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Lithium is a common medication used to treat mania and bipolar disorder, but the mechanisms by which lithium stabilizes mood
and modifies aggression are still not fully understood. Here we found that acute but not chronic lithium significantly suppresses
aggression without affecting locomotion in Drosophila melanogaster. Male flies treated with acute lithium are also less competitive
than control males in establishing dominance. We also provided evidence that glycogen synthase kinase-3 (GSK-3), a well-known
target of lithium, plays an important role in the anti-aggressive effect of lithium in Drosophila. Our genetic data showed that acute
knockdown of GSK-3 in neurons can mimic the inhibitory effect of acute lithium on aggression, while specific overexpression of
GSK-3 in a subset of P1 neurons profoundly promotes aggression which can be partially rescued by acute lithium application. Thus,
these findings revealed the inhibitory effect of lithium on aggression in Drosophila and laid a groundwork for using Drosophila as a
powerful model to investigate the mechanisms by which lithium reduces aggression.

Neuropsychopharmacology (2023) 48:754-763; https://doi.org/10.1038/s41386-022-01475-2

INTRODUCTION

Lithium is one of the most commonly used medications for the
treatment of bipolar disorder (BD), which is characterized by
repetitive episodes of mania and depression. The beneficial effect of
lithium on mood stabilization was first reported in 1949, when it was
proposed to treat mania because of its sedative effect [1]. Since
then, a number of studies successively demonstrated the inhibitory
effect of lithium on aggressive behavior in humans, for example,
lithium attenuates aggression in populations such as children and
adolescents with conduct disorder [2-6], patients with mental
handicaps [7-11], and aggressive prisoners [12-14]. Likewise,
several studies have reported that lithium is effective in reducing
aggression in rodents, including spontaneous aggression in the
resident-intruder test [15] and aggression induced by isolation
[15-17] or electrical shock [18-23]. Despite its widespread use and
extensive research, the exact mechanisms by which lithium
stabilizes mood and reduces aggression are still inconclusive.

Like humans and rodents, the fruit fly Drosophila melanogaster
engages in aggressive behavior which usually occurs when male
flies compete with each other for resources such as territory, food
and mates [24-30]. In last decades, developments in genetic
methods and neural technologies have made it feasible to
manipulate genes of interest and target individual neurons in
Drosophila [26, 27]. For these reasons, Drosophila has been
established as a powerful model organism to understand
aggressive behavior. Tremendous progress has been made in
dissecting the neural circuits of aggression, ranging from the
peripheral sensory systems [31-33] to neuromodulators [34-40]
and neurons [41-46] in the central nervous system. In addition,
many treatments that affect aggressive behavior in humans such
as sleep deprivation and alcohol intake have also been shown to
modulate aggression in flies [47, 48].

Drosophila is also an excellent model organism in pharmacology
research [49-51]. In particular, an increasing number of studies are
looking at Drosophila as a model to investigate the physiological
effects and underlying mechanisms of lithium [49, 52-60].
Accumulating evidence has demonstrated that many of the
actions and mechanisms of lithium in Drosophila are consistent
with those of lithium in humans and rodents. For example, studies
in both mice and Drosophila have shown that long-term treatment
with lithium lengthens the period of circadian rhythms through
GSK-3 pathway [55, 61, 62]. Moreover, the life-extending effect of
lithium in humans has been demonstrated and further investi-
gated in Drosophila [53, 63]. However, the effect of lithium on
aggression in Drosophila has not been reported to date.

In this study, we investigated the effect of lithium on Drosophila
aggression and found that acute lithium has a dose-dependent
inhibitory effect on intermale aggression, while chronic lithium
does not affect Drosophila aggression. We further found that
short-term knockdown of glycogen synthase kinase-3 (GSK-3), a
well-known target of lithium [64-66], significantly reduces
aggression, while specific overexpression of GSK-3 in a subset of
P1 neurons known to control social behavior in Drosophila
[42, 67-71] profoundly promotes aggression. Thus, our work
demonstrates the inhibitory effect of lithium on aggression in
Drosophila and provides valuable insights into the underlying
mechanisms by which lithium reduces aggression.

