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A subset of octopaminergic neurons are important for

Drosophila aggression

Chuan Zhou'?, Yong Rao! & Yi Rao!?

Aggression is an innate behavior that is important for animal survival and evolution. We examined the molecular and cellular
mechanisms underlying aggression in Drosophila. Reduction of the neurotransmitter octopamine, the insect equivalent of
norepinephrine, decreased aggression in both males and females. Mutants lacking octopamine did not initiate fighting and
did not fight other flies, although they still provoked other flies to fight themselves. Mutant males lost to the wild-type males in
fighting and in competing for copulation with females. Enhanced octopaminergic signaling increased aggression in socially
grouped flies, but not in socially isolated flies. We carried out genetic rescue experiments that revealed the functional
importance of neuronal octopamine and identified a small subset of octopaminergic neurons in the suboesophageal

ganglion as being important for aggression.

Although the general importance of aggression is obvious from the
global to the individual levels, we find it surprising that biological
research of aggression has not substantially increased over the last
30 years. Although it is not difficult to appreciate the negative
consequences of excessive aggression, it is worth noting that aggression
is an evolutionarily conserved behavior and a major force in both
natural and sexual selections'. Aggression in the same species (intra-
specific aggression) maximizes access to resources and increases the
survival of the species. Animals are born with the capacity for aggres-
sion and individuals can display stereotypical agonistic patterns when
isolated immediately after birth?. Genetic components influencing
aggression have long been noticed and mutations affecting aggression
are present in mammals®*.

Studies of aggression in Drosophila, one of the most powerful
genetic models, began with an observation by Alfred Sturtevant,
who discovered Drosophila aggression in 1915 (ref. 5). Those
findings were buried in an article on sexual recognition, and
there was no follow-up for four decades, with only one or two
papers being published per decade from the 1950s to the 1970s that
were related to fly aggression®®. In 1960, a group characterized
Drosophila aggression in much more detail and pioneered genetic
studies of aggression®. In the 1980s, a series of ethological and
laboratory studies of Drosophila aggression found that territorial
successes were influenced by multiple factors such as age, body size,
residency status, prior experience and geographic origin® 4.
Aggression has now been described in both males and females® 116,
in sexually distinct manners controlled by genes regulating sexually
specific behavior!”. Heritable variations in aggression have been
observed in Drosophila, indicating the feasibility of dissecting
genetic components of Drosophila aggression. Artificial selection

of flies with different levels of aggression followed by microarray
analysis has led to the identification of differential genes'®1°.

Powerful tools that are available in Drosophila have facilitated
neurobiological studies of aggression and have uncovered several
genes that regulate different aspects of aggression. fru mutations affect
courtship and recent studies found that fru mutants change the
aggression pattern of males to that of females!”. Serotonin and NPF
regulate aggression in opposite directions?’. In invertebrates, octopa-
mine has been implicated in the regulation of aggression, with
apparently different roles in different species?'=?%. In Drosophila,
decreased aggression was observed in white-eyed TBH"™M!8 mutants®>,
which were defective in both vision and octopamine synthesis. One
study reported a behavioral switch from aggression to courtship in Tfh
mutant males. Another found reduced lunging frequency in red-eyed
TSh mutants, Tdc2 mutants and wild-type flies when their octopami-
nergic neurons were silenced?”.

There are approximately 70-100 octopaminergic neurons that are
dispersed throughout the Drosophila nervous systems, regulating a
spectrum of behaviors that include ovulation and learning?®%°. Our
genetic and behavioral studies have identified a small subset of neurons
in aggression. Deletion of the gene encoding tyramine B hydroxylase
(TBH), an enzyme involved in octopamine synthesis, decreased aggres-
sion without affecting locomotion, olfaction, sexual discrimination or
courtship. Acute manipulations of octopaminergic neurons support a
functional role for octopamine during aggression. Social interactions
are important for regulating aggressive behavior in mammals as well as
in flies; social isolation enhances aggression, whereas social grouping
reduces aggression'>3%31, We have found that overexpression of TBH,
the administration of an octopamine agonist or the transient activation
of octopaminergic neurons increased aggression in socially grouped
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flies, but not in isolated flies. Octopamine is expressed in both neurons
and non-neuronal cells outside of the brain. We found that aggression
required neural octopamine. Genetic rescue experiments using the
UAS-Gal4 system in combination with a Gal80 suppressor revealed the
functional importance of less than five octopaminergic neurons in the
suboesophageal ganglion (SOG).

RESULTS

Reduced aggression in loss-of-function TBH mutants

We modified the assay for aggression that contains a food pad in the
middle of a closed chamber (Supplementary Fig. 1 online)*2. The
small size of the chamber increases the number of chances for contact
and also makes it possible to videotape six chambers simultaneously.
Two flies were placed into each chamber and videotaped. Analysis was
carried out for the first 10 min after both flies were in the chamber.
Latency of fighting was measured by the time from the placement
of the flies into the chamber to the first fight; frequency was measured
by the number of fights in a specific pattern in the first 10 min. Only
fighting patterns involving physical engagement were scored in our
studies and included lunging, holding, boxing and tussling!®32,
Holding, boxing and tussling are collectively shown as HIF (high-
intensity fighting).

