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ABSTRACT

Physiologic and pathogenic changes in amine release induce dramatic behavioral changes, but the
underlying cellular mechanisms remain unclear. To investigate these adaptive processes, we have
characterized mutations in the Drosophila vesicular monoamine transporter (dVMAT), which is required
for the vesicular storage of dopamine, serotonin, and octopamine. dVMAT mutant larvae show reduced
locomotion and decreased electrical activity in motoneurons innervating the neuromuscular junction
(NM]) implicating central amines in the regulation of these activities. A parallel increase in evoked
glutamate release by the motoneuron is consistent with a homeostatic adaptation at the NMJ. Despite the
importance of aminergic signaling for regulating locomotion and other behaviors, adult dVMAT
homozygous null mutants survive under conditions of low population density, thus allowing a phenotypic
characterization of adult behavior. Homozygous mutant females are sterile and show defects in both egg
retention and development; males also show reduced fertility. Homozygotes show an increased attraction to
light but are mildly impaired in geotaxis and escape behaviors. In contrast, heterozygous mutants show an
exaggerated escape response. Both hetero- and homozygous mutants demonstrate an altered behavioral
response to cocaine. dVMAT mutants define potentially adaptive responses to reduced or eliminated

aminergic signaling and will be useful to identify the underlying molecular mechanisms.

MINERGIC signaling pathways regulate a variety of
complex behaviors in both the fly and mammals.

In Drosophila melanogaster, dopamine is thought to
regulate arousal (VAN SWINDEREN ef al. 2004; ANDRETIC
et al. 2005; KuME et al. 2005), locomotion (YELLMAN
et al. 1997; CHANG et al. 2006), the behavioral effects of
cocaine (McCLUNG and HirsH 1998, 1999; TorRES and
Horowrtz 1998; BAINTON ef al. 2000), and vitellogen-
esis (WILLARD et al. 2006). Serotonin regulates visual
pathways (HEVERS and HARDIE 1995; CHEN ef al. 1999),
circadian rhythms (SHAW et al. 2000; YUAN et al. 2006),
place memory (SITARAMAN et al. 2008), and possibly
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ovarian follicle formation (WILLARD et al. 2006).
Octopamine, which is structurally similar to noradren-
aline, is involved in larval locomotion (SARASWATTI et al.
2004; Fox et al. 2006) and adult fertility (MONASTIRIOTI
et al. 1996; CoLE et al. 2005; MIDDLETON et al. 20006).
Many components of the aminergic signaling machinery
responsible for these behaviors are evolutionarily con-
served (MORGAN el al. 1986; BubNIK and WHITE 1987;
KoNRAD and MARrsH 1987; NECKAMEYER and WHITE
1993; COREY et al. 1994; DEMCHYSHYN et al. 1994;
PORZGEN et al. 2001; YuaN et al. 2006; DRAPER et al.
2007; SCHAERLINGER el al. 2007); the behavioral
responses of flies and humans to psychostimulants are
also similar (McCLUNG and HirsH 1998; BAINTON et al.
2000; ANDRETIC et al. 2005). These similarities suggest
that D. melanogaster may be used as a genetic model to
study the molecular mechanisms by which amines
regulate synaptic transmission and behavior.
Aminergic neurotransmission requires the presynap-
tic release of neurotransmitter and its subsequent
reuptake at the nerve terminal. Two distinct types of
neurotransmitter transporters are required for these
activities: plasma membrane transporters that terminate
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the action of released neurotransmitter (HAHN and
BLAKELY 2007; TorRRES and AMARA 2007) and vesicular
transporters that package the transmitters for regulated
release (L1u and EpwArDs 1997; ErRicksoN and VARO-
qQurt 2000; EIDEN et al. 2004). In mammals, the neural
isoform of the vesicular monoamine transporter,
VMAT?2, is responsible for the storage of dopamine,
serotonin, and noradrenaline in all central aminergic
neurons. A separate gene, VMATI, is expressed at the
periphery and in neuroendocrine cells (Liu and
Epwarps 1997; EricksoN and VaroQui 2000; EipEN
et al. 2004). In contrast, the genome of Caenorhabditis
elegans contains a single VMAT ortholog (cat-1), thus
simplifying the genetic analysis of vesicular amine trans-
port (DUERR et al. 1999). Similarly, we have reported that
the genome of D. melanogaster contains a single VMAT
ortholog (dVMAT) thatis expressed in all dopaminergic,
serotonergic, and octopaminergic cells in both larvae
and adults (GREER et al. 2005; CHANG et al. 2006).

Heterozygous VMAT2knockoutmice (+/—) displaya
number of behavioral deficits including impairments in
learned helplessness and conditioned place preference
paradigms (TAkaHASHI et al. 1997; WANG et al. 1997;
Fuxul et al. 2007). The synaptic mechanisms by which
changes in VMAT2 expression alter these behaviors are
not known. It also is unclear how the complete elimi-
nation of VMAT activity might affect complex behavior;
VMAT2homozygous knockouts die soon after birth and
relatively limited information is available on the behav-
ioral phenotype of cat-1 (DUERR et al. 1999). In addition,
little is known about the relationship between changes
in amine release and the function of downstream
circuits (N1cora et al. 2000; Worr et al. 2003). The
modulation of glutamatergic neurons may be particu-
larly important since interactions between dopamine
and glutamate have been linked to both addiction and
schizophrenia (WoLF et al. 2003; CARLSSON 2006; LEwIS
and GoNzALEZ-BURGOs 2006).

We are using the model organism D. melanogaster to
study how changes in VMAT activity and amine release
may alter synaptic transmission and behavior (CHANG
et al. 2006; SANG et al. 2007). We have shown previously
that the dVMAT gene contains two splice variants, dVMAT
A and -B and that overexpression of DVMAT-A protein
has a dramatic effect on amine-dependent behaviors
(GREER et al. 2005; CHANG et al. 2006). More recently, we
have characterized mutations in the dVMAT gene, but
limited our phenotypic characterization to the function
of DVMAT-B, an isoform found exclusively in a small
subset of glia in the visual system (ROMERO-CALDERON
et al. 2008). Here, we present a more in-depth character-
ization of the dVMAT loss-of-function alleles, focusing
on the function of DVMAT-A, which is expressed in all
dopaminergic, serotonergic, and octopaminergic neu-
rons (GREER et al. 2005; CHANG et al. 2006). Our results
help define how monoamine release regulates glutama-
tergic motoneurons in the larva and a number of

complex behaviors in the adult fly. In addition, our data
on the survival and behavior of adult flies suggest that
adaptive mechanisms may in some cases obviate the need
for regulated aminergic signaling.

MATERIALS AND METHODS

Drosophila stocks and husbandry: Drosophila stocks were
raised in standard cornmeal/molasses/agar bottles or vials at
room temperature (23°) with a relative humidity of 20-40% in
a 12-hr dark/light cycle. Canton-S (CS) and w'"**CS;y (w''**
outcrossed 10 times to Canton-S) were from our laboratory
stocks (SIMON et al. 2003). {(2)SH0459 (dVMAT'*') was obtained
from OH et al. (2003), and was outcrossed b times to w'""*CSy,
and stocks of heterozygotes were kept over CyO balancer
(dVMAT™/ Cy0). The generation of the imprecise excision
allele dVMAT*"" is described elsewhere (ROMERO-CALDERON
et al. 2008). The chromosomal deletion (deficiency) line
Df(2R)CX1/SM1, deleted from 49C1 to 50D 1 was obtained from
the Bloomington Stock Center (stock no. 442), and Df{2R)MK2,
deleted from 50A6 to 50CI1-3 (LERVEN et al. 1998), was a
generous gift of Volker Hartenstein. For genetic rescue experi-
ments, we used a previously described UAS-DVMAT-A transgene
(CHANG et al. 2006) recombined with the daughterless-
GAL4 driver on the third chromosome. For electrophysiologic
experiments, dVMAT mutants were maintained over a CyO
balancer marked with KrGFP to facilitate the selection of
homozygous mutant larvae.

To obtain large numbers of homozygous mutant adults for
phenotypic analysis, we compromised between a higher
percentage of expected homozygotes in sparse cultures and a
higher absolute number of homozygotes in less sparse cultures
(see RESULTS). We obtained ~20-30% of expected homozy-
gotes using 5-20 male:female pairs mated in bottles for =5
days.

Western blots: Western blots were performed as previously
described. Briefly, flies were anesthetized using COs, and 20
heads per genotype 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
nitrocellulose. The upper half of each membrane was incu-
bated with 1:4000 rabbit anti-DVMAT-N (ROMERO-CALDERON
et al. 2008) and the lower half was incubated with 1:1000 mouse
anti-Late bloomer (KorczyNskI et al. 1996) overnight at 4°.
Membranes were incubated in secondary antibody for 45 min
at room temperature using either 1:1000 anti-rabbit or 1:1000
anti-mouse HRP conjugated antibodies (Amersham Bioscien-
ces, Piscataway, NJ). The protein bands were detected using
SuperSignal West Pico luminol/peroxide (Pierce, Rockford,
IL) for 1 min and exposed for 5-60 sec on Kodak (Rochester,
NY) Biomax Light film.