MATERIALS AND METHODS

Fly rearing and stocks

Flies were reared and maintained on standard medium at 25°C, 60%
humidity in a 12-h:12-h light-dark cycle. wild-type Canton-S (wtcs) and UAS-
dcr2 flies were gifts from Prof. Yi Rao (Peking University). elav-GS line was
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provided by Prof. Yi Zhong (Tsinghua University). Dsk-GAL4 was generated
in our lab as described previously [39]. The following stocks were obtained
from Bloomington Drosophila Stock Center: UAS-sgg-RNAi-31308
(BL#31308), UAS-sgg-RNAi-31309  (BL#31309), UAS-sgg.B  (BL#5435),
R15A01-p65.AD (BL#68837), R71G01-GAL4.DBD (BL#69507), R71G01-GAL4
(BL#39599), R41A01-GAL4 (BL#39425), Tk-GAL4 (BL#51975). All experiments
were approved by The Institute of Zoology for Animal Care and Use
Committee.

Drug treatment

LiCl (Sigma Aldrich L4408) or NaCl (Sigma Aldrich S5886) was pre-
dissolved in ddH,O at concentrations of 10 mM, 20 mM, 50 MM and
100 mM, and then diluted to 5mM, 10 mM, 25 mM and 50 mM with
equal amounts of melted medium, respectively. Li,CO5; (Sigma Aldrich
255823) and sodium valproate (Sigma Aldrich P4543) were diluted in the
same way to different concentrations. An edible blue dye was added to
the food containing drug to verify that flies had ingested the food. At
last, 500 pl of the food was added to 2 ml tubes and cooled overnight for
use the next day.

Aggression assays

Aggression assays were performed as previously described with slight
modifications [39]. Male flies were collected shortly after eclosion and
reared in isolation for 5-7 days in 2 mL tubes containing 0.5 ml of food
prior to aggression assays. All aggression assays were performed at 25 °C
and 60% humidity between 11AM-14PM or 17PM-20PM (the incubator
where flies were kept turns on the lights at 11AM and turns off the lights at
23PM). Two males were transferred into the fighting chamber depicted
clearly in a previous study [39] by gentle aspiration. Fights between two
males were recorded for 30 min using a video camera (Canon VIXIA HF
R500). All aggression, except that in dominance assays, refers to aggression
between two males in the same condition. In our study, lunging behavior
was the primary pattern representing male aggression and was defined as
the male suddenly accelerating and then pressing the front of his body
against his opponent (Supplementary Video 1). The number of lunging
during 30 min and the latency from the beginning of video to the first
lunging were counted and used to assess the level of intermale aggression.
All data were scored manually, and scorers were blind to the genotypes
and conditions of flies.

Dominance assays

For the dominance assays, 2-3 days old male flies were anesthetized
under light CO, and marked with a small white or red dot of acrylic paint
on their thorax, and then singly housed in food tubes. Males in different
treatments were introduced into fighting chamber by gentle aspiration
when they were 5-7 days old. In the dominance assays, we recorded
30 min of video, but only counted the number of lunging during the first
10 min for the flies in each treatment. The one that consistently
dominated food and initiated attack from the first time establishing
dominance to the end of video was judged as winner. Fights in group
where dominance was not established or where the dominance
relationship changed were judged to be draws.

Locomotion assays

Most of the experimental conditions in locomotion assays, such as rearing
and age of flies, as well as time, humidity and temperature of experiments,
are consistent with those in aggression assays. In locomotion assays, single
male was transferred into the fighting chamber by gentle aspiration and
the spontaneous movements of the flies were recorded with a camera
(Canon VIXIA HF R500) for 30 min. The activity of flies during the middle
10 min was analyzed to calculate the average walking speed of flies using
Ctrax software.

Climbing assays

Climbing assays were performed as previously described, with slight
modifications [72]. In brief, ten 5-7 days old singly housed flies were
placed in a plastic vial (length, 9.5 cm; diameter, 2 cm) without anesthesia.
Flies were gently tapped to the bottom of the vial, and after 10s, the
number of flies that climbed above 8 cm were counted. Three trials were
performed for each group with an interval of 20 seconds. The proportion of
flies that climbed above 8 cm within 10s to the total number of flies was
calculated as the climbing index.
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Statistical analysis

All statistical analyses were performed using GraphPad Prism 8.
D’Agostino—Person normality test was used to verify the normal
distribution of data. If the data were normally distributed, two-tailed
Student’s t test was used to compare two sets of data, and one-way
ANOVA followed by Tukey’s multiple comparisons test was used to
compare multiple groups. If the data were non-normally distributed, two-
tailed Mann-Whitney U-test was used to compare two sets of data, and
Kruskal-Wallis test followed by Dunn’s multiple comparisons test was
performed for comparisons of multiple groups. Fisher's exact test was
performed to compare fight outcomes in Figs. 1G, 2D, G, 3H, L and 4F. In
comparisons of multiple groups, the reported p-values are p-values
adjusted by Tukey's multiple comparisons test or Dunn’s multiple
comparisons test. All statistical analyses and the form in which the data
are presented are indicated in the figure legends. The sample sizes are
indicated in the figures.