It has been reported that aggression is reduced in flies that carry
mutations in both the white gene and the Tfh gene, which encodes an
important enzyme for octopamine synthesis®. A critical test was
missing to distinguish whether the phenotype was the result of the
white mutation or the TA"™!8 mutation. A previous study examined
the fighting behavior of white mutants and observed an almost
complete impairment in aggressive behavior of w!!!$ null mutants®’.
Consistent with these results, we found that the white mutants were
defective in aggression (Supplementary Fig. 2 online), as evidenced by

Figure 1 Effects of the Tph mutation on male and female aggression. (a) Bar
graph shows fighting latencies of TBA™18 and wild-type (WT) flies. Fighting
latencies were significantly longer in T8h"™18 mutant males than in the wild
types (***P < 0.001, Mann Whitney test). (b) The lunging frequency was
lower in TBh"M18 mutant males than in the wild types (***P < 0.001, Mann
Whitney test). (c) Holding completely disappeared in T8h"M18 mutant males
(*P < 0.05, Student’s ttest). (d) A T8h"™18 mutant male (marked with
yellow) was paired with a wild-type male (marked with red). (e) Tph"M18
mutants showed significantly less lunging (***P < 0.001, Wilcoxon signed
rank test) and holding than the wild types (**P < 0.01, paired t test).

(f) Most of the agonistic encounters were initiated by the wild-type when
paired with TBh"™18 mutants (***P < 0.001, Wilcoxon signed rank test).
Flies initiating lunging, holding or boxing and tussling were considered to be
initiators. (g) Wild-type flies won significantly more fights than Tph"M18

flies (***P < 0.001, Wilcoxon signed rank test). (h) The wild-type males
mated more than the T8h"M18 males during mating competition

(**P < 0.01, Wilcoxon signed rank test). (i) Wild-type males had
significantly longer occupancy time than T8h"18 mutant males

(**P < 0.01, Wilcoxon signed rank test). Occupancy duration is the total
time during the 10-min recording when a fly occupied the food patch. We
tested 30 pairs for each group in a—c, 18 pairs in e-g and i and 50 pairs in h.
Error bars represent s.e.m.

lengthened fighting latency and reduced frequency of lunging and HIF.
When white mutants were paired with wild-type flies, fights were
initiated and won more by the wild-type flies than by the white
mutants. These results indicate that white mutations affect aggression
in the absence of mutations in Tfh and that the role of octopamine in
aggression could not be established by experiments with flies carrying
mutations for both white and Tfh.

To investigate the role of octopamine, we tested Tﬂh”M 18 mutant flies
that had no mutation at the whife locus. Octopamine was completely
depleted in TBRH™!S mutants (Supplementary Table 1 online).
Fighting latency was significantly prolonged in TSK™!® mutants
(P < 0.001; Fig. 1a), whereas lunging and holding frequencies were
reduced in TAH"M8 mutants (P < 0.001 and P < 0.05 for lunging and
holding, respectively; Fig. 1b,c). The frequency of boxing and tussling
was very low in the wild-type flies (Fig. 1c). Although TSH"™!8 mutants
had a decreased frequency of boxing and tussling, it was not
significantly different from wild type (P > 0.05; Fig. 1c).

In Drosophila, both the levels and the patterns of aggression are
different between males and females'®!”. The most prominent pattern
in female aggression is head butting, which is similar to lunging in
males, except that females charge the opponents with the head rather
than forelegs. We tested whether octopamine was also involved in
female aggressive behavior. Pairs of females of the same genotype were
tested. Fighting latency was prolonged in T8 mutant females,
whereas head butting frequency was reduced (Supplementary Fig. 3
online), indicating a common function of octopamine in male and
female aggression.

Octopamine level is reduced in Tp mutants throughout
development and adult life. To test whether octopamine is involved
in aggressive behavior in adults, we manipulated the activity of
octopaminergic neurons by using Tdc2-Gal4 to drive the expression
of shibire™ (shi”), a temperature-sensitive mutant of dynamin that can
inhibit the vesicle recycling, thus blocking neural transmissions at the
restrictive temperature®’, Neither Tdc2-Gal4 nor UAS-shi® alone
affected aggression at 23 °C or 31 °C (Supplementary Fig. 4 online).
When both Tdc2-Gal4 and UAS-shi® were present, aggression was
reduced within 15 min of shifting to the restrictive temperature.
Latency was longer at 31 °C than that at 23 °C (Supplementary
Fig. 4), and frequencies of lunging and HIF were lower at 31 °C
(Supplementary Fig. 4). Consistent with previous results?’, our
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Figure 2 General behavioral characterization of T8h"M18 mutants. (a) Locomotive activities were
measured by the speed of a single fly over a 4-min period (n = 24 for each group). (b) Avoidance indices
of TBh™18 and control males in an odor-sensitivity assay (n = 50 for each group). (¢) TBh"M18 mutant
and wild-type males behaved similarly in showing sexual preference toward decapitated females over
decapitated males (n = 23 for the control group, n = 24 for the mutant group). (d) Male-female (M-F)
courtship indices of T8h"M18 and control males courting wild-type virgin females (n = 22 for the wild-type
group, n = 24 for the mutant group). (e) Initiation latency of T8A™18 and control males. Tph"18 and
wild-type males were not significantly different in initiating courtship toward wild-type virgin females

(n = 22 for the wild-type group, n = 24 for the mutant group). (f) T8h™18 and control males had similar
mating latencies (n = 23 for each group). (g) Male-male (M-M) courtship indices of T8h"18 and control
males were not significantly different (n = 20 for the wild-type group, n = 18 for the mutant group).