HPLC: HPLC analysis of dopamine and serotonin was
performed as previously described (CHANG et al. 2006). To
determine potential sex effects on amine content we used
three heads per sample. For all other experiments we used
four heads per sample, two male plus two female.

Ovarian morphology: Females were collected as virgins
within 8 hr of eclosion and aged together in vials for 3—4 days,
either alone or with the same number of CS males. In some
cases, as indicated in the text, yeast paste was added at 3 days
after eclosion. Oocytes with long dorsal appendages (stage 14)
were scored as “mature.” All dissections were carried out 4 days
after eclosion. Females were anesthetized using COo, killed by
brief incubation in 75% ethanol, and dissected in PBS. The
ovaries (10 per condition) were mounted in 50:50 PBS:gly-
cerol and digital images obtained using a Zeiss AxioCam
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camera. Measurements of ovary size were made using Zeiss
Axiovision software.

Electrophysiology: Intracellular recordings from muscles
were performed as described previously (DANIELS et al. 2004).
In brief, third instar larvae were selected from vials (homozy-
gous mutants were selected by the absence of a Kr-GFP marker
on the CyO balancer) and dissected in HL-3 saline (STEWART
et al. 1994). HL-3 saline solution contains (in mm) 70 NaCl, 5
KCl, 20 MgCly, 10 NaHCOg, 5 trehalose, 115 sucrose, 5
HEPES, 0.30 CaCly, pH 7.20. Recordings were made from
muscle 6 in segments A3 and A4 in the same solution using
sharp glass electrodes with tip resistances between 14 and 27
M. Cells were selected for analysis if the resting membrane
potential was < —60 mV and if the muscle input resistance was
at least 5 M. For each cell, 70 consecutive spontaneous
miniature events were measured using MiniAnal (Synaptosoft,
Decatur, GA), taking care to exclude events with slow rise times
that originate from the neighboring muscles. Evoked events
were recorded while stimulating with 100 pulses at 2 Hz. The
last 75 events were averaged to obtain the mean amplitude for
cach cell. Resting membrane potential was —66 * 1 in
w""¥CSp and —63 = 1 in dVMAT" homozygotes (P/P), P <
0.05, n=17. Muscle input resistance was 7.1 = 0.5 in w'/**CSy,,
12 = 1.3 in P/P, P < 0.0005, n = 12.

Action potential recordings were performed following the
protocol of Fox et al. (2006). Briefly, larvae were selected and
dissected as above and then incubated in HIL-3 solution
containing 1.5 mM CaCl, or HL-3.1 solution (FENG et al.
2004; “low Mg®* saline”), containing (in mm) 70 NaCl, 5 KCI, 4
MgCl,, 10 NaHCOs, 5 trehalose, 115 sucrose, 5 HEPES, 1.5
CaCly, pH 7.20. The segmental nerves were left intact and
connected to the ventral nerve cord, and the preparation was
not stretched tightly to allow for contraction. A polished
electrode was used to suck up the segmental nerve for
recording using a differential amplifier (model 410, Brownlee
Precision, San Jose, CA). The signal was filtered using pClamp
9.0 software (Molecular Devices, Union City, CA) with a
highpass filter set at 100 Hz and a lowpass filter set at 10
kHz. Segmental nerves innervating the anterior segments
were used preferentially. Tactile stimulation was achieved by
touching a silver wire connected to a micromanipulator to the
posterior body wall of the larva.

Behavioral analysis: Handling: As described in CONNOLLY
and TurLy (1998) and S1MON et al. (2006), all experiments used
naive flies and were performed at the same time of day, in arange
of 3—4 hr in the afternoon, to avoid variation in performance
linked to circadian rhythm. All behavioral assays were carried out
in the same dedicated room at ~25°. Unless otherwise noted in
the text, flies were collected the day before the experiment,
under cold anesthesia and using a mixture of males and females,
and experiments were performed under ambient light. Individ-
uals were counted and sexed under COgy anesthesia after the
experiments were performed. The flies were allowed to habit-
uate to the testing room for 2 hr before each experiment.

Survival: To compare the lethal effects of the dVMAT
mutants vs. relevant deficiencies (see Figure 2C) three females
and three males were mated in vials for 5 days at 25°. Since
both the dVMAT mutants and the deficiencies were main-
tained over balancer (CyO or SM1), controls also included a
balancer chromosome (see also Figure 2 legend). For all
crosses, the number of adult flies per vial that eclosed were
counted for 19 days after the crosses were initiated and scored
for the dominant Cy marker; i.e., the number of straight vs.
curly winged flies. The number of Cy heterozygotes (curly
wings) were used to calculate the expected number of Cy*
(straight wings), assuming standard Mendelian ratios and that
CGyO/CyO, SM1/SM1, and CyO/SMI are lethal. Statistical
analysis was performed using the raw numbers of surviving

flies. To facilitate comparisons between genotypes, we show
the data as percentages of wild-type (wt) survival in Figure 2C.

Larval locomotion: As adapted from CoNNoLLY and TuLLy
(1998), one third instar larva was placed on a petri dish filled
with standard food and allowed to acclimate for 1 min. The lid
of the petri dish was covered with a 5 X 5 mm grid and the
number of grid lines crossed by the larva recorded over a
period of 5 min. Experiments were performed blindly with
respect to genotype, and all larvae were allowed to reach
adulthood, at which time the genotype was determined.
Mutants were scored by the absence of the Cy marker on the
CyO balancer. Homozygotes (dVMAT"™'/dVMAT™) were ob-
tained from heterozygous balanced parents (dVMAT"'/CyO)
and heterozygous mutants (dVMAT"'/+) from crosses of
heterozygous balanced parents (dVMAT"'/CyO) with controls
(CS, “+/+7).

Response to touch in larvae: Assays were performed as
described in KERNAN el al. (1994) and ConNoOLLY and TuLLy
(1998). Briefly, third instar larvae were handled as for
locomotion. After 1 min. of rest on the food, anterior
segments were lightly stroked with an eyelash. Their response
was measured on a scale of 0—4 as described (KERNAN et al.
1994; ConnoLLy and TurLrLy 1998); the same larva was tested
four times with a maximal possible score of 16. Controls
(w""*CSyp and CS) performed similarly to previous reports
(w'"%C8199.5 = 2.4,CS 11.1 = 1.8 compared to yw 10.3 = 0.24
in KERNAN et al. (1994).

Negative geotaxis studies in adults: Negative geotaxis behavior
(BENZER 1967; CoNNoLLY and TurLLy 1998) was recorded as
the percentage of flies able to climb on the upper tube of a
choice-test apparatus in 15 sec (the time needed for ~80% of
4-day-old wt flies to reach the upper tube), or 5 sec; the latter
represents a challenging condition for control flies and only
~15% of 4-day-old flies reached the upper tube. To stimulate
the flies and initiate each experiment, the apparatus was
tapped three times. Approximately 50 naive flies were used for
each per data point.

Fast phototaxis and dark reactivity studies in adults: Positive
phototaxis was assessed in a countercurrent apparatus
(BENZER 1967; ConNoLLy and Turry 1998) as described
(ConnorrLy and Turry 1998; ROMERO-CALDERON et al.
2007). For testing fast phototaxis toward the light, the flies
were tapped gently to the bottom of the first tube, and the
apparatus was laid horizontally with the distal tubes directly in
front of a 15-W fluorescent warm-white light. The flies were
given 15 sec to reach the distal tube (the time necessary for
100% of 3- to 4-day-old control flies to reach the first tube).
After the test, the tubes were collected and the flies anesthe-
tized and counted. Each fly received a score corresponding to
the tube in which they were found at the end of the assay, and
the performance index (PI) was calculated by averaging all
of the scores and dividing by the total number of flies multi-
plied by the total number of tubes. A maximum value of 1 is
obtained when all of the flies have chosen five times to go into
the distal tube. Tests for movement away from light and dark
reactivity were performed similarly, with a 15-sec choice, but
with the proximal rather than the distal tube next to light in
the first case, and in the second case without a visible light
stimulus and under a dim photosafe red light, to which flies
are blind. For each experiment, we used 30-100, naive, 3- to 5-
day-old flies.