RESULTS

Acute lithium suppresses aggression in Drosophila

To investigate how lithium regulates aggressive behavior in
Drosophila, we treated adult wild-type Caton-S (wtcs) male flies with
lithium chloride (LiCl) at concentrations ranging from 5 mM to 50 mM
(doses that have been reported to be effective and harmless in flies
[53, 55, 73]) prior to conducting aggression assays. We first examined
the effect of acute lithium on Drosophila aggression. We found that
treatment with lithium in the range of 10mM to 50 mM for 1h
significantly suppressed aggression in male flies in a dose-dependent
manner. Males treated with 10mM to 50 mM of lithium showed
reduced lunging frequency (Fig. 1A) and prolonged latency to initiate
fighting (Fig. 1B) compared to control males fed with normal food
(Supplementary Videos 1 and 2). However, we observed no
significant difference in aggression between control males and males
treated with lithium when we shortened the administration time to
half an hour (Supplementary Figs. S1A and S1B), suggesting that the
effect of lithium on suppressing aggression requires at least one hour
to take place in Drosophila.

To ensure that the decrease of aggression induced by LiCl was
dependent on the lithium cation rather than chloride anion, we
treated males with equal concentrations of sodium chloride (NaCl)
for 1Th and found that acute NaCl didn't affect aggression
(Supplementary Figs. S1C and S1D). Moreover, treatment with
lithium carbonate (Li,CO3) at 5mM to 25 mM for 1 h also had a
significant inhibitory effect on intermale aggression (Supplemen-
tary Figs. S1E and S1F). Thus, these results exclude the effect of
anions and suggest that it is indeed lithium that acts to suppress
aggression.

It is of concern that the reduction in aggression is due to a
defect in locomotion caused by acute lithium. Therefore, we
examined walking speed and climbing behavior of flies to assess
locomotion ability. There were no significant differences in
walking speed (Fig. 1C) and climbing ability (Fig. 1D) between
males treated with acute lithium and control males, suggesting
that the decrease in aggression was due to the inhibition of
aggressiveness by acute lithium rather than a result of impaired
locomotion in flies.