P > 0.05 for all comparisons above, Mann Whitney test. All values are mean + s.e.m.

copulation was significantly lower for the
TBH™MI8 mutant than for the wild type (P <
0.01; Fig. 1h). The total time on the flies spent on the central patch of
food in the fighting chamber was measured as the occupancy duration.
TBH™I8 mutants spent significantly less time than the wild-type flies on
the food pad (P < 0.01; Fig. 1i). Our results indicate that Tﬁh"M18
mutants are less successful than wild-type in their competition for
resources and for females.

Behavior patterns were unaffected in Tph""18 mutants
The decreased aggression of TBH"MI8 could result from a general defect
in movement, an inability of male flies to find their usual opponents or a
defect in motivation for any action. To test whether the aggression
phenotype of Tﬁh”M18 is an indirect result of other behavioral defects,
we first assessed locomotion by measuring the speed of individual flies
in a round chamber. No difference was found between TAh"M!8 mutants
and wild-type flies (Fig. 2a). TS#"M!8 mutants were then tested for their
ability to sense and avoid specific odorants. The avoidance index of
TBH™I8 mutants to benzaldehyde did not differ significantly from that
of the wild type (P > 0.05; Fig. 2b), indicating that there was no defect
in the odor sensitivity and the avoidance behavior in T8 mutants.
To test the ability of flies to distinguish between males and females,
we placed a decapitated wild-type female and a decapitated wild-type
male in two opposite ends of a chamber that contained a TBh"M!8
mutant or wild-type male. TBA"M!8 males were similar to the wild-type
males in their preference for spending more time with the females,
showing little interest in the males (Fig. 2c), which suggests that
reduced aggression in TSH"M!8 mutants was not a result of an inability
to distinguish the sexual identities of opponents.

We tested whether courtship behavior was affected in TBH"™M!8

mutants. In the typical male-female courtship assay>*, TRH"M!8 and
wild-type males had similar courtship indices, initiation latencies and
mating latencies (Fig. 2d—f). Reduced aggression between males could
also be a consequence of increased male-male courtship behavior.
When tested with a male-male courtship assay, TRH™MI8 males were
similar to wild-type males in that neither showed significant male-male
courtship (P > 0.05; Fig. 2g).

It has recently been reported that octopamine is required for making
a choice between aggression and courtship, a conclusion that is based
on an analysis of the behavioral patterns of TAH"M® mutants after a
male fly showed wing extension?®. In contrast, we found a general
decrease of aggression, but no significant increase of courtship in
TRH™MI8 mutants (P > 0.05; Fig. 2g). The frequency of unilateral wing
vibration, which is an early step in courtship, was indistinguishable
between TBH"™MI8 mutants and wild types (Supplementary Fig. 5
online), whereas the frequency of wing threat (bilateral wing exten-
sion), a typical step in aggression, was significantly reduced in TH"M!8
mutants (P < 0.001; Supplementary Fig. 5). It is possible that the
previous study might have mixed wing extensions of different kinds
(such as the unilateral wing vibration and bilateral wing threat) and
interpreted a simple reduction of aggression as a concomitant reduc-
tion of aggression and increase of courtship, or, alternatively, different
setups for measuring aggression might have contributed to the dis-
crepancies of behavior outputs.

Our results suggest that the aggression phenotype of Tf
mutants is not secondary to defects in general behavior patterns.
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multiple comparison test to identify significant differences. We found

that 0.002 mg mI~! CDM was sufficient to change fighting latency (*P < 0.05),
of socially enriched flies (**P < 0.01). All values are mean + s.e.m (0 mg mI~%,

n = 24). (g-i) Heat-shocked hspTph flies had shortened fighting latency (g) and

whereas 0.01 mg mI~! CDM significantly increased the lunging frequency
n=28;0.002 mgml}, n=21;0.01 mgml}, n=29; 0.05 mg mI},
increased lunging frequency (h). ***P < 0.001, Mann Whitney test. HIF

frequency (i) was also increased in heat-shocked hspTph flies (** P < 0.01). Heat shock treatment (+hs indicates heat shock, —hs indicates no heat shock)
did not affect aggression in wild-type flies (P > 0.05). We tested 25 pairs of hspTh flies and 20 pairs of wild-type flies. Error bars represent s.e.m.

Enhanced octopaminergic signaling increases aggression

Social experience is important for the development of aggressive
behavior in both mammals and insects, with socially isolated males
fighting more than those that were raised in groups. In our studies,
male flies were raised in isolation or in groups of two or ten flies of the
same age until day 5. Flies with identical rearing conditions were paired
and tested. As shown previously'?, grouping markedly reduced aggres-
sion. Furthermore, we found that a group of two flies was as effective as
a group of ten flies at reducing aggression (Fig. 3a—c).

