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Increased Dopamine Level Enhances Male—Male Courtship

in Drosophila
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Sexual behavior between males is observed in many species, but the biological factors involved are poorly known. In mammals, manip-
ulation of dopamine has revealed the role of this neuromodulator on male sexual behavior. We used genetic and pharmacological
approaches to manipulate the dopamine level in dopaminergic cells in Drosophila and investigated the consequence of this manipulation
on male-male courtship behavior. Males with increased dopamine level showed enhanced propensity to court other males but did not
change their courtship toward virgin females, general olfactory response, general gustatory response, or locomotor activity. Our results
indicate that the high intensity of male-male interaction shown by these manipulated males was related to their altered sensory percep-

tion of other males.
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Introduction

In nature, animals use multiple sensory cues to recognize conspe-
cifics and to choose a potentially suitable mate for reproduction
(Bradbury and Vehrencamp, 1998; Wyatt, 2003). In Drosophila
melanogaster, courtship behavior, which precedes mating, mostly
depends on visual, acoustic, and chemosensory signals ex-
changed by the two partner flies that alternatively and recipro-
cally act as the courter and as the courtee (Hall, 1994; Yamamoto
et al., 1997; Lasbleiz et al., 2006). Some of these sensory signals
can stimulate male or female courtship, whereas others can in-
hibit sexual behavior (Greenspan and Ferveur, 2000). Although
wild-type male flies rarely show male—male courtship, the fre-
quency and intensity of this behavior can be strongly increased by
genetic manipulation (Greenspan and Ferveur, 2000). For exam-
ple, substantial male—male courtship has been found in flies with
mutation of fruitless ( fru) (Hall, 1994; Yamamoto et al., 1996),
dissatisfaction (Finley et al., 1997), prospero (Balakireva et al.,
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1998), or quick-to-court (Gaines et al., 2000) genes. The ectopic
expression of a female-dominant form of the transformer gene
(tra®) (Ferveur et al., 1995; O’Dell et al., 1995) and the presence of
the mini-white transgene (mw) (Zhang and Odenwald, 1995;
Hing and Carlson, 1996) are also associated with male-male
courtship. Several brain regions involved in male—male courtship
behavior have been identified by targeted expression of tra” and
fru in male brains under the control of specific galactosidase-4
(GALA4) lines (Ferveur et al., 1995; Billeter et al., 2006). For exam-
ple, when tra” was expressed in either antennal lobes or in mush-
room bodies, feminized male flies showed high male—male court-
ship behavior (Ferveur et al., 1995; O’Dell et al., 1995). The
genetic alteration of either a subset of peripheral taste neurons or
glial cells located in the olfactory centers of the brain can also
affect male—male courtship without altering male—female court-
ship (Lacaille et al., 2007; Grosjean et al., 2008).

In mammals, male sexual behavior is regulated by several neu-
romodulators, including dopamine (DA) and serotonin (5-HT).
Pharmacological manipulation of DA or 5-HT systems in mam-
malian can alter their sexual behavior. These two substances seem
to exert reciprocal effects, with DA facilitating and 5-HT inhibit-
ing male sexual behavior (Melis and Argiolas, 1995; Hull et al.,
2004). Although the possible effect of 5-HT on Drosophila male
sexual orientation was discussed (Zhang and Odenwald, 1995)
and DA was shown to modulate male arousal and visual percep-
tion during heterosexual courtship (Andretic et al., 2005; Kume
et al., 2005), locomotor activity (Pendleton et al., 2002), female
sexual receptivity (Neckameyer, 1998a), male courtship condi-
tioning (Neckameyer, 1998b), and ethanol-induced courtship
disinhibition (Lee et al., 2008), the effect of DA on male—male
courtship behavior remains poorly known.
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Here, we used genetic and pharmacological tools to modulate
DA level in DA cells. We evaluate the effect of these manipula-
tions on both the DA level in male brain and the intensity of
Drosophila male courtship behavior in relation with sensory per-
ception. Our results showed that increased DA level was corre-
lated with a more intense male—male courtship toward other ma-
ture males.