It is well-known that dominance relationships could be
established between male flies during fighting: the winner
dominates food and initiates attacks on the loser, while the loser
retreats from food and shows reduced aggression [39, 47, 74].
Since acute lithium suppresses aggression in males, we asked
whether acute lithium affects the competitiveness of males in
establishing dominance. For this purpose, we paired acute NaCl-
or acute LiCl-treated males (treated at a dose of 25 mM for 1 h)
with control males to compare the aggressiveness of males in
each treatment and to count the outcome of the fights. Flies in
different treatments were distinguished by the different colored
dots on their thorax. We found that males treated with acute NaCl
exhibited comparable fighting to control males (Fig. 1E) and were
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Fig. 1 Acute lithium treatment suppresses intermale aggression in Drosophila. Wild-type males treated with LiCl at 10 mM to 50 mM for
1 hour showed reduced lunging frequency (A) and prolonged fighting latency (B) compared to control males fed with normal food. Walking
speed (C) and climbing ability (D) of males treated with LiCl for 1 h were not significantly different from those of control males. Males treated
with 25 mM NaCl for 1 h exhibited comparable lunges compared to control males (E) while males treated with 25 mM LiCl for 1 h showed less
lunges than control males (F). G Percentage of males in each treatment establishing dominance in group (E) and group (F). H Recovery of
aggression following prior 1 h of lithium treatment. *p < 0.05, ***p < 0.001, ****p < 0.0001, n.s. indicates no significant difference. Two-tailed
Mann-Whitney U-test (A, C, F, H); two-tailed unpaired Student’s t test (B, D, E); Fisher's exact test (G). For A-C, H, data are presented as box
plots with medians; for D, data are presented as mean + SEM.
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Fig. 2 Chronic lithium and acute valproate, another commonly used mood stabilizer, do not affect aggression in Drosophila. A Lunging
frequency and fighting latency of males treated with lithium at concentrations ranging from 0 mM to 50 mM for 4 h, 12 h, 20 h, 28 h, and 36 h.
B, € Number of lunges during the first 10 min in the dominance test for males in each treatment when the administration time reached 12 hours.
D Percentage of males in each treatment establishing dominance in group (B) and group (C). E, F Number of lunges during the first 10 min in the
dominance test for males in each treatment when the treatment time reached 28 h. G Percentage of males in each treatment establishing dominance
in group (E) and group (F) Treatment with valproate at concentrations ranging from 0.1 mM to 10 mM for 4 h did not affect lunge frequency (H) and
fighting latency (I) in male flies. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n.s. indicates no significant difference. Two-tailed Mann-Whitney U-
test (A-C, F); two-tailed unpaired Student’s t test (E, H, I); Fisher's exact test (D, G). For, A, H and |, data are presented as box plots with medians.
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Fig. 3 Acute knockdown of Sgg in neurons suppresses aggression. Acute knockdown of Sgg in neurons induced by feeding RU486 for 16 h
reduced lunging frequency (A) and prolonged fighting latency (B) in males. Chronic knockdown of Sgg in neurons induced by feeding RU486
for 48 h did not affect lunging frequency (C) and fighting latency (D) in males. E-G Mutant males with acute knockdown of Sgg in neurons
showed decreased number of lunges in dominance tests compare to uninduced males. H Percentages of males in each condition establishing
dominance in group (E-G). I-K Mutant males with chronic knockdown of Sgg in neurons exhibited comparable fighting to uninduced males in
dominance tests. L Percentages of males in each condition establishing dominance in group (I-K). ***p < 0.001, ****p < 0.0001, n.s. indicates
no significant difference. Two-tailed unpaired Student’s t test (A, E-G, I-K); two-tailed Mann-Whitney U-test (B-D); Fisher’s exact test (H, L) For
A-D, data are presented as box plots with medians.
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Fig. 4 Specific overexpression of Sgg in a subset of P1 neurons (P

1?-split-GAL4) promotes aggression. A Lunging frequency in transgenic

males overexpressing Sgg in a subset of P1 neurons, pCd neurons, Dsk neurons and TK neurons, respectively. B Specific overexpression of Sgg
in a subset of P1 neurons by P1?-split-GAL4 driven UAS-sgg.B shortened fighting latency in males. C Specific overexpression of Sgg in a subset

of P1 neurons promoted tussling behavior in males. D, E Transgenic

males overexpressing Sgg in a subset of P1 neurons showed increased

number of lunges in dominance tests compared to parental control males. F Percentages of males establishing dominance for each indicated
genotype in D and E. Lunging frequency (G) and fighting latency (H) in transgenic males overexpressing Sgg in a subset of P1 neurons after

acute treatment with 25 mM and 50 mM lithium for 4 h. *p < 0.05, **p

<0.01, ***p < 0.001, ****p < 0.0001, n.s. indicates no significant difference.

One-way ANOVA followed by Tukey's multiple comparisons test (A); Kruskal-Wallis test followed by Dunn’s multiple comparisons test
(B, C, G, H); two-tailed Mann-Whitney U-test (D, E); Fisher’s exact test (F) For A-C, G and H, data are presented as box plots with medians.

as competitive as control males in establishing dominance
(Fig. 1G), whereas males treated with acute LiCl showed
significantly less lunges than controls (Fig. 1F) and won a
significantly lower percentage of fights than control males (Fig. 1G
and Supplementary Video 3). Together, these results demonstrate
that one-hour treatment with lithium is effective in suppressing
aggression in Drosophila, thereby causing males to be less
aggressive and competitive in establishing dominance.

Neuropsychopharmacology (2023) 48:754-763

To further clarify the effect of lithium on Drosophila aggression,
we next tested how long the inhibitory effect of acute lithium can
last. Flies were transferred to normal food for a period time as a
recovery after one hour of acute lithium treatment and then
subjected to aggression assays. We found that the aggression of
males treated with 10 mM lithium had returned to a level
comparable to that of controls after only two hours of recovery
following lithium treatment (Fig. TH). Aggression in males treated
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with 25 mM and 50 mM of lithium also returned to baseline levels
after four hours of recovery (Fig. 1H). These results suggest that
the inhibitory effect of acute lithium on aggression in Drosophila
lasts for only a short period of time.