Open-field locomotion test in adults: As described in CONNOLLY
and Turry (1998), in brief, a single fly was allowed to
acclimate for 1 min in an 80 X 55 X 2-mm chamber containing
a5 X 5-mm grid. The number of grid lines that were crossed
over a period of 1-2 min was scored in real time or from video
recordings. As previously described (CHANG et al. 2006),
cocaine was administered in standard food: 3 ml of molten
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molasses agar media was mixed with 150 ul of a stock solution
of cocaine in water to obtain a final concentration of 1 pg/ml.
Red food dye (McCormick, Hunt Valley, Maryland) was added
(0.4% v/v final) to ensure homogeneity. Control food was
made in parallel, using vehicle alone. Fresh food was provided
each day for 5-7 days prior to behavioral testing.

Longevity studies: Survival was measured as described (SIMON
et al. 2003). Briefly, flies were collected 2-3 days after adult
emergence, allowing time for mating. Males and females were
then separated under brief cold anesthesia. The flies were
then transferred every 2-3 days into vials containing fresh food
at25°, undera 12:12-hr light—dark cycle. Deaths were recorded
at transfer.

Statistical analysis: Most statistical analyses were performed
using Prism 4 (GraphPad Software, San Diego).

RESULTS

Decrease of DVMAT protein expression in the
dVMAT mutant: We have obtained a line [[(2)SHO459]
(On et al. 2003) containing a transposable P element
reported to localize to the Berkeley Drosophila Genome
Project (BDGP) predicted gene CG6119 (now CG33528
http://flybase.bio.indiana.edu/reports/FBgn0259816.
html), which we have found encodes the 3’ portion of
dVMAT (GREER et al. 2005). We have confirmed that
the insertion site of {(2)SHO459is the last coding exon
of dVMAT, which generates a functional deletion of
the last two transmembrane domains of DVMAT-A
(ROMERO-CALDERON et al. 2008). We designate this line
as dVMAT™. In addition, we have excised the Pelement
in dVMAT"™ to obtain an imprecise excision allele
(dVMAT*"), that contains a 57-bp in-frame insertion
of P-element-derived DNA (ROMERO-CALDERON et al.
2008). Western blots of adult head homogenates show a
dramatic reduction in DVMAT protein in homozygous
dVMAT"" (Figure 1, P/P) and dVMAT*"* flies (not
shown) as compared to CS controls (Figure 1). DVMAT
protein levels are restored using the daughterless pro-
moter (da-GAL4) and the UAS-dVMATA transgene (not
shown). Similar to heterozygous mouse VMATZ knock-
outs (FoN et al. 1997), we observe a dose-dependent
decrease in expression in the heterozygous dVMAT™
mutant (Figure 1, P/+).

The deficiencies Df(2R)CXI and Df(2R)MK2, respec-
tively, delete chromosomal regions 49C1 to 50D1 and
50A6 to 50C1-3. Thus, both should uncover the dVMAT
locus (50A14-50B1, GREER et al. 2005). As for dVMAT™
homozygotes, no protein is detected in dVMAT"" over
the deletions (Figure 1, CX1/Pand MK2/P) confirming
that the deficiencies uncover the dVMAT gene. In
addition, heterozygotes for the chromosomal deletions
(Figure 1, CX1/+ and MK2/+) express DVMAT atalevel
similar to the heterozygous dVMAT mutants (Figure 1,
P/+). These data, and the absence of detectable protein
in dVMAT™ homozygotes are consistent with the possi-
bility that dVMAT"" is a null allele.

Conditional viability of the mutants: The dVMAT"
mutation was first identified as an anonymous lethal
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Ficure 1.—DVMAT protein levels. The expression of
DVMAT protein in mutant heads was tested using an antibody
raised against the N terminus of the protein, which detects
both known splice variants dVMAT-A and -B. Compared to
Canton-S controls, heterozygous dVMAT mutants (P/+) show
a marked reduction in expression, similar to the heterozygous
deficiencies CX1/+ and MK2/+. DVMAT protein was not de-
tected in the homozygous dVMAT "' (P/P) mutant, dVMAT "'/
CX1, or dVMAT"'/MK2. One fly head equivalent of protein
was loaded in each lane. The membrane protein Late bloo-
mer was used as a loading control.

gene on the second chromosome (OH et al. 2003), and
under standard culture conditions <1% of adult
dAVMAT"" or dVMAT*"" flies survive (Figure 2A). How-
ever, we find that by reducing the density of the cultures,
up to 40% of the homozygous dVMAT mutants eclose
and survive into adulthood in bottles (Figure 2A), and
up to 100% survive in vials (Figure 2B). Similarly, when
individual embryos were plated separately in an attempt
to stage lethality, all of the homozygous mutants
survived (data not shown). Reduced survival as a result
of culture density was not seen in heterozygous mutants
(Figure 2C) or wild-type flies (not shown). To confirm
that density-dependent lethality was due to mutation of
the dVMAT gene, we showed that expression of the UAS-
dVMATA transgene (CHANG et al. 2006) rescued lethal-
ity in homozygous dVMAT" mutants (Figure 2C).
Heterozygous deletions (CX1/+ and MK2/+) and the
deletions over dVMAT"" (CXI1/P and MK2/P) showed
rates of survival similar to the dVMAT" homozygotes
(Figure 2C), consistent with the notion that dVMAT™ is
a null allele.

Despite decreased amine storage, dVMAT mutants
survive for weeks, allowing a phenotypic analysis of
behavior: We next assessed how reduced dVMAT ex-
pression would affect monoamine stores in adult flies. We
observe robust differences in amine levels in dVMAT
mutants for both males and females (supplemental
Figure 1) and we therefore pooled the data from both
sexes as shown in Figure 3. In dVMAT™ heterozygotes,
dopamine levels in adult heads are reduced by ~35%
compared to both CS and w'"*CS;, controls, and in
dVMAT"" homozygotes they are reduced ~75% (Figure
3A). dVMAT*'"* homozygotes, which are phenotypically w,
show an ~65% reduction compared to controls. Residual
dopamine contentin the dVMAT mutants may be derived
from cuticle forming tissue (see DISCUSSION). We could
not detect serotonin in dVMAT"" homozygotes (Figure
3B). In contrast, we detect residual serotonin content in
heads derived from dVMAT*"" homozygotes (Figure 3B)
suggesting that dVMAT*"*is a weaker allele than dVMAT"".
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F1cure 2.—Homozygous flies are sensitive to crowding. (A) Conditional survival of dVMAT mutants in bottles. Data points rep-
resent the percentage of expected adult homozygotes from heterozygous parents (dVMAT*'/Cy0O). Under standard laboratory
conditions (=100 females per bottle), <1% of dVMAT " mutant homozygotes reach adulthood. In contrast, up to ~40% of ex-
pected homozygotes are obtained in bottles containing 1 mating pair (one female crossed with one male). Each data point rep-
resents the mean = SEM of n = 3 crosses made with indicated number of mating pairs for 5 days. Similar results were obtained
using dVMAT*'" homozygotes (not shown). (B) In vials, a similar effect is observed. Nearly all dVMAT"" (P/P) homozygotes can
reach adulthood using 1 mating pair per vial (mean = SEM, n = 18 crosses) and a decrease in homozygote survival is seen in vials
containing increasing numbers of mating pairs (3, 5, or 10; n = 3 crosses for each). For all conditions, parents were removed after
5 days. (C) Deficiency analysis and genetic rescue. Columns represent the percentage of expected genotypes mating three females
and three males in vials for 5 days. The number of replicates and the F, genotypes that were scored for survival are indicated.
Survival of +/+4+ homozygotes did not differ from flies expressing rescue transgenes in a dVMAT * background (da-GAL4, UAS-
dVMATA indicated as “rescue/ +”), or other controls under the top bar in C including dVMAT "'/ + heterozygotes (indicated as “P/
+7), dVMAT*""/+ heterozygotes (D14/+), and the heterozygous deletion CXI/+. In contrast, P/Pand CXI/P differed from the
genetically rescued line dVMAT"'; da-GAL4, UAS-dVMAT-A (indicated as “P/P; rescue/+”), (one-way ANOVA P < 0.0001, Dunnett’s
post-test, indicated on the graph, **P < 0.01, and all other controls **P < 0.01). The crosses used to generate the listed F; gen-
otypes were: “+/+": CyO/+ X CyO/+ ; “rescue/+": da-GAL4, UAS-DVMATA X CyO/+; “P/+”: dVMAT"'/ CyO X CyO/+ ; “D14/
+7: dVMAT*"/ CyO X CyO/+; “CX1/+”: Df(2)CX1/SM1 X CyO/+; “P/P; rescue/+": dVMAT""/CyO; da-GAL4, UAS-DVMAT-A X
dVMAT" /CyO; +/+ ; “P/P’: dVMAT"'/ CyO X dVMAT"/ CyO; “P/CX1": dAVMAT"/ CyO X Df(2)CX1/SM1I ; “D14”: dVMAT*"*/ CyO
X dVMAT*"/ CyO; “D14/CX1”: dVMAT*""/ CyO X Df(2)CX1/SM1.