Materials and Methods

Fly stocks. The wild-type strain used was Canton S. The GAL4 driver
strains used were tyrosine hydroxylase (TH )-GAL4 (Friggi-Grelin et al.,
2003a), 201Y-GAL4, choline acetyltransferase (Cha)-GAL4 (Salvaterra
and Kitamoto, 2001), and the pan-neuronal expression line elav (embry-
onic lethal, abnormal vision, Drosophila)-GAL4 (Robinow and White,
1988). The upstream activating sequence (UAS) reporter strains used
were UAS-TH (True et al., 1999) and UAS—enhanced green fluorescent
protein (EGFP). The mutant strain used was ebony (e') (Ramadan et al.,
1993). The Oregon-R strain was used as the control of ebony (Ramadan et
al., 1993).

Fly culture and surgery. Flies within 4 h after eclosion were collected
under light CO, anesthesia and then transferred into unyeasted standard
medium (Bloomington Stock Center) eventually supplemented with dif-
ferent drugs. Flies were reared either at 18°C or 25°C, with 60% relative
humidity, and a 12 h light/dark photoperiod. Male and female flies used
in behavioral assays were aged for 5-8 and 2—4 d after eclosion, respec-
tively. For some experiments, the males’ antennae and maxillary palps
were ablated (NAM) when the flies were 1 d old, and the experiments
were conducted 7 d later. We used the following drug concentrations: (1)
to decrease the DA level in the brain of TH-GAL4/UAS—TH males, 0.1
mwM reserpine (Res; Sigma), 0.5 mg/ml a-methyl-pr-tyrosine methyl ester
hydrochloride (AMPT; Sigma), 10 mm SKF 83566 (8-bromo-2,3,4,5-
tetrahydro-3-methyl-5-phenyl-1H-3-benzazapin-7-ol  hydrobromide;
Tocris Bioscience), and 10 and 30 mum raclopride (Tocris Bioscience); (2)
to increase DA level in wild-type males, 10 mg/ml 1-3,4-
dihydroxyphenylalanine (L.-DOPA; Sigma) and 0.1% L-ascorbic acid
(Sigma). Reserpine was dissolved in DMSO (Sigma; 0.5 ml DMSO/100
ml media) first and then added into the medium. Other drugs were
directly added into the medium when the medium was cooling down to
60-70°C. L-Ascorbic acid was used as antioxidant in L-DOPA containing
medium. For all drug treatments, flies were collected <4 h after eclosion
and raised on drug-containing food for 6 or 7 d until the behavior assays
were performed.

Behavior. Paired courtship assay was performed in a courtship cham-
ber (12 X 18 mm) with a pair of flies. The courtship index (CI) is the
percentage of time in a 5 min observation period that the tester male
spent courting the target fly (this includes tapping, following, wing vi-
bration, and attempted copulation) (Villella etal., 1997). When both flies
had the same appearance, they were distinguished with a color dot
painted on the thorax of the target flies, few minutes before the experi-
ment. Tester males were reared individually, whereas target flies were
reared in groups of 40-50.

Competitive courtship or courtship preference assay was performed
with a single tester male simultaneously presented to two decapitated
target flies, a wild-type male and a wild-type female, in a courtship cham-
ber. The CIs toward the female and the male were simultaneously mea-
sured, and then these CIs were compared. Tester males were raised indi-
vidually (Villella et al., 1997).

Chaining assay involved 10 flies introduced in a 95 X 23 mm tube with
fresh food (Villella et al., 1997). A chain was defined as a group of at least
three males exhibiting courtship behavior to each other (Finley et al.,
1997). Chaining index (Chl) is the percentage of time that groups of
males spent on courting during a 10 min observation period. Males were
reared in groups of 60—70.

Locomotor activity was measured by placing single flies in a courtship
chamber, containing a filter paper labeled with a single bisecting line. The
total number of lines crossed within a 5 min observation period indicates
the locomotor activity (Villella et al., 1997).

Olfactory sensitivity was measured by avoidance of different concen-
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trations of 4-methylcyclohexanol (MCH; Fluka) and 3-octanol (OCT;
Aldrich) using the method of Anholt et al. (1996).