To address the question of whether enhancing octopamine signaling
could restore aggressiveness in socially grouped flies, we first tested the
effects of chlorodimeform (CDM) on fly aggression. Notably, treat-
ment of grouped flies with CDM, an octopamine agonist, reduced the
fighting latency (Fig. 3d) and increased the lunging frequency (Fig. 3e)
without significantly affecting the HIF frequency (P > 0.05; Fig. 3f).
Moreover, TBH was overexpressed in grouped flies by a TBH transgene
under the control of the heat shock promoter (hspTSh)?3. After heat
shock induction for 30 min, flies were allowed to recover for 3 h.
hspTph flies had shortened fighting latency (Fig. 3g), increased lunging
frequency (Fig. 3h) and increased HIF frequency (Fig. 3i). Heat shock
for the same amount of time did not affect aggression in wild-type
controls (Fig. 3g-i).

We further used the UAS-NaChBac/ Tub-Gal80" system to activate
octopaminergic neurons and examined its effect on aggression. At the
permissive temperature, Gal80" binds to and inhibits the transcription
activation activity of Gal4. When shifted to the restrictive temperature,
Gal80" becomes nonfunctional, allowing Gal4 to activate the transcrip-
tion of NaChBac, a bacterially derived voltage-sensitive sodium channel
with a lower threshold for activation and slower kinetics for inactiva-
tion compared with voltage-sensitive sodium channels in flies, which
causes neuronal activation in Drosophila®. The tubulin (Tub) «:Tub84b
promoter drives the expression of Gal80® in all cells. Combining
UAS-NaChBac and Tub-Gal80" with Tdc2-Gal4 allowed us to
express NaChBac in adult octopaminergic neurons, thus activating

them post-developmentally (Fig. 4a). Tdc2-Gal4, UAS-NaChBac or
Tub-Gal80" alone did not affect aggression (Fig. 4b—d). When all three
components were present, aggression in grouped flies was increased
after shifting to the restrictive temperature, with shorter latency and
higher lunging and HIF frequencies (Fig. 4b—d), indicating that the
activation of octopaminergic neurons reversed the reduction of aggres-
sion by social grouping of flies.

We also asked whether enhancing octopamine signaling could
promote aggression in socially naive flies. We did not detect any
significant effect of either CDM treatment or overexpression of TRH
by heat shock—inducible promoter in flies that were raised in social
isolation (P > 0.05; Supplementary Fig. 6 online). Two possibilities
can explain this phenomenon. The first possibility is that octopamine is
involved in resetting aggression after social experience. The second
possibility is that the level of aggressiveness is saturated in socially naive
flies, which occludes further enhancement of aggression by other
treatments. The first possibility would be further supported if the
octopamine concentration is changed by social experience. We thus
examined the concentrations of bioamines in the brains of males by
high-performance liquid chromatography with electrochemical detec-
tion, but detected no difference in octopamine level between grouped
and isolated flies (Supplementary Table 1). This does not completely
rule out the first possibility, as the concentration of octopamine in a
limited number of neurons could be changed, but this could not be
detected when whole heads were assayed.

Neural TBH expression restores aggression in TBH mutants
Octopamine exists both inside and outside of the nervous system,
functioning as either a neurotransmitter or a hormone in insects’. It is
therefore important to investigate whether the aggression phenotype of
TSh mutants was a result of defects in the nervous system.

In Drosophila, two enzymes, dTdcl and dTdc2, are involved in the
first step of octopamine synthesis, with dTdcl being expressed outside
of the brain and dTdc2 being expressed in the brain*®. We confirmed
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the expression pattern of Tdc2-Gal4 and Tdcl-Gal4 by staining the
adult male brains of Tdc2-Gal4/UAS-mCD8:GFP and Tdcl-Gal4/
UAS-mCD8:GFP with antibody to TPh (Fig. 5a-h and data not
shown). Consistent with previous reports, GFP expression was
not detected in the brain of TdcI-Gal4/UAS-mCD8:GFP heterozygous
flies (data not shown). In Tdc2-Gal4/UAS-mCD8:GFP flies, only two
populations of octopaminergic neurons, one in the antenna lobe and
another in the SOG, were positive for both GFP and TBH immuno-
reactivity (Fig. 5a—h). Tdc2-Gal4 was unable to drive expression in
octopaminergic neurons in other brain regions, such as the proto-
cerebrum, the fan-shaped body and the central complex (Fig. 5b).

Figure 5 Rescue of aggression phenotype in
Tph™18 mutants by TBH expression in
octopaminergic neurons. (a) Anterior confocal
sections of a Tdc2-Gal4/UAS-mCD8:GFP adult
male brain stained with antibody to TBH (red).
Arrowheads point to neurons that are negative for
TBH and positive for GFP: non-octopaminergic
neurons in which Tdc2-Gal4 could still drive gene
expression. (b) Posterior confocal sections of a
Tdc2-Gal4/UAS-mCD8:GFP adult male brain .