Since the w gene also has been reported recently to
alter monoamine levels in the fly (Borycz et al. 2008;
SITARAMAN et al. 2008), and some of our experiments
were performed in a w background, we compared the
dopamine and serotonin contents of w''**CS;, vs. CS
adult fly heads. Our data show no significant effect of w
on either dopamine or serotonin levels and overall
lower monoamine levels in CS heads as compared to
both SiTARAMAN et al. (2008) and Borycz et al. (2008).
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For a discussion of variations in amine measurements
in Drosophila see HarpIE and HirsH (2006).

Using the daughlerless promoter (da-GAL4) to drive
the UAS-DVMATA transgene we find that dopamine
levels are partially rescued (up to heterozygote levels,
Figure 3A). Since da-GAL4 is usually considered a
ubiquitous driver in neurons, we were surprised to find
that serotonin levels were not rescued using da-GAL4
(Figure 3B). To further investigate the discrepancy

N Ficure 3.—Reduced dopamine and

serotonin content. Monoamine levels
were measured using HPLC. (A) Dopa-
mine (pg/head): reduced dopamine
content compared to the control lines
CS (+/+) and w"'*CS;y (w; +/+)
was seen in flies heterozygous for
dVMAT"" (P/+), dVMAT*" (D14/+),
and two genetic deletions CX1/+ and
MK2/+. More severe reductions were
seen in the homozygous mutants P/P
and DI14/DI14, as well as in P/ CXI and
P/MK?2. The reduction in dopamine lev-

3 6 9 3 3

?\?‘ ?'.?" els in P/P can be partially rescued by
daughterless driving the expression of
UAS-DVMAT-A ¢cDNA (P/P; rescue/ +). Significance values for the rescue line “P/P, rescue/+” compared to P/P or controls are in-
dicated (one-way ANOVA P < 0.0001. Dunnett’s post-test, ¥¥P < 0.01). (B) Serotonin (pg/head): serotonin levels are reduced in
homozygous mutants and are not rescued by the expression of DVMAT-A ¢DNA using the da-GAL4 driver. (one-way ANOVA P <

0.0001, Bonferroni multiple comparison post-test separated two groups as indicated, ***P = 0.001).
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FIGURE 4.—Homozygous mutant adults live up to 3 weeks, but have decreased fertility. (A—C) Decreased life span of the adult
dVMAT"" mutant, compared to the control w'""*CS;, (indicated as “w; +/+”). (Aand B) Survival curves of the dVMAT "' homozygotes
(P/P) are shown (4-5 replicates of 20 flies at 25°). A similar decrease in average life span is seen in A homozygous females (—24%, 5
internal replicates of 20 flies, Wilcoxon-rank test comparing the survival curves P<<0.023), and in B homozygous males (—31%, Wil-
coxon-rank test P < 0.017). (C) Female dVMAT " heterozygotes show a decrease in life span when tested at either 25° (—27% = 8,
three independent experiments with three to four internal replicates of 2040 flies, Student’s +test comparing average life span to
controls, #*P<<0.024) or29° (—27% = 2, two to three independent experiments with fourinternal replicates of 40 flies, Student’s #test,
##%P<(0.0001) as compared to the control line. Male heterozygous mutants do notshowa decrease in life span at either 25° or 29°. (D
and E) Decreased fertility in homozygous dVMAT mutants and mutants over deficiency and rescue by UAS-dVMAT-A ¢DNA. For each
cross, individual flies of the indicated genotype were mated with two to three CS control flies (+/+) of the opposite sex for 5 days.
Columns indicate the percentage of individual crosses yielding adult progeny. The number of individual crosses made is indicated in
each column. (D) Homozygote female mutants are infertile: homozygous dVMAT "' females mated to CS males did not yield any
progeny in 89 testcrosses. A few vials with progeny were seen using dVMAT*'" homozygotes (DI14) and mutants over deficiency
(P/CX1, P/MK2, and D14/ CXI). Fertility of the genetically rescued females (P/P; rescue/+) differed from all the mutant lines (P/P,
D14, P/CX1, P/MK2, D14/ CX1, one-way ANOVA P < 0.0001, Bonferroni post-test as indicated on the graph, **¥P < 0.001). The fer-
tility of the rescue line did notdiffer from controls. (E) Male dVMAThomozygotes showreduced fertility, with only ~20% of the crosses
for P/Por D14/ D14 males to CS females yielding progeny. The fertility of genetically rescued males (dVMAT "'/ dVMAT""; da-GAL4,
UAS-DVMAT-A/+ , indicated as “P/P; rescue/ +”) is significantly higher than all of the mutantlines including P/P, D14, P/CX1, P/MK2,
D14/ CX1, (Bonferroni post-test, **%P < (0.001) but does not differ from either CS controls, dVMAT heterozygotes, heterozygous de-
ficiencies (CX1/+ and MK2/+), or CS flies expressing the rescue transgenes (da-GAL4, UAS-DVMAT-A/+ indicated as “rescue/ +”).

between dopamine and serotonin contents in the homozygous males, and both homozygous and hetero-
rescue lines, we explicitly tested the expression pattern zygous dVMAT™ females show a decrease in life span of
of da-GAL4 using a UAS-GFP transgene as a marker, and ~30% and begin dying 1 week before controls (Figure 4,
colabeled with an antibody to serotonin. As expected, A-C). In addition, both male and female mutants show
the expression pattern of da-GAL4 is quite broad; fertility defects (Figure 4,D and E). Onlyafraction of the
however, we did not detect any colabeling with seroto- adult homozygous males generate adult progeny when

nin (data not shown). Since expression of UAS-DVMAT- mated with CS females (21% = 0.5 and 24% = 1,
A using the daughlerless driver fully rescues the lethality respectively, for dVMAT" and dVMAT*", Figure 4E).

and infertility of dVMAT"™ (Figures 2C and 4, D and E), Homozygous dVMAT"" females are essentially infertile

exocytotic release of serotonin may not be essential for and did not appear to lay any eggs as virgins or after

either survival or fertility (see DISCUSSION). mating; however, a few adult progeny were produced by
Despite deficits in amine storage, for up to 3 weeks dVMAT*" females as well as heterozygotes of dVMAT"’

posteclosion, the adult homozygous dVMAT mutants over chromosomal deletions (Figure 4D).

do not die at a faster rate than controls (w"""*CS;y, “w"; Infertility is due to defects in both oocyte de-

+/+7) (see MATERIALS AND METHODS), and mutants can velopment and retention: Since dVMAT" is more likely

survive for >2 months (Figure 4, A and B). However, to be a null (see pIscussioN), we focused most of our
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FIGURE 5.—Abnormal ovarian morphology. (A-C) The bar graph shows the length (A), maximal width (B), and number of
mature oocytes (C) in CS controls (“+/+”, light gray bars) and homozygous dVMAT"" females (“P/P”, dark gray bars). Each
bar represents the mean * SEM from 10 ovaries. For ovary length, the mutant differed from control only as a function of genotype X
condition (two-way ANOVA P < 0.0001, Bonferroni post-test *P < 0.05.). For ovary width and number of mature oocytes, both
genotype and condition alone (and genotype X condition) showed significant differences for mutant vs. control (one-way AN-
OVA, P<0.0001 for both). The significance levels (Bonferroni post-test) for differences between mutant and control within each
condition (virgin, mated and +24 hr yeast paste) are indicated on the graphs (¥*P < 0.01, ***P < 0.001). (D-F). Representative
examples of ovaries derived from 3- to 4-day-old mutant and control virgins (D), mated females (E), and 4-day-old mated females

fed yeast paste for 24 hr (F) are shown. Bar, 200 pm.

subsequent studies on this allele. To facilitate our phe-
notypic analysis, we outcrossed dVMAT"™ 5 times into the
well-characterized genetic background w''’*CS;, which
had been previously outcrossed 10 times to the wild-type
strain Canton-S (SIMON et al. 2003). The w gene has
been previously reported to cause some behavioral
deficits (ZHANG and ODENwWALD 1995; CAMPBELL and
NasH 2001; SVETEC et al. 2005; SITARAMAN et al. 2008).
We did not detect differences between the performance
of CS vs. w'""*CS;p for any of the assays used here except
fast phototaxis and movement away from light (supple-
mental Figure 2); phototactic defects in w are pre-
sumably due to the absence of screening pigments in
the eye.

Infertility caused by altered aminergic signaling has
been associated with egg retention and disrupted oocyte
development (see pIscuUssIiON). Therefore, to investi-
gate the mechanisms(s) underlying female infertility in
dVMAT mutants, we dissected and examined the ovaries
from mutant and control flies. We find that the ovaries
of 3-day-old, mated homozygous dVMAT"" females
contain 3.5-fold more mature oocytes than controls
(4.7 0.6 vs. 1.3 = 0.2 in CS females, Figure 5, Cand E).
dVMAT mutant ovaries are similar in length and only
slightly larger (+4%, P< 0.05) than CS controls despite

their dramatic increase in oocyte content (Figure 5, A,
B, and E). Thus, dVMAT mutants retain oocytes and/or
eggs similar to mutants with defects in octopaminergic
signaling (MoNasTIRIOTI 1999; LEE et al. 2003; COLE
et al. 2005) but also show a relative decrease in ovary size.