Proboscis extension response was used to test the gustatory sensitivity.
Single 5-d-old females and males were starved for 24 h, anesthetized with
CO,, then fixed on slides with tape and modeling clay, and left for 2 h in
a humid box to recover. Proboscis extension was elicited by touching the
tarsi of the forelegs with a drop of sucrose solution. Each fly was tested
five times by using the same sucrose concentration. To avoid habitua-
tion, we waited at least 30 s between tests (Heimbeck et al., 2001).

Determination of DA content in brains. The DA level was measured as
by Ye et al. (2005). Briefly, the heads were removed and dissected freshly
in PBS. Then, the brains were homogenized in 0.1 M perchloric acid
immediately, and the homogenate was centrifuged at 12,000 X g at 4°C
for 30 min. The supernatant fluid was used to measure DA content with
an '**I-radioimmunoassay dopamine kit (LDN).

Results

Overexpression of tyrosine hydroxylase in Drosophila DA
cells enhanced male—-male courtship

Initially, we found that mature male flies overexpressing TH (the
rate-limiting enzyme of DA synthesis) in DA cells (TH-GAL4/
UAS-TH line) showed increased frequency of male—male inter-
action. These males carried two transgenes: (1) TH-GAL4 known
to drive GAL4 expression in most DA cells during all the devel-
opmental stages (Friggi-Grelin et al., 2003a,b), and (2) UAS-TH,
which allows the overexpression of TH in the tissues in which
GALA4 is expressed (Brand and Perrimon, 1993; True et al., 1999).
When TH-GAL4/UAS-TH males were tested in groups, they fre-
quently formed courtship chains or rings (Fig. 1A,B) (supple-
mental Movie S1, available at www.jneurosci.org as supplemental
material). The duration of this behavior was quantified with the
Chl (Fig. 1B) (Villella et al., 1997). Moreover, when these males
were paired, they showed an intense male—male courtship, and its
duration was quantified as the CI (Fig. 2A) (supplemental Movie
S2, available at www.jneurosci.org as supplemental material)
(Villella et al., 1997). Only the combination of both transgenes
induced this behavioral effect because males carrying only one
copy of either transgene did not show increased male-male in-
teraction (TH-GAL4/+ and +/UAS-TH) (Figs. 1 B, 2A). More-
over, overexpression of TH in DA cells did not change male over-
all courtship toward females (Fig. 2A). This indicates that the
genetic manipulation did not change the sexual orientation of
male flies (e.g., heterosexual vs homosexual) but rather increased
the male propensity to court other males without altering their
courtship of virgin females.

Given that TH-GAL4/UAS-TH tester males directed high ClIs
toward male and female target flies tested separately, we mea-
sured their ability to discriminate flies of both sexes by using a
competitive courtship assay (or preference courtship assay) in
which we measured the CI that single tester males directed to-
ward each of the two decapitated control target flies: one female
and one male, simultaneously presented to the tester male, under
white light. The clear preference that TH-GAL4/UAS-TH males
showed to females (Fig. 2C) (p < 0.001, Mann—Whitney rank
sum test) indicates that they have a reduced but still strong ability
to discriminate the sexes. Although the total CI (the sum of Cls
toward males and females) was not different between the two
male genotypes, TH-GAL4/UAS-TH males showed higher
male-male courtship, and decreased male—female courtship,
than wild-type males (Fig. 2C) (p < 0.001 and p = 0.045,
respectively).