Chronic lithium treatment and valproate do not affect
aggression in Drosophila

The administration of lithium is generally divided into acute
lithium and chronic lithium, depending on the duration of
administration. Previous studies have shown that both acute
and chronic lithium reduce aggression in rodents [19-23].
Therefore, we next examined the effect of lithium on Drosophila
aggression when administered for prolonged periods of time.

When we extended the duration of administration from 1 h to
4h, we found that 5mM of lithium also significantly reduced
aggression in males (Fig. 2A), indicating an enhanced inhibitory
effect of lithium on aggression. Intriguingly, the inhibitory effect of
lithium on aggression began to diminish when males were treated
with lithium for longer periods of time. When males were fed a
lithium-containing diet continuously for 12 h, 5 mM of lithium no
longer suppressed aggression (Fig. 2A). Thereafter, 10 mM and
25 mM of lithium also ceased to suppress aggression when the
treatment time reached 20 h (Fig. 2A). Finally, when males were
continuously treated with lithium for 28 h or longer, 5-50 mM of
lithium had no significant effect on aggression (Fig. 2A). To further
confirm that chronic lithium does not affect aggression, we fed
males a diet containing lithium for several days (2 days, 4 days,
and 6 days) and found no significant difference in aggression
between lithium-treated males and control males (Supplementary
Fig. S2A). Similarly, chronic treatment with 5mM to 25mM of
Li,COs for 28 h did not affect aggression in males (Supplementary
Figs. S2B and S2Q).

We next tested the effect of long-term lithium on the
performance of males in establishing dominance. We found that
males treated with 25mM lithium for 12h were still less
competitive than control males (Fig. 2B-D), while lithium-treated
males were as competitive as control males in dominance assays
when treatment time reached 28 h (Fig. 2E-G), consistent with the
effect of 25mM lithium on aggression. Thus, these results
suggested that only acute lithium has an inhibitory effect on
aggression, while chronic lithium does not affect aggression in
Drosophila.

Valproate is another mood stabilizer commonly used to treat
bipolar disorder. Previous research has shown that lithium and
valproate share effects on the circadian behavior in Drosophila
[55]. Therefore, we also tested the effect of valproate on
Drosophila aggression and found that both acute (4h) and
chronic (48 h) treatments with 0.1 mM to 10 mM of valproate (the
doses effective in flies [55]) did not affect aggression (Fig. 2H, |,
Supplementary Figs. S2D and S2E), suggesting that lithium and
valproate have different effects and mechanisms on aggressive
behavior in Drosophila.

Short-term knockdown of Sgg in neurons suppresses
aggression, while long-term knockdown does not

Glycogen synthase kinase-3 (GSK-3), whose ortholog in Drosophila
is Shaggy (Sgg), is a well-known target of lithium [64-66]. It has
been reported that lithium promotes longevity and lengthens the
period of circadian rhythms in Drosophila through GSK-3 pathway
[53, 55]. Therefore, we investigated whether GSK-3 is involved in
the inhibition of Drosophila aggression by lithium.

Considering that only acute lithium suppresses aggression in
males, we conditionally manipulated the activity of Sgg using a
pan-neuronal Gene-Switch system (elav-GS) which is induced by
RU486 [75]. With reference to the concentration and administra-
tion time of RU486 that have been reported to be effective in
inducing gene expression [75], we acutely knocked down Sgg
expression by feeding flies 0.5 mM RU486 for 16 h, while long-
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term knockdown was defined as continuous administration of
0.5 mM RU486 for 48 h. We found that acute knockdown of Sgg in
neurons significantly inhibited aggression in males. Mutant males
with acute knockdown of Sgg exhibited reduced lunging
frequency (Fig. 3A) and prolonged fighting latency (Fig. 3B)
compared to uninduced males.

Interestingly, there was no significant difference in aggression
between mutant males with long-term knockdown of Sgg and
uninduced males (Fig. 3C, D), consistent with the finding that
chronic lithium does not affect aggression. Similarly, acute
knockdown of Sgg using another dsRNA-expressing transgene
also suppressed intermale aggression, whereas chronic knock-
down did not (Supplementary Fig. S3A-D). Importantly, acute
knockdown of Sgg using both of these two independent RNAI
lines did not affect locomotion activity of flies (Supplementary
Figs. S3E and S3F).