To further investigate these effects, we examined ova-
ries dissected from 3-day-old virgin females. Unlike
mated females, wild-type virgin females retain mature
oocytes in their ovaries (BLOCH QAz1 et al. 2003), and we
observe multiple mature oocytes in ovaries dissected
from control flies (Figure 5, C and D). However, in con-
trast to mated dVMAT mutants, mutant virgins showed
Jewer mature oocytes than controls (1.5 mature oocytes
per ovary vs. 5 in control virgin flies, Figure 5C) and a
modest decrease in ovary size (—33% in width, Figure
5B).

The difference between mature oocyte numbers in
mated vs. virgin dVMAT mutants suggests that mutant
females are able to respond to mating signals known to
increase mature oocyte production. We therefore in-
vestigated whether the mutants were also able to re-
spond to another stimulus known to influence oocyte
development—nutrition (DRUMMOND-BARBOSA and
SPRADLING 2001). Similar to wild-type flies, dVMAT
mutant females show a twofold increase in the number
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Ficure 6.—Mutants show reduced larval locomotion but
near normal response to touch. (A) Locomotion: number
of grids crossed within 5 min. Both homozygotes (P/P) and
heterozygotes (P/+) differ from controls (one-way ANOVA,
P < 0.0001). Significance levels (Bonferroni post-test) for dif-
ferences between homozygous and heterozygous mutants vs.
control (w~; +/+) are indicated (**P < 0.01, ***P < 0.001).
(B) Response to touch: the performance of the heterozygotes
is not different from that of control (w; +/+), and the ho-
mozygotes are somewhat less responsive (one-way ANOVA:
P < 0.0032, Bonferroni post-test w—; +/+ vs. P/P indicated
on the graph, *P < 0.05).

of mature oocytes (P <<0.0001) and an increase in ovary
size, (albeit less than controls) when fed yeast paste for
24 hr (Figure 5, A-C, and F). These data confirm that
dVMAT mutants are able to respond to signals that stim-
ulate the function of the ovary, but are defective in
oocyte and egg deposition. In addition, unlike mutants
that reduce octopaminergic signaling (MONASTIRIOTI
1999; LEE et al. 2003; COLE et al. 2005), they show an
additional defect in oocyte development that is most
easily observed in virgin females. This difference is con-
sistent with previous pharmacologic data suggesting that
dopaminergic and possibly serotonergic inputs regulate
oocyte development (NECKAMEYER 1996; PENDLETON
et al. 1996; WILLARD et al. 2006) (see DISCUSSION).

The larval phenotype of dVMAT mutants includes
decreased locomotion and motoneuron activity: Under
relatively sparse culture conditions, most if not all
homozygous dVMAT"" (P/P) mutant larvae can survive
through the third instar and pupate. However, larval
behavior is grossly abnormal. Although dVMAT mutants
clearly feed, as shown by uptake of food coloring in the
culture media (data not shown), they show reduced
movement compared to wild-type (w'"**CS;, Figure 6A,
w ; +/+) and heterozygote controls (Figure 6A, P/+,
one-way ANOVA P < 0.0001, Bonferroni post-test P <
0.001 compared to w—; +/+ or P/+). In contrast
to homozygotes, the heterozygous dVMAT"" mutant
(P/+) displays an increase in locomotion (see also
adult locomotion below). Interestingly, homozygous
dAVMAT"" (P/P) larvae will initiate locomotion if stimu-
lated by contact with another larva (not shown) or the
bristle of a paintbrush. Quantitation of their response to
touch shows only a slight deficit relative to controls
(Figure 6B). Heterozygotes (P/+) are indistinguishable
from controls in their response to touch (Figure 6B).
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FIGURE 7.—Evoked release and quantal content are in-
creased in dVMAT mutants. Comparison of homozygous
dVMAT"" (P/P) mutants with controls CS (+/+). (A) The
amplitude of spontaneous miniature events (mEJPs or minis)
in mutant dVMAT " homozygotes (P/P) does not differ signif-
icantly from CS controls (+/+, Student’s ttest, P> 0.18). (B)
Mini frequency is increased in P/P compared to controls (P <
0.005). (C) Evoked EJP amplitude is increased in P/P (P <
0.0002). (D) Quantal content calculated by the direct method
is increased in P/P (P < 0.005). All data are shown as mean *
SEM, n = 17 for +/+, n = 12 for P/P.

To further explore the mechanisms underlying the
defect in dVMAT larval locomotion, we performed an
electrophysiological analysis of the glutamatergic (type
I) NM]J, the synapse that drives muscle contraction and
larval locomotion (JAN and JAN 1976; GRAMATES and
BupnNIk 1999). We observed a doubling of the evoked
junctional potentials (EJPs) in dVMAT"™ homozygous
mutants (P/P) relative to controls (Figure 7C,9 = 1 mV
in CS controls “+/+” vs. 17 = 2 mV in P/Pmutants, n =
17 and 12, respectively; Student’s ¢test P< 0.0002). The
amplitude of the miniature end plate potentials (minis)
was similar to controls (Figure 7A, CS: 1.04 = 0.04 mV,
n=17, vs. AVMAT":1.17 = 0.10 mV, n = 12). However,
the input resistance of the mutant muscle was higher
than controls (see MATERIALS AND METHODS), suggest-
ing that muscle size may be smaller in the mutant. We
therefore calculated quantal content (direct method:
EJP/mEJP), which cancels out any effects of input
resistance and represents the number of vesicles that
fuse during evoked release. This too, was increased in
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Ficure 8.—Recordings
from segmental nerves
show a decrease in sponta-
neous action potentials.
Data were derived from ho-
mozygous dVMAT"" (P/P)
mutants and CS controls
(+/+). (A) Sample traces
from +/+ and P/P seg-
mental nerves. No action
potential bursts associated
with a segmental contrac-
tion are seen in the mutant.
(B) Sample bursts of action
potentials recorded after
tactile stimulation of the
posterior cuticle show an
increase in action poten-
tials in the mutant. (C) In-
cubation in low Mg*
saline also increases sponta-
neous contractions and as-
sociated action potentials
in the mutant. (D) All con-
trol larvae that were tested
(n = 6) but only one of five
P/P larvae showed sponta-
neous contractions. Sen-
sory stimulation (“after
stimulation”) induced all
CS and three out of five
P/P larvae to contract. (E)
Quantitation of the results
shown in A and C shows
low rates of contractions/
action potentials in the mu-
tant (0.2 = 0.2 min™ ', n =
5) relative to CS controls
(4.6 = 0.6 min~', n= 6, Stu-
dent’s t, P=0.00007). Incu-
bation in low Mg** saline

C low Mg®" saline

++ PP ++ P/P

P/P

partially rescues the spontaneous contraction frequency of the mutant (2.3 = 0.6, n = 9, compared to CS, 4.5 = 0.8 min ', n = 3).
(F) Expanding the timescale of a representative trace shows that the action potential bursts that accompany segmental contraction
are similar in the P/Pmutant and +/+ controls. (G) Quantitation of the results from F shows that the frequency of action potentials
during a burst episode [ “burst spike frequency (Hz)”] is indistinguishable in P/P (20 = 2 Hz, n = 22 bursts) vs. +/+ larvae (21 £ 1
Hz, n = 18 bursts, P > 0.5), indicating that the intrinsic physiology of motoneuron firing is intact in the mutant.

the dVMAT mutant (Figure 7D), consistent with a
presynaptic increase in synaptic strength. We also
observed an increased frequency of spontaneous events
(Figure 7B, CS: 2.1 = 0.2 Hz, n =17 vs. dAVMAT"": 3.4 =
0.4Hz, n=17, P<0.005), consistent with a potentiation
in presynaptic function.