The targeted expression of UAS-TH driven by other GAL4
lines induced variable effects: when TH was overexpressed in a
pan-neuronal pattern (elav—GAL4/UAS-TH line), a high ChI was
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Figure 1.  Genetic targeting of TH and increased male—male interactions. A, TH—GAL4/
UAS—TH males frequently formed chains (arrowhead) and rings (arrow), revealing strong
male—male interactions. B, Specific overexpression of TH in DA cells induced strong male Chl.
Chl is shown for various male genotypes involving a GAL4 driver and/or a UAS reporter gene
(GAL4/UAS). From left to right, TH was overexpressed in DA cells (TH/TH), in a pan-neuronal
pattern (elav/TH); only the UAS—TH transgene was present (-+/TH); only the TH—GAL4 trans-
gene was present (TH/+); EGFP was expressed in DA cells (TH/EGFP). n = 27-51. C, DA level
was increased in either wild-type males (WT) by feeding with (-DOPA or in the ebony mutants
(e"). Oregon-R (Or-R) is the control for ebony. n = 2956, except for Oregon-R (n = 17). Each
histogram represents the mean Chl with its SEM. ***p < 0.001 (for two-group comparison,
Mann—Whitney rank sum test was used; for more than two-group comparison, ANOVA on rank
test was used).
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Figure 2. Increased male—male courtship of TH-GAL4/UAS—TH males. A, TH-GAL4/
UAS—TH tester males courted wild-type target males (M) much more actively than control
transgenic testers (+/UAS—TH and TH—GAL4/+). Courtship of these testers to wild-type tar-
get females was also measured (F). n = 34-39. B, TH—GAL4/UAS—TH tester males showed
enhanced propensity to court wild-type target males, but wild-type tester males did not court
TH—GAL4/UAS—TH target males. n = 34 except for homotypic pairs (n = 16). €, Courtship of
TH-GAL4/UAS—TH males in competitive courtship assay. TH—GAL4/UAS—TH males showed sig-
nificantly higher male—male (I and lower male—female Cl compared with that shown by wild-
type males. n = 69 for TH—GAL4/UAS—TH males and n = 36 for wild-type males. Each histo-
gram represents the mean Cl with its SEM. *p << 0.05 and ***p << 0.001 (for two-group
comparison, Mann—Whitney rank sum test was used; for more than two-group comparison,
ANOVA on rank test was used).

induced (Fig. 1B). However, ChlI did not increase when TH was
overexpressed (1) in the mushroom bodies, a central brain struc-
ture crucial for many complex behaviors, including male court-
ship behavior (201Y/UAS-TH line; Chl of 1.77 £ 0.6, n = 52)
(Ferveur et al., 1995; Neckameyer, 1998b; Heisenberg, 2003), or
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(2) in cholinergic neurons (Cha—GAL4/UAS-TH line; ChlI of
2.88 = 1.7, n = 49), which are involved in several aspects of male
sexual behavior (Kitamoto, 2002; Acebes et al., 2004). Moreover,
overexpression of EGFP in DA cells (TH-GAL4/UAS-EGFP line)
induced no behavioral effect (Fig. 1B). These experiments indi-
cate that the high level of male—male interaction was related to the
overexpression of TH in DA cells of the nervous system. This
allows us to exclude the possibility that the high level of male—
male courtship observed in our experiment was caused by either
TH overexpression in any tissue or an unspecific effect in DA cells
like that resulting from the misexpression of the mini-white gene
(Zhang and Odenwald, 1995). This also excluded the possibility
that male—male courtship results from the epigenetic interaction
between the GAL4 and UAS transgenes because their combina-
tion did not always result in a high male-male courtship
behavior.

Given that the male-male interaction between two TH-
GAL4/UAS-TH males could be caused by a reciprocal defect in
the courtship directed and/or induced by each male to his part-
ner, we tested both these possibilities. Practically, we measured
the amount of courtship behavior (CI) that individual TH—
GAL4/UAS-TH males either directed or induced to single wild-
type males (Fig. 2 B). Our data showed that, although TH-GAL4/
UAS-TH males directed an intense CI to control males, the
reciprocal interaction (the CI that transgenic males induced to
wild-type males) was very low and similar to the CI induced by
control males. This indicates that TH-manipulated males have an
altered propensity to court other males but not to be courted by
wild-type males.

Because male-male interaction shown by TH-GAL4/
UAS-TH flies could be attributable to a general olfactory/gusta-
tory defect, we performed experiments to measure whether TH—
GAL4/UAS-TH males has a general olfactory or gustatory defect.
To test olfactory sensitivity, we used different concentration of
MCH and OCT to compare the odor sensitivity between TH—
GAL4/UAS-TH and control males (Anholt et al., 1996). To test
gustatory sensitivity, we used the proboscis extension response
for different concentration of sucrose (Heimbeck et al., 2001).
The fact that no significant difference of odor and taste sensitivity
was observed between the two male genotypes (Fig. 3) indicates
that the increased intensity of male—male interaction induced by
the overexpression of TH in DA cells was not attributable to a
general olfactory/gustatory defect.