To functionally differentiate the neuronal and endocrine contribu-
tion of octopamine, we used Tdc2-Gal4 and Tdcl-Gal4 to drive UAS-
TPh in TPH™MI8 mutant males. Tdc2-Gald, Tdcl-Gal4 or UAS-TSh
alone did not affect aggression in TAH"M!8 mutant males. The combi-
nation of Tdc2-Gal4 and UAS-Tph rescued aggression deficiency in
TBH"™MI8 males: the latency was shortened (Fig. 5i) and the frequencies
for both lunging and HIF were increased (Fig. 5j,k). Tfh expression,
driven by Tdc2-Gal4, could also effectively rescue the aggression
phenotype of female TAh"M!® mutants (Supplementary Fig. 3).
In contrast, Tdcl-Gal4—driven TSH expression failed to rescue the
aggression phenotype of TBh"™I!8 mutants with regard to fighting
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stained with the antibody to TBH (red). TBH I 500 J 3% T k % o
immunostainings were evident in the 22 400 2e 22 g 15
protocerebrum, the fan-shaped body (FSB) and 5¢ ggg 232 g10
the central complex (CC), whereas Tdc2-Gal4 s 100 x 48 1g L 0.5
could not drive GFP expression (green) in M98 Mgg Moa
indi Tph" + 4+ o+ o+ o+ Tph" + o+t o+ o+ TBhM18 o & & 4+ + + + + +
these neurons (mdpatefﬂ by Fhe arrowhead). . UASTEh 4 s o T UASTBh 4 — 4 o s o T UASToh 4 — 4 o o1 DT
(c—e) Higher magnification views of a population Tdc2-Gald — + 4 — — — — — — Tdc2-Gald — + 4 — — — — — — Tde2-Gald — + 4+ — — — — — —
of Tdc2-Gal4—positive neurons in the antennal ng;—gaz Rl T ngggaﬁ e+ - == — ng;—gaﬁ e — - = — =
. e L c309-Gal4 — — — — — + + - - c309-Gal4 - - - - — + + - - c309-Gal4 - - - - — + + - -
lobe (AL). (f-h) Higher magnification images of a MJ286-Gald — — — — — — — + 4+ MJ286-Gald — — — — — — - + 4 MJ286-Gald — — — — — — — + 4

cluster of Tdc2-Gal4—positive neurons in the SOG.

In c-h, GFP expression is viewed in green and

antibody to TBH staining is red. Scale bars in a-h represent 50 pm. (i) The fighting latency in Tph"™18 mutant males was reduced when both Tdc2-Gal4 and
UAS-TpBh were introduced, but not when only one of the transgenes was present (***P < 0.001, Kruskal-Wallis ANOVA test). In contrast, expression of TRH
under the control of TDC1 promoter did not rescue TBh™™18 phenotype (P > 0.05). Similarly, expressing TBH by c309-Gal4 or MJ286-Gal4 failed to
increase the aggression level of T8h™18 mutants (P > 0.05). n = 46, 49, 51, 20, 18, 18, 18, 27 and 26, respectively. (j) Lunging frequency of indicated
genotypes (***P < 0.001, Kruskal-Wallis ANOVA test). (k) The frequency of HIF in indicated strains (***P < 0.001, Kruskal-Wallis ANOVA test). All
values are mean + s.e.m.
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Figure 6 A small subset of octopaminergic
neurons involved in aggression. (a—c¢) Confocal
sections of a Cha-Gal4/UAS-mCD8:GFP (green)
adult male brain stained with antibody to TBH
(red). Note that most of the octopaminergic
neurons in the antennal lobe or the SOG showed
GFP expression. Scale bars represent 50 pm.
(d—f) Anterior confocal sections of a Tdc2-Gal4/
Cha-Gal80/UAS-mCD8:GFP (green) adult male
brain stained with antibody to TBH (red).The Gal4
activity of Tdc2 driver was markedly suppressed.
Note that the GFP-positive neurons (green,
indicated by arrowheads) in e could not be stained
with the antibody to TBH and are thus not
octopaminergic neurons. Scale bars represent

50 um. (g—i) Posterior confocal sections of a
Tdc2-Gal4/Cha-Gal80/ UAS-mCD8:GFP (green)
adult male brain stained with antibody to TBH
(red). The Gal4 activity of Tdc2 driver was
markedly suppressed, except for two neurons in
the SOG which were positive for the TBH staining,
but were negative for GFP. The number of neurons
with this property varied from 2 to 5 in different

i 500 k 40 . | 1.6 *rx animals. Scale bars represent 50 um. (j) Fighting
450 35 14 latency of indicated genotypes. TBH expression
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2 500 2 . = 06 genotypes. (1) HIF frequency of indicated
% 150 e 2 E e genotypes. ***P < 0.001. All values are mean +
T 400 3 10 04 s.e.m. Statistical analyses were carried out by
50 5 0.2 nonparametric Kruskal-Wallis ANOVA test.
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0‘\\\ x\ &7 O \‘\-9 ® & 0@\ 8Y \‘\-9 o7 driven by Cha-Gal4 (Fig. 6a—c). Behaviorally,
Q) Q 2 S N SR )
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N N 3
/\’\w‘g & Q& for TBH and Cha-Gal4 are not responsible for

latency, lunging frequency and HIF frequency, arguing against the
involvement of hormonal octopamine in aggression (Fig. 5i-k).

We also used other Gal4 lines to express TRH in different brain
regions of TAKH"M!8 mutants in an attempt to find the location of the
subset of octopaminergic neurons involved in aggression. The TSh"M!8
mutant phenotype could not be rescued by TPH expression under the
control of either ¢309-Gal4, which drives expression in the mushroom
bodies, or MJ286-Gal4, which drives expression in a cluster of neurons
in lateral protocerebrum (Fig. 5). Therefore, we conclude that the
aggression phenotype in TBh"™I8 mutants is the result of a TPH
deficiency in the nervous system.

