian phenotypes of the
dVMAT mutant (with the exception of the RI value for LD
entrainment of the Tde + TrH combination, which failed to
reach statistical significance). This demonstrates that two of
the three aminergic systems suffice for rhythmicity and that
no one specific combination is absolutely required for circa-
dian behavior. This result contrasts with that of some other
behaviors we examined in which particular systems were
necessary and sufficient (larval locomotion, survival, female
fertility), but is similar to male sexual behavior in which
both OA and DA were capable of stimulating courtship
and rescuing fertility. Our data suggest the possibility that
there are redundant aminergic inputs to the circuitry regu-
lating clock-based as well as courtship circuitries. In the case
of the clock circuits, previous results indicate plasticity in the
clock neurons’ regulation of locomotor activity (Sheeba et al.
2010), and network properties of the circadian circuitry may
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permit flexibility such that the absence of one set of synaptic
interactions does not disrupt behavior.

The possibility that two aminergic systems can control
the same behavior has important implications in the fly as
well as in mammalian systems. In mammals, the prediction
that DA circuits were responsible for psychostimulant-based
reward behavior has matured into a view that DA as well as
NE and 5-HT are involved (Torres et al. 2003). Similarly,
some behaviors in the fly may undergo control by multiple
regulatory circuits, whose input would vary depending on
shifting environmental conditions or internal states.
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Figure S1 Protein expression and neurotransmitter content in genetically rescued dVMAT mutants. (A) Western blots show
expression of the HA-tagged DVMAT transgene in dVMAT mutant (-/-) expressing UAS-DVMAT with the indicated drivers, TH-
Gal4 (TH), Tdc2-Gal4 (Tdc), TrH-Gal4 (TrH), Ddc-Gal4 (DDC), and da-Gal4 (ubiq'SHT). Note that the UAS-DVMAT transgene (UAS)
shows “leaky” expression in the absence of driver.
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Figure S2 Aminergic cell counts in dVMAT mutants. (A, B) dVMAT mutants possess a reduced number of dopaminergic
neurons in the DL2 cluster but are otherwise comparable to WT. (A) The arrangement of DA neuron clusters are pictured in
wild-type larva with the broken rectangle indicating the DL2 cluster. Inset shows a representative image of DL2 cluster in the
wild-type (WT) and dVMAT mutant (-/-). (B) Quantitation of each DA cluster (white bars: WT; black bars mutant, n=8 animals
per genotype, mean +/- SEM) shows that there are significantly fewer neurons in DL2 in the mutant as compared WT (two way
ANOVA, p<0.0001, Bonferroni post test, ***p<0.001 as indicated). Differences between the number of octopaminergic (C, D) or
serotonergic (E, F) neurons in WT (n=9) versus mutant (n=12) are not detectable for each indicated cluster. Scale bars A, B, C: 50

um; Ainset: 10 um.
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Figure S3 Homozygous survival plotted as a function of population density, and with dVMAT mutants expressing UAS-DVMAT
using the indicated drivers. (A) Survival of homozygous dVMAT progeny (-/-) are plotted as a function of population density
(black circles). Data for dVMAT mutants expressing UAS-DVMAT using the Ddc-Gal4 are shown in gray. Rescue of dVMAT using
TH-Gal4 (B), TrH-Gal4 (C), Tdc-Gal4 (D), and daughterless-Gal4 (E) is indicated. Second-order polynomial trendlines are
displayed as solid lines. (F) Under standard culture situations (500-1000 progeny/bottle), approximately 6% of the homozygous
dVMAT null mutant (-/-) progeny survive. Expression of a DVMAT transgene in DA or 5-HT cells using TH-Gal4 (TH), TrH-Gal4

(TrH), or Ddc-Gal4 (Ddc) respectively, do not rescue the survival deficit, whereas expression of DVMAT using da-Gal4 (ubiq

-5HT.
)

or Tdc2-Gal4 (Tdc) significantly rescues lethality under standard, high density culture conditions (1-way ANOVA, * p<0.05,

Bonferroni post test).
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Figure S4 Expression of UAS-DVMAT using Ddc-Gal4 does not rescue larval locomotion deficits of the dVMAT mutant.
Expression of DVMAT using Ddc2-Gal4 does not rescue the larval locomotion deficit of the dVMAT mutant (-/-). These data
were obtained in a separate set of experiments from those shown in FIGURE 2A.

A.Chenetal. 53l



# of lines crossed / 5 min

157

10 1

0.

+0

Hours fed:

. B
< 15 £ 15
£ £
(2] n
T 10 1 T 10
3 ?
o 3
S S
0 54 »n 54
s s
®* o #* o
+0 2 4 +0 2 4
Hours fed vehicle Hours fed dopamine
2 4 2 4 0 2 4
vehicle dopamine octopamine

159

# of lines crossed / 5 min

L -

+ 0 2 4
Hours fed serotonin

2 4 0 2 4
serotonin tyramine

Figure S5 Controls for locomotion assays. (A-C) Feeding vehicle, dopamine (10 mg/mL) or serotonin (10mg/mL) does not alter
dVMAT locomotion. (D) Locomotion was scored for WT larvae incubated on food containing the indicated amines (10 mg/ml)
for 0, 2 and 4 hours. Locomotion of WT larvae is not detectably altered under these conditions.
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Figure S6 Octopamine partially rescues egg-laying. Three virgin (0-3 day old) dVMAT mutant females were collected and
crossed to six virgin WT males (0-3 day old) and allowed to mate for three days on standard fly food. The males were then
removed and discarded. The mated females were transferred into colored food containing 10mg/ml vehicle, dopamine,

octopamine or tyramine and allowed to lay eggs for 2 days. The average number of eggs laid per female in a 24-hour period
was calculated (2-way ANOVA with Bonferroni post-test, * p<0.05).
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Figure S7 Average LD activity profiles for the dVMAT mutant and rescue lines. Average diurnal activity profiles were done in
parallel but displayed in separate panels for clarity: (A) Histograms presenting the mean activity level as number of beam
breaks per 30 min for the indicated genotypes. Genotypes showing improvement in the mean activity level compared to the
dVMAT mutant are indicated (Kruskal-Wallis test with Dunn’s Multiple comparisons test, p<0.05). (B) Activity of WT control
flies (black diamonds), the dVMAT mutant (red circles) or the dVMAT mutant with DVMAT expression restored in dopaminergic
neurons (TH-Gal4 rescue, cyan triangles). The dVMAT mutant has a reduced morning activity peak that is exacerbated by rescue
of DVMAT expression in DA neurons. (C) Activity of WT control flies (black diamonds), versus the dVMAT mutant rescued with
Tdc2-Gal4 (green triangles) or Trh-Gal4 (yellow triangles). Expression of DVMAT with Tdc2-Gal4 results in an abnormally broad
and quasi-bimodal peak of morning activity. (D) Average activity plots for WT control (black diamonds), and the dVMAT mutant
rescued using two drivers: Tdc + TH (gray triangles), Tdc + TrH (gold triangles) and TrH + TH (brown triangles). All three
combinations rescue morning activity.
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