Together, these results indicate that the genetic overexpres-
sion of TH in DA cells strongly changed male propensity to court
other males but did not affect their attractiveness to other males
nor their general olfactory/gustatory and locomotor activities.

Correlation between the DA level and the intensity of male—
male courtship behavior
Because TH is the rate-limiting enzyme for DA synthesis, we
checked by radioimmunoassay the level of DA in the brain of
transgenic males (Fig. 4). DA level was significantly higher in
TH-GAL4/UAS-TH males than that in control transgenic males
(TH-GAL4/+ and +/UAS-TH). To explore the relationship be-
tween DA content in the brain and male-male courtship behav-
ior, we fed TH-GAL4/UAS-TH males during their adulthood
with two drugs that can reduce DA content: (1) Res, an inhibitor
of vesicular monoamine transporter, and (2) AMPT, a potent
inhibitor of TH (Pendleton et al., 2005).

First, we found significantly less DA in the brain of TH-GAL4/
UAS-TH males fed with either Res- or AMPT-containing me-
dium than in that of sibling males fed on standard medium (Fig.

Liu et al. @ Dopamine and Drosophila Male Courtship

>
]

MCH

Avoidance Index

GAL4:
UAS:

TH + TH
+ THTH

TH + TH
+ THTH

TH + TH
+ THTH

TH + TH
+ THTH

oy
o

OoCT

Avoidance Index

GAL4:
UAS:

TH + TH
+ TH TH

TH + TH
+ TH TH

TH + TH
+ TH TH

O

Sucrose

= 100 mM
= 5mM

Proboscis Extension

0
GAL4: TH + TH TH + TH
UAS: + TH TH + TH TH
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centrations of MCH were used to measure the ability of olfactory detection of TH-GAL4/UAS—TH
males and of control transgenic males. n = 11-16. B, Different concentrations of OCT were
used to compare the olfactory response of TH—GAL4/UAS—TH males and control males. n =
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of TH-GAL4/UAS—TH males and of control transgenic males. n = 15-30. Each histogram rep-
resents the mean behavioral activity with its SEM. Statistics was performed with one-way
ANOVA test, and no difference between genotypes was detected.

4). Second, both the ChlI (Fig. 5A) and the male—male CI (Fig. 5B)
of Res- or AMPT-fed TH-GAL4/UAS-TH males was also dra-
matically reduced compared with that of untreated sibling males.
Although both Res and AMPT treatments changed male-male
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interaction, they affected neither male overall courtship toward
wild-type females (Fig. 5B) nor male spontaneous locomotor ac-
tivity (Fig. 5C).

To further confirm the pharmacological effect on male—male
courtship behavior shown by TH-GAL4/UAS-TH males, we
used the tubulin promoter tub—GAL80" to decrease DA level of
TH-GAL4/UAS-TH male (tub—GAL80"/+; TH-GAL4/UAS-
TH ). When they were raised at 18°C (the permissive temperature
at which GAL80" represses GAL4) (McGuire et al., 2003), tub—
GAL80"/+; TH-GAL4/UAS-TH males showed a significantly
decreased values compared with that of TH-GAL4/UAS-TH
males for both (1) the DA level in their brain (respectively,
91.08 + 7.2 pg, n = 8 and 119.80 = 7.9 pg, n = 7; p = 0.018,
Student’s ¢ test) and (2) their ChI values (respectively, 12.63 =
1.7, n = 67 and 32.98 * 4.0, n = 41; p < 0.001, Mann—Whitney
rank sum test).