A subset of octopaminergic neurons involved in aggression

To further define the subset of octopaminergic neurons that is involved
in aggression, we made use of the drivers Cha-Gal4 and Cha-Gal80.
These drivers were made by fusing Gal4 or Gal80 to the promoter
of choline acetyltransferase (Cha), and they drive expression in
cholinergic neurons®’ (Fig. 6).

As we have shown that the antennal lobe and the SOG populations
of octopaminergic neurons positive for Tdc2-Gal4 were involved in
aggression, we checked whether these neurons overlapped with neu-
rons in which Cha-Gal4 could drive gene expression. All of the antennal
lobe and most of the SOG neurons that were immunoreactive to

the aggression deficit in TAH"M!8 mutants.

Cha-Gal80 allowed us to carry out the
complementary experiment: asking the importance of neurons that
are positive for octopamine, but negative for Cha-driven gene expres-
sion. We used the Tdc2-Gal4 driver to express GFP in the presence of
Cha-Gal80 and found that GFP expression in all of the antennal lobe
neurons and most of the SOG neurons was suppressed, with only 2-5
SOG octopaminergic neurons being GFP positive (Fig. 6d—i). There-
fore, we could use the combination of Tdc2-Gal4 and Cha-Gal80 to
drive TBH expression in those SOG neurons. We found that TH
expression that was driven by Tdc2-Gal4 and Cha-Gal80 could rescue
the aggression phenotype in TH"™!8 mutants (Fig. 6j-1). These results
indicate that a distinct subset of octopaminergic neurons in the SOG is
functionally important for aggression.

DISCUSSION

Both loss-of-function and gain-of-function studies support the idea
that octopamine in the adult brain is involved in Drosophila aggression.
Our genetic and behavioral studies lead us to conclude that a subset of
octopaminergic neurons located in the SOG is important for aggression
in flies. This conclusion is based on several results. First, our experi-
ments using the Tdc2-Gal4 driver suggest that octopaminergic neurons
in the antennal lobe and the SOG are involved in aggression. Tdc2-
Gal4—driven GFP expression can only partially recapitulate the octo-
paminergic circuits in the brain, with some of the GFP-positive neurons
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lacking endogenous TBH. Only those in the antennal lobe and the SOG
were found to express endogenous TBH. This finding, when considered
with the fact that exogenous TPH that was driven by Tdc2-Gal4 could
rescue the aggression phenotype in TSH"M!8 mutants, suggests that the
antennal lobe and SOG octopaminergic neurons are involved in
aggression. Second, the failure of TPH that was driven by Cha-Gal4
to rescue TBH™I8 mutant phenotype indicates that octopaminergic
neurons, in which Cha-Gal4 could drive gene expression, are not
responsible for the TBH'™I8 phenotype. Third, results from our
experiments using Cha-Gal80 show that less than five octopaminergic
neurons in the SOG are important for aggression. GFP expression
driven by Tdc2-Gal4 was suppressed by Cha-Gal80 in most neurons,
with the exception of 2-5 octopaminergic neurons in the SOG. Thus,
the ability of TBH, driven by Tdc2-Gal4 in the presence of Cha-Gal80,
to rescue the TPRH™!® mutant phenotype indicates that the 2-5
octopaminergic neurons in the SOG are sufficient to rescue the
aggression phenotype in TH"™!$ mutants, demonstrating the func-
tional importance of this small subset of octopaminergic neurons.

Social isolation markedly affects both aggression and sleep in
flies*>38, Our results indicate that treatment with the octopamine
agonist CDM, overexpression of TBH or activation of octopaminergic
neurons with NaChBac can increase aggression in grouped flies, but not
in socially naive flies. These results could be interpreted as occlusion:
the level of aggression in socially isolated flies is already very high and
could not be further increased by other treatments. They could also be
interpreted as supporting the idea that octopamine is involved in the
social regulation of aggression. We examined the concentration of
octopamine in the heads of grouped and isolated flies and could not
detect substantial changes in octopamine levels being caused by social
grouping. This neither supports nor disproves a role for octopamine in
social experience. It is possible that the level of octopamine is changed
by social isolation in only a few neurons, which is undetectable when
whole heads are measured. It is also possible that the sensitivity of
postsynaptic neurons for octopamine or the activity of octopamergic
neurons, but not the synthesis of octopamine, are changed by social
experience. Further work is required to determine the role of octopa-
mine in social interactions.

Our results support the notion that the aggression phenotype in Tfh
mutants was not a secondary result of changes in sexual discrimination
or sexual behavior. Our results have shown that T/h mutants display
normal sexually related activities. The conclusion of a recent report of
octopamine involvement in making a choice between aggression and
courtship?® is not supported by our results, probably because we used
different experimental setups or because the previous report did not
separately analyze unilateral wing extension (a part of courtship) and
bilateral wing extension (the wing threat in aggression), indicating that
a simple reduction of aggression might have thus been interpreted as an
increase in courtship. When we separately counted unilateral and
bilateral wing extension, we indeed found an expected decrease of
bilateral wing extension in Tfh mutants, but found no change
in unilateral wing extension. Consistent with our results, a previous
study also observed generally decreased aggression behavior in
TBh mutants?’, although they did not examine the role of octopamine
in courtship.