Furthermore, mutant males with acute knockdown of Sgg were
less competitive than uninduced males in dominance tests
(Fig. 3G, H). Data from parental controls suggest that treatment
with RU486 per se did not affect the competitiveness of males to
establish dominance (Fig. 3E, F, H). Mutant males with chronic
knockdown of Sgg showed comparable fighting to uninduced
males in dominance tests (Fig. 3I-L). Together, these results show
that the effects of short-term and long-term knockdown of Sgg on
aggression are consistent with the effects of acute and chronic
lithium on aggression, respectively, suggesting that GSK-3 may be
involved in the lithium-induced inhibition of aggression in
Drosophila.

Specific overexpression of Sgg in a subset of P1 neurons
promotes aggression

We further explored whether the overexpression of Sgg promotes
aggression in males. Unexpectedly, we found that the over-
expression of Sgg in neurons by elav-GAL4 driven UAS-sgg.B did
not increase aggression (Supplementary Figs. S4A and S4B).
Previous work reporting that lithium lengthens the period of
circadian locomotor behavior in flies has shown that the
overexpression of GSK-3 in the clock cells of Drosophila shortens
the period of circadian locomotor activity [55]. Therefore, we
overexpressed Sgg in several group of neurons that had been
reported to modulate aggression in Drosophila including a subset
of P1 neurons [42], pCd neurons [43], Tk neurons [36] and Dsk
neurons [39] (Fig. 4A). We found that specific overexpression of
Sgg in a subset of P1 neurons labeled by P1° split-GAL4
dramatically increased lunging frequency (Fig. 4A) and shortened
fighting latency in males (Fig. 4B). Moreover, we observed that
transgenic males overexpressing Sgg in P1® neurons exhibited
increased tussling behavior, an escalating high-intensity fighting
behavior that was rare in control males (Fig. 4C and Supplemen-
tary Video 4). Likewise, specific overexpression of Sgg in P1?
neurons by R71G01-GAL4 driving UAS-sgg.B profoundly promotes
intermale aggression (Supplementary Figs. S4C and S4D).

Intriguingly, we found that transgenic males with overexpres-
sion of Sgg in P1% neurons showed higher movement velocity
than control males (Supplementary Figs. S4E and S4F), indicating
that overexpression of Sgg in P1% neurons also induces
hyperactivity in flies. When we paired transgenic males over-
expressing Sgg in P1% neurons with two parental controls
separately, we found that transgenic males were more aggressive
in fighting with control males (Fig. 4D, E) and were over-
whelmingly competitive in establishing dominance (Fig. 4F). Thus,
these results demonstrate that overexpression of GSK-3, a target
of lithium, in a subset of P1 neurons that control social behavior in
Drosophila makes flies abnormally aggressive.

Importantly, we found that acute treatment with 25 mM lithium
for 4h failed to suppress aggression in transgenic males
overexpressing Sgg in P1% neurons, while acute lithium at
50 mM still had an inhibitory effect on aggression in transgenic
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males (Fig. 4G, H), suggesting that overexpression of Sgg in P1?
neurons could counteract the inhibitory effect of acute lithium on
aggression to some extent. Considering that chronic lithium has
been shown to be effective in suppressing aggressive behavior in
prisoners [13, 14] and attenuating shock-induced aggression in
rodents [19, 21, 22], we tested whether long-term treatment with
low and medium concentrations of lithium would produce a
inhibitory effect on the hyper-aggression in transgenic males
overexpressing Sgg in P1 neurons. Unfortunately, we found that
treatment with 5 mM, 10 mM and 25 mM lithium for 4 days and
6 days had no significant inhibitory effect on the abnormal
aggression in transgenic males overexpressing Sgg in P1 neurons
(Supplementary Fig. S4G-J). Together, these results show that
chronic lithium affects neither normal aggression in wild-type
Drosophila nor excessive aggression in transgenic males, which is
a puzzling and intriguing issue in the study of lithium on
Drosophila aggression.