The experiments below also suggest that DA variation affects
the intensity of male-male courtship behavior. Wild-type males
fed with L-DOPA (the precursor for DA synthesis) (Pendleton et
al., 2005) after adult eclosion showed significantly increased Chl
compared with sibling males continuously raised in standard me-
dium (Fig. 1C). Moreover, the ChI of ebony (e') mutant males in
which DA accumulates since early development (Ramadan et al.,
1993) was much higher than that of wild-type flies sharing the
same genetic background (without the ¢’ mutation; Oregon-R)
(Fig. 1C).

The ChI of the flies with genetic manipulation during the
whole development (TH targeting, ¢’ mutation) was stronger
than that of flies fed with L.-DOPA during adulthood. This sug-
gests that DA manipulation exerts additive effects on behavior
during both preimaginal and adult development, because the
wild-type males fed with L-DOPA even showed higher brain DA
content compared with that of TH-GAL4/UAS-TH males (data
not shown). These results reinforce the positive relationship be-
tween the increased DA level in the brain and the male propensity
to court other males.

To investigate more precisely the role of DA signaling on
male—-male courtship behavior, we tested the effects of two sub-
stances known for their antagonistic effects on DA receptors: SKF
83566, the antagonist of D, -like receptors (Yellman et al., 1997),

J. Neurosci., May 21, 2008 - 28(21):5539 -5546 5543

>
3

*k%k

|_<

Chaining Index
n e
o o

(A Ny

Drug: 0 Rac Res SKF

uy)
©
=)
1

[+2]
o
L

1
J

Courtship Index
-
o

5 |

T95t3f|Drug; 0 Res AMPT 0
male

Target :
ﬂg ISex

Res AMPT
M

F

C
40 -

30 -
20

10

Locomotor Activity
(times/5 min)

0
Drug: 0 Res

AMPT

Figure 5.  Effect of the increased DA level on male behavior. A—C represent the Chl, the CI,
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test was used; for more than two-group comparison, ANOVA on rank test was used).

and raclopride, the antagonist of D,-like receptors (Yellman et
al., 1997). Neither 10 nor 30 mM raclopride had effect on the Chl
of TH-GAL4/UAS-TH males (Fig. 5A for 10 mm) (Chl of
66.20 = 2.2 for 30 mm, n = 39, p = 0.21, Mann—Whitney rank
sum test). However, SKF 83566 significantly reduced the ChI of
TH-GAL4/UAS-TH males (Fig. 5A). This indicates that D, re-
ceptors but not D, receptors may be involved in the variation of
male-male courtship behavior induced by increased DA level.
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Alternatively, it is possible that both drugs do not target their
respective receptors with a similar efficiency.

DA-related male-male courtship behavior depends on
sensory stimulation
Drosophila male courtship and mate discrimination mostly de-
pends on the perception of visual, pheromonal, and acoustic sig-
nals exchanged by flies (Yamamoto and Nakano, 1999; Greens-
pan and Ferveur, 2000). To assess their involvement in the
increased intensity of male—male courtship behavior shown by
TH-GAL4/UAS-TH males, we experimentally eliminated the ef-
fect of each type of signal and measured the behavioral effect (CI
and ChlI) following each type of sensory deprivation (Fig. 6).
Tester males were either tested under red light in which they are
virtually blind (Robertson, 1983), or ablated of both antennae
and maxillary palps (NAM) to reduce their perception of volatile
pheromones (Robertson, 1983) and of acoustic signals (Eberl et
al., 1997). Decapitated target males were also used to reduce their
emission of acoustic signals [decapitated males emit less or no
acoustic signals (Paillette et al., 1991)].
Olfactory/auditory-deprived or visually deprived TH-GAL4/
UAS-TH males showed significantly reduced Chl (Fig. 6A) and
CI to intact and to decapitated target males (Fig. 6B,C). The
behavioral effect induced by either manipulation was so dramatic
that it erased most of the effect induced on male-male CI. Al-
though intact and decapitated males elicited very similar male—
male CI to olfactory/auditory-deprived males, acoustic signals
had a marginal but significant effect on visually deprived males:
their CI with intact target was lower than that with decapitated
target males ( p < 0.001, Mann—Whitney rank sum test). Under

Liu et al. @ Dopamine and Drosophila Male Courtship

white light, olfactory/auditory deprivation did not affect the
courtship that TH-GAL4/UAS-TH males directed to intact wild-
type female targets (CI of 51.43 = 2.8 for intact males, n = 34; CI
0f 49.76 * 3.1 for NAM males, n = 42).