The roles of octopamine and norepinephrine in other species have
been studied, although not to the extent that is possible in flies. In
invertebrates, the roles of octopamine in aggression seem to vary
between species. Octopamine injection into the haemolymph of
lobsters leads to postures with extended limbs and abdomens, resem-
bling the posture of subordinates?!3%, whereas serotonin injection
produces rigidly flexural legs that are highly aggressive, indicating

ARTICLES

opposite roles of octopamine and serotonin in lobster aggression?b22,

In crickets, the level of octopamine in haemolymph was increased
during fighting as well as during flight*’. Chemical depletion of both
octopamine and dopamine led to reduced aggression and locomotion
in crickets?®. Crickets that have previously lost fights learn to retreat
when tested again with winners?%. However, injection of an octopamine
receptor agonist could reverse such learned retreats, although it did not
affect aggression in naive crickets®®. In flies, enhanced octopamine
signaling could not affect the establishment of dominance during
fighting (Supplementary Fig. 7 online).

Octopamine is the insect counterpart of norepinephrine and its
receptors in insects are homologous to mammalian adrenoceptors*!.
The best evidence for norepinephrine involvement in aggression was
provided by mice that lacked the gene for the a2c-adrenergic recep-
tor*?, an autoinhibitory receptor. Mice without this receptor display
increased aggressive behavior, whereas a2¢ overexpression decreased
aggression*2. In Dbh knockout mice completely lacking noradrenaline,
the aggressive response is essentially eliminated in a resident-intruder
protocol*>, One important question in the future should be whether
and how norepinephrine and its receptors in defined locations of the
mammalian brain are involved in aggression.

METHODS

Stocks and rearing conditions. Flies were usually reared at 25 °C (or 18 °C for
flies involving UAS-shi® or Tub-Gal80) and 60% humidity and were kept in a
12:12-h light-dark circle. Behavioral assays were carried out at 25 °C and 60%
humidity between 15:00 and 19:00. Because the original TBh"!8 mutants were
white-eyed, we backcrossed the flies into a Canton S strain to generate
recombinant wt, Th"M18 Jines. Nonrecombinant w* flies served as the wild-
type controls. In all experiments, Canton S flies were used as controls, with the
exception of experiments involving UAS-shi*® and UAS-NaChBac/ Tub-Gal80",
in which Gal4 or UAS flies were crossed with the w!!!8 strain to generate
heterozygous controls. The TSH"M!8 deletion mutant was a gift from C.-E. Wu
(University of Iowa). hspTfh and UAS-Tfh were generously provided by
M. Monastirioti (Institute of Molecular Biology and Biotechnology, Greece).
Tdc2-Gal4 was a gift from J. Hirsh (University of Virginia). UAS-shi” was a gift
from P. Shen (University of Georgia). UAS-NaChBac was a gift from B. White
(US National Institute of Mental Health). MJ286-Gal4 was a gift from
R. Greenspan (The Neuroscience Institute). C309-Gal4, Cha-Gal4 and
Cha-Gal80 were generously provided by P. Salvaterra and T. Kitamoto
(Beckman Research Institute of the City of Hope). Tub-Gal80" was obtained
from the Bloomington Stock Center.

Immunohistochemistry. The antibody to TPH was generated by immunizing
rabbit with purified his-tag protein containing the whole TPH protein
sequence. For all the immunostainings, 5-10-d-old adult male flies were
collected after eclosion and the CNS was dissected in ice-cold PBS. The adult
brains were subject to 4% paraformaldehyde (wt/vol) fixation in 0.3% PBT
(phosphate-buffered saline containing 0.3% Triton-X100 (vol/vol)) for 30 min
and subsequently washed three times with 0.3% PBT for 15 min at 22-27 °C.
Samples were transferred to 5% normal goat serum (vol/vol, diluted in 0.3%
PBT) for 1 h blocking at room temperature and incubated with antibody to
TPH (1:1,000, diluted in 5% normal goat serum) at 4 °C overnight. After
washing samples three times for 15 min with 0.3% PBT at room temperature
and incubating samples in secondary antibody (Molecular Probes, 1:500) for
2 h at 37 °C, samples were mounted in 70% glycerol and imaged on a Zeiss
LSM5 Pascal confocal microscope. Images were processed by Image] (US
National Institutes of Health) and Adobe Illustrator software (Adobe).

Aggression assays. The fighting chamber was circular, consisting of a central
pad of food with a radius of 4 mm and an outer area without food with a
radius of 7 mm. The height was 3.5 mm. Newly emerged flies were collected on
the first day of eclosion and isolated in a 1.5-ml Eppendorf tube containing
0.5 ml of food. Behavioral tests were carried out at 25 °C and 60% humidity on
flies aged 5 to 7 d, except in shi* experiments. Tdc2/UAS-shi* flies and controls
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were reared and isolated for 10-12 d at 18 °C, followed by aggression tests at
either 23 °C (permissive temperature) or 31 °C (restrictive temperature). In our
experience, the fighting chambers affected aggression and should thus be
carefully prepared; food was melted and delivered into the lid of a 1.5-ml
Eppendorf tube. The lid was then put into the chamber and surrounded by
0.8% agarose. On the day of the assay, apple juice with 25% sucrose and 25%
yeast was prepared. We added 20 pl of sucrose/yeast solution onto the surface of
the food patch in the fighting chamber and let it air dry. Two flies were placed
into the fighting chamber and allowed to stay for 30 min before the fighting
chambers were used.