An increase in synaptic strength would not explain
the locomotion defects in the dVMAT mutant, suggest-
ing instead that the circuit is disrupted upstream of the
larval NM]J. To test this hypothesis, we used a suction
electrode attached to a segmental nerve to record moto-
neuron action potentials. In control larvae, spontane-
ous bursts of action potentials can be recorded from
the segmental nerves (Figure 8); these coincide with the
contraction of muscles in the innervated segment of the
body wall (not shown). dVMAT”" mutant larvae show
very few spontaneous action potentials or contractions

(Figure 8, A, D, and E). However, the defects in
initiating spontaneous action potentials and contrac-
tions can be partially overcome by mechanically stimu-
lating the larvae (Figure 8, B and D), which is consistent
with the results of larval locomotion assays. In addition
to mechanical stimulation, increasing synaptic trans-
mission throughout the nervous system by recording
in saline with a lower Mg®* concentration partially
rescues the defects in both spontaneous action potential
bursts and muscle contractions in the dVMAT" mutants
(Figure 8, C and E). Furthermore, the action potentials
that we observe in dVMAT™ mutants appear essentially
indistinguishable from wild-type bursts (Figure 8F) both
in duration (data not shown) and spike frequency
during a burst episode (Figure 8G). Together, these
data suggest that the intrinsic properties of the moto-
neurons are not compromised and that the motor
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FIGURE 9.—Heterozygotes
show a potentiated escape re-
sponse. (A and B) Negative geo-
taxis. (A) Given 15 sec to climb,
dVMAT"" mutants (P/P) show a
modest reduction in perfor-

* mance compared to both w~; +/
+ and P/+ (one-way ANOVA, P <
0.0001, Bonferroni post-test *P <

15

0.05, n = 6-11 as indicated in
each column, 30-80 flies per tri-
al). (B) Given 5 sec to reach the

W+ PH PP

top vial, P/+ performs better than control (#test P < 0.0162). (C) Dark reactivity. Flies are mechanically agitated (in the absence
of light or geotactic stimuli) and allowed to “escape” their home vial. The performance of both homozygotes and heterozygote
differs from the control, (one-way ANOVA, P < 0.0001, Bonferroni post-test ¥P < 0.05, ¥*¥*P < (0.001, using replicates of 30-80 flies
with the number of replicates indicated in each column). Note: Since CS and w''**CS, did not differ in performance (see sup-
plemental Figure 2) only one was used as a control in each of the experiments shown here.

program that controls the pattern of activation, the
central pattern generator (CPG), is grossly intact (see
DISCUSSION and SARASWATI et al. 2004). Rather, the
decrease in baseline motoneuron activity is more likely
to be due to deficits in the initiation of the CPG. We
further speculate that the observed increase in EJPs may
be a homeostatic response to the decrease in spontane-
ous motoneuron firing (see DISCUSSION).

The adult homozygous dVMAT phenotype includes a
blunted response to cocaine and a stronger attraction
to light: We next assessed the performance of the
dVMAT"" mutant adults in a series of behaviors pre-
viously associated with aminergic signaling (HEVERS
and HarpIE 1995; McCLUNG and Hirsa 1998, 1999;
TorrES and HorowiTz 1998; CHEN ¢f al. 1999; BAINTON
et al. 2000). Because of the conditional survival of
homozygous dVMAT™ null mutants, we were able to
test the behavior of flies presumably unable to release
serotonin, dopamine, or octopamine from secretory
vesicles either during development or in adulthood.
The behavior of these animals reflects both the inability
to use aminergic pathways as adults, as well as de-
velopmental adaptations to chronically absent amine
release. For comparison, we tested the behavior of
dVMAT"" heterozygotes. This allowed us to assess the
potential effects of decreasing rather than eliminating
DVMAT expression and regulated monoamine release.

We first tested the escape response of mutants and
controls using negative geotaxis (CONNOLLY and TuLLY
1998), a well-described assay in which the flies are
induced to escape their initial position by a mechanical
stimulus. In response to the stimulus, wild-type flies will
climb upward and against gravity (CONNOLLY and
Turry 1998). This assay has been used to test the
performance of a variety of mutants and is notably sen-
sitive to changes in dopaminergic signaling (BAINTON
et al. 2000; SANG et al. 2007). We first tested geotaxis
under conditions in which most of the controls
(w""*CS;70: w; +/+) were able to climb to an upper
vial: 77% = 4 of the control flies are able to reach the top
vial in 15 sec (Figure 9A). We observed a modest

decrease in the number (62% = 6.5) of homozygous
dVMAT"" (P/P) mutants that reached the upper vial
(one-way ANOVA P < 0.0001, Bonferroni post-test P <
0.05). In addition, we observed a trend for more
heterozygotes than controls to reach the upper vial,
suggesting the possibility that the escape response
might be potentiated in heterozygotes. To determine
whether more challenging conditions would differenti-
ate heterozygotes from controls, we performed the same
assay, but reduced the time allowed to reach the upper
vial. Given 5 sec to climb, 13.5% = 2.5 of the control flies
reached the upper vial. In contrast, 25% * 4 of the
heterozygous mutants reached the upper vial (ttest, P<
0.016, Figure 9B). These data indicate that a moderate
decrease in dVMAT expression potentiates the escape
behavior. Possible mechanisms for the increase in
performance include an increase in: (1) locomotor
speed, (2) the drive to climb upward against gravity, or
(3) the escape response itself.

To help distinguish between the latter two possibili-
ties, we used a second test of the escape response, in
which the flies are induced to escape their initial posi-
tion using a horizontally rather than vertically oriented
apparatus (also known as dark reactivity; CONNOLLY and
TurLy 1998). As observed for negative geotaxis, the
dVMAT heterozygotes perform better than controls
(Figure 9C). Together, the results of these assays suggest
that the improved performance of the heterozygotes is
not due to an increased drive to climb, but rather to an
increase in either locomotion or the escape response.
We find that both homozygotes and heterozygotes
locomote faster than controls in an open field assay:
both cross ~60% more grid lines per minute than
controls (CS and w''**CS;, did not differ and only CS
“+/+” shown in Figure 10A). Since both genotypes
locomote faster, but only the heterozygotes show an
enhanced escape response relative to controls, our data
suggest that the escape response per seis potentiated in
heterozygotes.

To further assess potential changes in behavior due to
altered amine release, we used locomotion to measure
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F1Gure 10.—Mutants show an increase in
locomotion and fast phototaxis and a
blunted behavioral response to cocaine.
(A) Increased locomotion and a blunted re-
sponse to cocaine. Homozygous (P/P) and
heterozygous (P/+) mutants show an in-
crease in locomotion relative to CS (+/+)
controls, at baseline (“— cocaine”), with lo-
comotion quantitated as the number of grid
lines crossed per minute in an “open field”
chamber. The locomotor activity of wild-
type (wt) flies fed cocaine (“+/+: + co-
caine”) is similar to the baseline rates of
P/+ and P/P. When fed cocaine, P/+ but
not P/P exhibits a significant behavioral re-
sponse (one-way ANOVA, P<0.01, Bonfer-
roni post-test: ¥*P << 0.05, ¥**P < 0.01, ¥***P<
0.001: different from “+/+ — cocaine”;
##P<0.01: differentfrom “P/+ — cocaine”).
Twenty-three to 29 adults were tested per ge-
notype, with number of replicates indicated
in each column. (B) Fast phototaxis: toward
the light. dVMAT" mutants (P/E, black line)
chose to go toward the light more often than
CS (+/+,lightshadedline), or dVMAT "'/ +
heterozygotes (P/+,darkshadedline) (two-
way ANOVA, choice X genotype P<<0.0001,
Bonferroni post-test, P/P but not P/+ dif-
fered from CS, ***P < (0.0001 at each indi-
cated point). Number of replicates are
indicated at the top of each curve. (C)
The datain B are plotted as performance in-
dex (PI). P/P differs from both +/+ and
*% P/+ (one-way ANOVA, P < 0.0001, Bonfer-
roni post-test, difference with CS *¥¥pP <
0.001 as indicated). (D) dVMAT"" mutants
choose to stay near light. The number of
times flies chose to move away from a light
source is plotted. The plot for P/P (black
line) differs from both +/+ and P/+
(two-way ANOVA, P < 0.0001, Bonferroni
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number of replicates is shown in each column.

the flies’ behavioral response to cocaine. We used a
long-term exposure paradigm in which flies were fed a
moderate dose of cocaine-HCI (1 wg/ml mixed into
standard molten fly food) for 5 days (CHANG et al. 2006).
Controls showed an increase in locomotion when fed
cocaine (+56%, Figure 10A), consistent with the pre-
viously described ability of cocaine to stimulate motor
behavior in the fly (McCLUNG and HirsH 1998; TORRES
and Horowrtz 1998; BAINTON ¢t al. 2000; CHANG et al.
2006). Heterozygous dVMAT mutants fed cocaine
showed a ~20% increase in locomotion relative to un-
treated flies. In contrast, cocaine did not appear to alter
the motor behavior of the homozygous mutants (see
DISCUSSION).

Vision may also be regulated by monoamines (HEVERS
and HARDIE 1995; CHEN et al. 1999), and we next tested
the performance of the dVMAT mutants using a fast

phototaxis assay. We first measured attraction to light in
a countercurrent apparatus in which the flies are al-
lowed to choose to run toward light up to five times
(Figure 10B). On average, both control and dVMAT
heterozygotes chose to run toward the light four times,
whereas the homozygotes ran to light five times. The per-
formance of males and females did not differ (supple-
mental Figure 2), and the data were therefore pooled.
The calculated performance index (see MATERIALS AND
METHODS) showed no difference between control and
heterozygotes (0.73 = 0.03 vs. 0.75 = 0.03), and a 20%
increase in the PI for homozygotes’ movement toward
the light (Figure 10C, 0.9 * 0.02, one-way ANOVA: P <
0.0001).