Therefore, the high male-male courtship shown by TH-
GAL4/UAS-TH flies seems to mostly result from the abnormal
perception of male inhibitory visual, olfactory, and acoustic sig-
nals that together normally tend to reduce male-male courtship
behavior in wild-type males.

Discussion

Increased amount of DA in DA cells enhances male
propensity to court other males: developmental or functional
effect?

Increased DA amount in the brain of genetically and/or pharma-
cologically manipulated males was correlated with their in-
creased propensity to court other wild-type males. This effect was
clearly related to the targeting of the UAS-TH transgene (over-
expression of tyrosine hydroxylase) in DA cells. Although TH-
GALA4 driver is not active in all DA cells (Friggi-Grelin et al.,
2003a, their Fig. 4), it was efficient enough to strongly increase
both the amount of DA in the brain and the intensity of male—
male courtship behavior of manipulated males. A recent paper
also reported that dopamine is crucial for the ethanol-induced
male—male courtship (Lee et al., 2008). Given that TH-GAL4 can
drive TH overexpression in both nervous system and the hypo-
derm during all developmental stages (Friggi-Grelin et al.,
2003a,b), we used elav—GAL4 to overexpress TH only in the ner-
vous system: this was sufficient to strongly enhance male-male
courtship. Because DA synthesized within the nervous system
can be secreted out of nervous system to function elsewhere, the
alteration of male-male courtship behavior may possibly result
from the DA secreted out of the nervous system.

In TH-GAL4/UAS-TH males, as in ¢’ mutant males, DA was
kept at a high level during most developmental stages. These
males showed much higher Chls (Fig. 1B, C) than that of males
fed with L-DOPA only during their adult life. This behavioral
difference may be attributable to the effect of DA on the develop-
ment of adult sensory organ. Similarly, our pharmacological at-
tempt to decrease the level of DA and of male—male courtship
only induced a partial effect: TH-GAL4/UAS—TH adult males fed
with drugs only during adulthood showed a strongly decreased
but not completely abolished male—male courtship behavior (Fig.
5A,B). This indicates that increased DA level during preimaginal
development also affects adult male-male courtship behavior.
Therefore, the high amplitude of male-male courtship behavior
shown by TH-GAL4/UAS-TH and e’ males could result from the
cumulative effects of DA elevation during both preimaginal and
adult developmental stages. (1) The “preimaginal” effect could
alter the development of adult sensory systems. This supports
previous studies showing that that manipulation of DA during
late larval developmental stage affects the formation of adult sen-
sory nervous system (in particular, the visual system) (Neckam-
eyer, 1996; Neckameyer et al., 2001). (2) The “adult” effect could
alter the signaling role of DA in the male nervous system.

Specific and sensory effects of DA on male behavior

Our data indicate that increased DA synthesis during develop-
ment had no general debilitating effect on behavior. Increased
DA level in male brain was correlated with relatively specific be-
havioral defects: male—male courtship behavior was enhanced,
whereas male—female courtship, general olfactory/gustatory re-
sponse, and spontaneous locomotor activity remained unaltered.
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Moreover, although manipulated males showed reduced ability
of discrimination between the sexes, they still clearly preferred
females when they had the chance to choose between the sexes.
This indicates that increased levels of DA strongly alter male per-
ception of other male’s sensory signals but have a weaken effect
on male perception of female’s sensory signals, which results in a
courtship toward both females and males without drastic loss of
sexual discrimination. A similar behavioral phenotype was in-
duced by manipulating the level of extracellular glutamate in the
synapses of the brain regions involved in pheromonal perception
(Grosjean et al., 2008). In this case, males showed a stimulation
instead of an avoidance toward 7-tricosene, the principal male
contact pheromone. Given that the agonist of DA receptors affect
the threshold of sex arousal (Andretic et al., 2005), the apparently
unaffected male—female CI shown by TH-GAL4/UAS—-TH males
may be a ceiling effect because this level may be at its maximum.
However, this is not the case, because TH-GAL4/UAS-TH males
tested under red light showed a much lower CI of control females
than wild-type males (respectively, 25.22 = 2.9, n = 42 and
42.24 = 4.3, n = 33; p = 0.001, Student’s ¢ test).