Two flies were transferred into a blue pipette tip with the narrow end that
was cut to fit the hole of a paper lid that was placed on the fighting chamber.
The paper lid was then rapidly replaced with a 20-mm x 20-mm glass cover
slip. Six chambers could be recorded by a video camera under a fluorescent
lamps; its intensity near the fighting chambers was adjusted to approximately
3,000 lux. Experimental and control groups were taped simultaneously
under the same camera. Recordings lasted 10 min after the last two flies
were introduced.

In the mutant versus wild-type procedure, mutants and controls were
anaesthetized under light CO, and marked on the thorax with red or green
acrylic paint, respectively. The colors of the mutants and wild-type flies varied
in different chambers so that mutants and wild-type flies were equally
represented by red or green paints. Painted flies were allowed to recover for
24 h before aggression assays were carried out. The fly that initiated the fighting
by directing any aggressive patterns (lunging in most cases) was defined as the
initiator during an encounter. Agonistic encounters were defined as
those containing at least one lunging, holding or boxing and tussling pattern.
An agonistic encounter was terminated when no aggressive patterns were
displayed for more than 2 s (ref. 32). In most of the encounters, the
initiators, which were also dominant in the fighting, tended to lunge more
frequently down on the opponent, trying to push it away from the food pad.
Thus, the fly that succeeded in forcing the opponent off was considered to be
the winner of that encounter, with the fly being driven off of the food pad
being the loser.

Male-female courtship. The male-female courtship assay was carried out in a
small, 8-mm (diameter) X 3-mm (height) courtship chamber as described
previously®*. Canton-S virgin females that were aged for 3-5 d served as mating
objects. Courtship behavior was videotaped for 30 min after a virgin female and
a test male were introduced. We calculated the courtship index.

Male-male courtship. The procedure was similar to the male-female courtship
assay, except that two males were introduced.

Mating competition. We used 8-mm x 3-mm courtship chambers for the
mating competition assay*’. Newly eclosed mutants and wild-type flies
were collected and isolated in Eppendorf tubes. On the fourth day of
eclosion, mutants and controls were anaesthetized and marked with acrylic
paint, as described for the aggression assays. On the fifth day, a mutant
and a wild-type with different colors were introduced into a courtship
chamber containing a Canton-S virgin female and were videotaped for
30 min. We measured the percentage of copulation success for both mutants
and controls.

Sexual discrimination. As described previously*, a decapitated wild-type
virgin female and a decapitated wild-type male were placed in the courtship
chamber. The test fly was introduced into the chamber and the total time
during which it directed courtship behavior toward either the decapitated
female or the decapitated male was counted.

Locomotion. Locomotion of individual flies in a small, round chamber were
videotaped and analyzed using Ethovision software (Noldus). The average
speeds of wild-type and mutants during a period of 4 min were calculated.
Similar results were obtained with a line-crossing assay that was carried out as
described previously*°.

Odor sensitivity. Flies were deprived of food for 3—6 h in vials and were then
exposed to different concentrations of benzaldehyde that was provided from

one end of the vials. The avoidance index was calculated as the number of flies
47

that stayed away from the odor source*’.
Drug treatment. We grouped 10 Canton-S flies in vials and aged them for 4 d
before drug treatment. CDM (Sigma) was dissolved in a 5% sucrose (wt/vol)
solution at the appropriate concentrations. A saturating amount (2 ml) was
added into vials that were each lined with 7-cm x 7-cm filter paper (Water-
man, 3MM). Flies were then introduced into the vials for 24 h before the
behavioral tests were carried out.

Heat shock treatment. For heat-induced expression of TBH, flies, grouped in
Eppendorf tubes by pairs, were aged for 4 d. The tubes were then kept at 37 °C
in an incubator for 30 min. After the heat shock, flies recovered for 3 h before
we carried out behavioral tests.

For the Gal80™ experiments, both the experimental and control flies were
crossed and cultured at 18 °C to prevent leaky expression of NaChBac
occurring at room temperature. Flies were aged in Eppendorf tubes for
9-10 d under 18 °C before heat shock. Flies were cultured at 32 °C for 18 h
and subsequently moved to 23 °C for a 2-h recovery. We also moved control
flies that were not subjected to heat shock from 18 °C to 23 °C for a period
of 2 h. Behavioral tests were performed at 23 °C.

Statistical analysis. For the data that are not normally distributed, we used the
Mann Whitney test or the Kruskal-Wallis ANOVA test for analyzing unpaired
groups. The Kruskal-Wallis ANOVA test, followed by Dunn’s multiple com-
parison test, was used to identify significant differences between the groups
(P < 0.05). For paired groups, Wilcoxon signed rank test was applied for
nonparametric data. All the statistical analyses were carried out with Prism 4
software (GraphPad).

Note: Supplementary information is available on the Nature Neuroscience website.
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