Although the increase in fast phototaxis by the
dVMAT mutant was statistically significant, the absolute
difference from wild type was relatively small. More
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importantly, the apparent increase in phototaxis under
these conditions might be artifactually enhanced by an
increase in locomotor speed (see Figure 10A). To rule
out this possibility, we tested the behavioral response of
flies allowed to run awayfrom the same light stimulus. In
this assay, the homozygotes never ran away from the
light. In contrast, the heterozygotes ran away from the
light two times on average, and the control two to three
times (Figure 10D). This effect is not the result of
impaired locomotion since the same mechanical stim-
ulus causes the flies to leave the proximal tube in the
dark (see Figure 9, C and D). Thus, in the “away from
light” phototaxis assay, the performance index of the
homozygote is essentially 0 (0.002 = 0.001), and the
heterozygotes are 22% less efficient than the controls
(0.38 £ 0.4 vs. 0.49 = 0.02, one-way ANOVA, P<0.0001,
Figure 10E). In sum, we observe a dosage effect with
homozygotes showing a more robust attraction to light
than controls and heterozygous mutants showing a
modest increase in phototaxis (Figure 10, B-E).

Both central and peripheral pathways might con-
tribute to this effect. To test whether peripheral pho-
totransduction in the eye and signaling by the
photoreceptor cells were altered by loss of dVMAT we
performed electroretinograms on the mutant flies. This
electrophysiological assay measures field potentials in
the retina and the first optic ganglia in response to light
(Arawr and Pak 1971; HErsSENBERG 1971). We did not
detect any difference between control and dVMAT null
mutants (not shown). These data suggest that the
increase in fast phototaxis seen in the dVMAT mutants
more likely reflects differences in the animal’s behav-
ioral response to light, rather than differences in the
perception of light by the eye.

DISCUSSION

We report here the phenotypic analysis of two
Drosophila VMAT mutant alleles. In general, the phe-
notype of the dVMAT"" allele was somewhat stronger
than dVMAT*'" and appeared similar if not identical to
heterozygotes containing dVMAT" over two large chro-
mosomal deletions. We conclude that dVMAT*'* is a
strong hypomorph, and that dVMAT™ is likely to be a
null allele. This would be consistent with the character-
istics of each allele at the molecular level. The dVMAT™
allele contains a P-element insertion in a coding exon
and should result in a C-terminal truncation (ROMERO-
CALDERON et al. 2008). The excision event that gener-
ated the dVMAT*'" allele left an insertion of 57 bp in the
same reading frame as dVMAT; if translated, the protein
would contain a 17-amino-acid insertion (ROMERO-
CALDERON et al. 2008). These differences notwithstand-
ing, the phenotypes of the dVMAT" and dVMAT*'* are
similar and in the remainder of the discussion we refer
simply to the “dVMAT mutants.”

The phenotypes of the heterozygous and homozy-
gous dVMAT mutants, respectively, demonstrate the
synaptic and behavioral effects of chronically reduced
vs. absent vesicular monoamine release. Remarkably, we
find that homozygous mutants with little or no neuronal
amine release not only survive, but show near normal or
elevated responses to some environmental stimuli. This
phenotype is in striking contrast to the enervating, and
in some cases lethal effects of acute DVMAT inhibition
with reserpine (PENDLETON et al. 1996, 2000; CHANG
et al. 2006), suggesting that the survival and behavior of
the dVMAT mutants is the result of multiple adaptive
changes in the nervous system.

Monoamine content: To our knowledge, dVMAT is
the only vesicular transporter expressed in dopaminer-
gic, serotonergic, and octopaminergic neurons in the fly
(GREER et al. 2005; CHANG et al. 2006), and HPLC
analysis of adult head homogenates shows that dVMAT
homozygous mutants store dramatically reduced quan-
tities of dopamine and serotonin. (Octopamine con-
centrations could not be determined under the analysis
conditions used here). The observed decrease in amine
storage is consistent with previous studies of mouse
VMAT2 knockouts (Fon et al. 1997) and C. elegans cat-1
mutants (DUERR et al. 1999). The residual dopamine
present in total head homogenates derived from homo-
zygous mutants is likely to represent cuticular dopamine
(WriGHT 1987), which may constitute up to ~75% of the
total head content (HArDIE and HirsH 2006). In
contrast, the brain is estimated to contain ~96% of total
head serotonin (HARDIE and HirsH 2006).

It has been reported that w can affect both amine
levels and amine-dependent behavior (ZHANG and
ODpENWALD 1995; CAMPBELL and NasH 2001; SVETEC
et al. 2005; Borycz et al. 2008; SITARAMAN et al. 2008).
Our HPLC measurements do not show significant dif-
ferences in serotonin and dopamine between w and w*
flies. With the exception of phototaxis and movement
away from light, we also do not detect behavioral
differences for any of the assays we employed. These
data indicate that mutations in dVMAT rather than w
are responsible for all aspects of the phenotype we report.

Conditional lethality: Survival of the dVMAT homo-
zygotes depends on lowering the density of the cultures
(see Figure 2). The effect of crowding makes it difficult
to precisely stage lethality using standard quantitative
methods that rely on plating individual embryos (data
not shown), but qualitative observations strongly sug-
gest that the mutants die as larvae. Further experiments
will be required to determine how culture conditions
may affect dVMAT mutant larvae. Regardless of the
precise mechanism, it is likely that their sensitivity to
crowding as well as other aspects of the dVMAT phe-
notype are primarily due to dysfunction of the nervous
system, rather than reduced amines elsewhere in the
organism. Dopamine is critical to cuticle formation
(WricHT 1987; NECKAMEYER and WHITE 1993) but
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dVMAT is not expressed in the cuticle (GREER et al.
2005), and we do not detect cuticular defects in either
the dVMAT mutants or flies overexpressing DVMAT-A
(CHANG et al. 2006; SANG et al. 2007).

The few adult dVMAT mutants that eclose under
relatively crowded culture conditions are often smaller
than wild-type flies, sluggish, and appear to be “escap-
ers” of larval lethality: adult mutants that survive but are
severely compromised. In contrast, mutants that de-
velop under sparse conditions are of normal size, show
survival rates of up to 100%, and perform better than
controls in some assays. We suggest that these are not
escapers and that it is more useful to conceptualize the
dVMAT phenotype as conditionally lethal and depen-
dent on a gene X environment interaction that we do
notyet understand. For now, it is important to note that
only flies raised under sparse conditions were used in all
of the behavioral assays we report here.

Fertility: Mutations in either of the biosynthetic
enzymes for octopamine, tyramine {-hydroxylase
(TBH), and tyrosine decarboxylase (Tdc2), or the
octopamine receptor (OAMB) result in egg retention
without defects in oocyte development, most likely
secondary to altered ovarian and oviduct contractions
(MONASTIRIOTTI ¢t al. 1996; LEE et al. 2003; MONASTIRIOTI
2003; CoLE et al. 2005; MIDDLETON ¢! al. 2006; RODRIGUEZ-
VALENTIN et al. 2006). Octopamine may also act as a
neurohormone in controlling the metabolism of gona-
dotropins (juvenile hormone and 20-H ecdysone;
GRUNTENKO ¢t al. 2007). dVMAT mutants show an egg-
retention phenotype similar to mutants with reduced
octopamineric signaling. However, they also show re-
duced ovary size supporting previous pharmacologic
data that suggest a role for dopamine and/or serotonin
in ovarian development (MONASTIRIOTI el al. 1996;
NECKAMEYER 1996; PENDLETON et al. 1996; WILLARD
et al. 2006).

Reduced fertility in dVMAT males may also be due to
loss of dopaminergic and/or serotonergic signaling.
Tyrosine hydroxylase has been reported to be expressed
in adult male testicular tissue (NECKAMEYER 1996) and
serotonergic neurons innervate the male gonads (LEE
et al. 2001). Since our data show that da-GAL4 rescues
male as well as female infertility, and does not drive
expression in serotonergic cells (see below), it is less
likely that serotonin is responsible for either the male or
female fertility defects in dVMAT mutants. Further
experiments using cell-specific drivers to rescue dVMAT
in particular aminergic cell types will allow us to
genetically dissect the contribution of dopamine and
other amines to both male and female fertility.