Our results are similar to those of Andretic et al. (2005), which
showed that males fed with agonist of DA receptor, methamphet-
amine, had an altered processing of visual signals.

The effect of DA on Drosophila locomotor activity was shown
by pale mutant (Pendleton et al., 2002) and by fly fed with meth-
amphetamine (Andretic et al., 2005), whereas DA function in
fumin mutant did not alter spontaneous short-term locomotor
activity (Kume et al., 2005). Our results showed that males with
increased DA level displayed a normal spontaneous short-term
locomotor activity, which was somewhat in accordance with the
study of Kume et al. The contradiction of locomotor activity
between our result and that of Andretic et al. may be attributable
to different experimental manipulation. Two other studies dem-
onstrated that DA depletion can affect two aspects of courtship
behavior: female sexual receptivity and male courtship condi-
tioning toward immature males (Neckameyer, 1998a,b). The fact
that DA depletion did not change male—female courtship
(Neckameyer, 1998a) but affected male-male courtship (our
study) indicates that this manipulation induces sex-specific effect
on courtship behavior.

Courtship behavior results from the coordination of a series of
motor activities evoked in response to multiple sensory cues ex-
changed during courtship. Dopamine concentration and recep-
tor activation have important roles in many behavioral situations
(Schultz, 2002; Andretic et al., 2005). Dopamine can modulate
neurotransmitter action on target neurons and coordinate the
output of neuronal ensembles to generate behavioral patterns of
varying complexity (Nusbaum et al., 2001; LeBeau et al., 2005).
Dopamine is an important neuromodulator for Drosophila, and
DA neurons have enormous fields of innervation covering essen-
tially most neuropil regions of the fly brain (Monastirioti, 1999).
This supports our results that DA neurons play a crucial role in
integrating information from multiple sensory modalities.

The comparison between visually deprived or olfactory/
auditory-deprived TH-GAL4/UAS-TH males with control sib-
ling males suggests that the strongly enhanced male-male court-
ship results from the altered perception of these sensory signals.
Although male visual and olfactory stimuli seem to induce a
strong effect on TH-GAL4/UAS-TH male-male courtship,
acoustic signals (not emitted by decapitated targets) also play a
role, yet with less importance compared with the effect induced
by the two former sensory modalities. We do not know whether
the intense male—male courtship behavior shown by manipulated
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flies is stimulated by male visual, olfactory, and auditory signals
that are normally aversive (Greenspan and Ferveur, 2000) or
whether these males have defective perception of their inhibitory
effect. If the latter hypothesis is true, it means that, in the absence
of these sensory signals, other yet unknown male sensory stimuli
may be able to stimulate male courtship. Because NAM-operated
TH-GAL4/UAS-TH males showed significantly decreased male—
male courtship behavior in chaining and paired courtship assays,
the strong male-male courtship behavior shown by intact TH—
GAL4/UAS-TH males may not simply be attributable to the poor
perception of aversive signals but rather to the perception of male
olfactory/auditory signals that they find stimulating as in the case
of genderblind mutant males toward the aversive male phero-
mone (Grosjean et al., 2008).

Although our data clearly allow us to rule out the effect of the
mini-white gene (mw) on the high male—male courtship behavior
observed in our study, it is worth drawing a parallel with the high
level of intermale courtship shown by pairs of mw males, which
tended to be also drastically reduced in the absence of visual cues
(Hing and Carlson, 1996).

Our study reveals the intriguing effect of DA on Drosophila
male—male courtship behavior. At the moment, we do not know
whether our results can be generalized to other species. We do not
know how the perturbation of DA precisely affects male-male
courtship in Drosophila. Additional dissection of Drosophila
male—male courtship may help us understand the fine mecha-
nisms underlying sensory communication regulating interindi-
vidual behavior.
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