Despite the observed defect in female fertility, dVMAT
mutant females appear to respond to signals in the
sperm and seminal fluid that stimulate oogenesis
(BLocH QAazr et al. 2003) and nutritional supplementa-
tion with yeast, which increases germ-cell proliferation
(DRUMMOND-BARBOSA and SprRADLING 2001; BrocH

QAaz1 et al. 2003). These data suggest that either mono-
amine neurotransmitters are not required for trans-
mitting these signals or the circuits controlling these
processes are more malleable than oogenesis and better
able to adapt to the loss of aminergic signaling.

Serotonin does not seem to be necessary for survival
and fertility: We find that da-GAL4 expression is not
detectable in serotonergic neurons and does not rescue
the decrease in 5HT levels seen in the dVMAT mutant.
The genetic rescue of dVMAT mutants using this driver
therefore suggests the possibility that serotonergic
neurotransmission might not be required for either
development or survival. Alarge deletion thatincludes a
serotonin receptor gene is embryonic lethal, and the
analysis of an additional point mutant suggests that
serotonin is required for gastrulation (CoLAs et al. 1999;
SCHAERLINGER ¢t al. 2007). Similarly, pharmacological
experiments indicate a role for serotonin in oogenesis
(WILLARD et al. 2006). In light of these studies, we
speculate that a developmental adaptation to decreased
serotonin release might reduce its apparent require-
ment in the dVMAT mutants.

Central amines control locomotion and glutamate
release at the larval NM]J: The larval NMJ in Drosophila
is a well-characterized electrophysiological preparation
and, like many central synapses in mammals, uses
glutamate as the primary neurotransmitter (JAN and
Jan 1976; PETERSEN et al. 1997; DANIELS et al. 2006).
Furthermore, both the electrophysiological and loco-
motor outputs of the NMJ are modulated by mono-
amines (N1sHIKAWA and KibOKORO 1999; SARASWATI
et al. 2004; Fox et al. 2006), although the aminergic
circuits responsible for these effects are not known.

We show that mutation of dVMAT leads to defects in:
(1) locomotion, (2) glutamate release at the NM]J, and
(3) the baseline electrical activity of segmental nerves
containing motoneuron axons. Under conditions of low
Mg** in which synaptic transmission throughout the
nervous system is potentiated, baseline motoneuron
activity in the dVMAT" mutant is restored and appears
more similar to controls. Touching the body wall of the
dissected larva also increases motoneuron activity. Sim-
ilarly, when the larvae are stimulated to move, crawling
appears to be grossly normal. These data suggest that
both the basic electrophysiological function of the
motoneuron as well as the intrinsic motor program
regulating motoneuron output—the CPG—are grossly
intact. Therefore, the deficits we observe in both
locomotion and motoneuron activity suggest that ami-
nergic inputs may be required to initiate the activity of
the CPG under baseline conditions. This idea is consis-
tent with the phenotype shown by mutants in the gene
encoding tyramine-B-hydroxylase (7BH) required for
the biosynthesis of both tyramine and octopamine
(SARASWATI et al. 2004; Fox et al. 2006). Since light
touch can activate motoneuron activity and locomotion
in the dVMAT mutants, it would appear that, in some
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cases, aminergic regulation can be circumvented by the
activation of other circuits that control the CPG.

Previous studies (SARASWATI el al. 2004; Fox et al.
2006) and our own data suggest that, for larval locomo-
tion, the primary site of action for amines is upstream of
the motoneuron. Amines may activate the motoneuron
in the neuropil of the ventral nerve cord or alternatively,
influence synaptic events even farther upstream. Since
these are most likely to be central effects, the phenotype
we observe seems unlikely to involve more peripheral
type II terminals that store octopamine and reside on
selected muscles near type I terminals (MONASTIRIOTI
et al. 1995; GRAMATES and BUDNIK 1999). Several
classical electrophysiological studies have tested the
affects of octopamine on the glutamatergic NM]J in flies
and other insects, but the true function of type II
terminals remains unclear (Kraassen and KAMMER
1985; NisHIKAwWA and KiboKORO 1999).

In addition to defects in segmental nerve activity we
observe a robust increase in quantal content at the NMJ,
as shown by an increase in the ratio of evoked poten-
tials/miniature evoked potentials. This result may seem
counterintuitive, since glutamate release at the NM]J
drives locomotion, and we observe a decrease in move-
ment. We propose that the increase in quantal contentis
likely to represent an adaptive response to decreased
activity in the motoneuron. Additional data (not
shown), suggest that the size and morphology of the
NMJ in dVMAT mutant larvae and the number of bou-
tons on each muscle are similar to wild type. Therefore,
the increase in quantal content that we observe is not
likely to represent an increase in the number of release
sites, but rather, that a larger number of vesicles are
released from each bouton during exocytosis.

In mammals, the aminergic regulation of gluta-
matergic signaling has been suggested to regulate
downstream behavior and thus contribute to the path-
ophysiology of both addiction and schizophrenia (Nic-
oLA et al. 2000; CArLssON 2006; HYMAN et al. 2006;
Lewis and GONZALEZ-BURGOS 2006). However, in mam-
malian preparations, the glutamatergic synapses under
study are far removed from the final behavioral output,
making a direct comparison between synaptic function
and behavior difficult. In contrast, the behavioral out-
put of the fly NM]J, locomotion, is directly mediated by
an electrophysiologically accessible synapse. Our data
and those of others (COOPER and NECKAMEYER 1999;
DasARrI and COOPER 2004; SARASWATI et al. 2004; Fox
et al. 2006) support the possibility that the larval NM]
may provide a simple and robust system to study how
amines modulate glutamatergic signaling and its down-
stream affects and the adaptive changes that occur in
response to altered aminergic transmission.

Adult mutants outperform wild-type flies in some
behavioral assays: Homozygous VMAT?2 knockout mice
die soon after birth thus prohibiting a behavioral
analysis of adults completely lacking regulated amine

release (FON et al. 1997; TAKAHASHI et al. 1997; WANG
et al. 1997). In contrast, null dVMAT homozygotes can
eclose and survive for up to 3 weeks, thereby allowing us
to test the behavior of both homozygous and heterozy-
gous mutants. In contrast to treatment with reserpine,
which decreases motor activity (PENDLETON et al. 2000;
CHANG et al. 2006), dVMAT mutant homozygotes show
an increase in open-field locomotion. This difference
further suggests that development in the absence of
amines may result in adaptive changes in the fly’s
nervous system. Adaptive changes may also cause the
increase in phototaxis seen in homozygotes and the
increase in the escape response seen in heterozygotes.
In contrast, other aspects of the dVMAT phenotype are
likely to be due simply to decreased amine release,
rather than a subsequent adaptive change in response to
decreased release. For example, the absence of a
behavioral response to cocaine in dVMAT homozygotes
may result from limited dopamine stores; in the absence
of extracellular dopamine, blockade of DAT (or SERT)
would not increase extracellular dopamine levels and
thus should not be able to potentiate signaling at the
synapse.

How might the dVMAT mutants adapt to decreased
vesicular amine release? As suggested previously for
VMATZ2knockout heterozygotes, decreased gene dosage
in the fly might decrease amine release and thus lead to
synaptic and behavioral hypersensitivity via increased
sensitivity of postsynaptic receptors (FoN et al. 1997;
TARAHASHI et al. 1997; WANG et al. 1997; FUukur et al.
2007). This might be the cause of the heightened escape
response in the dVMAT mutant heterozygotes. The
survival and behavior of the dVMAT homozygotes is
more difficult to understand. One possible mechanism
is that monoamines are still synthesized, albeit not
stored, or not stable, thus not detectable, and that
mutants are using other, nonexocytotic forms of amine
release. This could conceivably occur via efflux through
the plasma membrane transporters DAT or SERT,
although there is relatively little evidence for efflux
in the absence of psychostimulant drugs such as
amphetamine (HEERINGA and ABERCROMBIE 1995;
FALKENBURGER el al. 2001; HILBER e al. 2005; JOHNSON
et al. 2005; KAHLIG et al. 2005). Alternatively, some
circuits usually controlled by amines may have adapted
by dramatically downregulating the relevant signaling
machinery, such that aminergic input is no longer
required. Both possibilities are intriguing and we
speculate that the study of compensatory changes in
dVMAT mutants may be applicable to adaptive pro-
cesses in other systems. Cellular adaptations to altered
aminergic neurotransmission are thought to account
for the long-term response to antidepressants (PITTENGER
and Duman 2008) and the behavioral changes that
accompany psychostimulant addiction (KopNisky and
HyMmaN 2002; WoLr et al. 2003; GIRAULT and GREENGARD
2004); however, the mechanisms underlying these
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changes remain unclear. Similar to dVMAThomozygotes,
cellular adaptations that occur during psychostimulant
addiction may bypass the normal aminergic regulation of
reward circuits (HyMAN et al. 2006). We suggest that
dVMAT mutants will provide a useful model to explore
the potentially conserved mechanisms by which the
nervous system adapts to changes in aminergic signaling.
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