DISCUSSION

In recent years, tremendous progress has been made in studying
aggressive behavior in the fruit fly Drosophila melanogaster, and
this inspired us to use Drosophila as a research model to
investigate the mechanisms by which lithium, a commonly used
mood stabilizer, reduces aggression. In this study, we demon-
strated that acute lithium significantly suppresses aggression in
male flies, while chronic lithium does not affect Drosophila
aggression. The suppression of aggression by acute lithium
treatment is also manifested by making males less competitive
in the fight for dominance. Furthermore, acute knockdown of GSK-
3 in neurons significantly reduces aggression and specific over-
expression of GSK-3 in a subset of P1 neurons profoundly
promotes aggression, suggesting that GSK-3 is involved in the
anti-aggressive effect of lithium in Drosophila.

Notably, our work focused on the effect of lithium on
aggression in wild-type males, rather than on flies with mania-
like state. Most research examining the effect of lithium on human
aggression were conducted in populations with abnormally high
levels of aggression, such as children and adolescents with
conduct disorder [2-6], patients with mental handicap [7-11], and
prisoners with extreme anger [12-14]. However, so far there are
no good protocols for establishing stable manic states in
Drosophila, although some manipulations, such as manipulating
the activity of some neurons in flies can make flies more
aggressive. For this reason, we could only examine the effect of
lithium on the spontaneous aggression between two males reared
in isolation in our study. Thus, the inhibitory effect of lithium on
aggression in Drosophila that we observed is somewhat different
from the reported effect of lithium on aggression in humans and
rodents. The main difference lies in the different effects of acute
and chronic lithium on aggression. There are studies showing that
short-term lithium is effective in reducing aggression in prisoners
[12], as well as in children and adolescents with conduct disorder
[2, 4-6, 12]. However, several studies in violent prisoners have also
shown that long-term lithium treatment has an inhibitory effect
on aggressive behavior [13, 14], although this inhibition may be
due to the placebo effect, which is an important factor in human
pharmacology. Similarly, both acute and chronic lithium have
been reported to attenuate shock-induced aggression in rodents,
with slight difference in the effect [19-23]. Intriguingly, we found
that only acute lithium has an inhibitory effect on Drosophila
aggression, while chronic lithium does not affect aggression. In
addition, only acute knockdown of GSK-3 induced by short-term
RU486 administration reduces aggression in males. In this study,
we did not delve into the reasons for the different effects of acute
and chronic lithium on aggression in Drosophila. We suppose that
this may be due to the tolerance to lithium in Drosophila, or a
compensatory mechanism for the pathway through which lithium
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acts to suppress aggression. So far, our current results suggest that
the duration of administration must be considered when studying
the effects and mechanisms of lithium action, especially in
fruit flies.

At the molecular and neural levels, we found that specific
overexpression of GSK-3 in a subset of P1 neurons profoundly
promotes aggression in males, consistent with the previously
reported finding that lithium lengthens the period of circadian
rhythms in Drosophila while overexpression of GSK-3 in clock
neurons driven by pdf-GAL4 shortens the circadian period of flies
[55]. P1% neurons are a cluster of ~20 male-specific interneurons
per hemibrain that have been reported to modulate courtship and
aggressive behavior in male flies [42]. Thermogenetic activation of
P1% neurons in males can increase both lunging and wing
extension. In addition, P1® neurons also promotes a persistent
behavioral state that enhances both courtship and aggressive
behavior. Strikingly, a small group of neurons (VMHvl neurons) in
mice have also been identified as controlling mating and
aggression, as well as being involved in promoting internal states
[67]. Thus, our results that overexpression of GSK-3 in P17 neurons
promotes aggression in males could provide novel insights into
the establishment of mania models in mice and the exploration of
the pathogenesis of mania or bipolar disorder. Furthermore,
overexpression of GSK-3 in other group of neurons known to
promote aggression when activated, including Tk neurons, Dsk
neurons, and pCd neurons does not promote aggression,
suggesting a unique role of P17 neurons in the lithium-induced
inhibition of aggression in Drosophila.

In future studies, our main work will be to explain the different
effects of acute and chronic lithium on aggression by comparing
and analyzing the effects of acute and chronic lithium on flies at
the molecular and neural levels. We are also interested in whether
and how lithium affects sexual behaviors of flies, as a review that
searched thirteen preclinical and clinical studies related to lithium
suggests that lithium may cause sexual dysfunction in animal
models and patients [76]. Considering the fact that P1% neurons
also play an important role in controlling male courtship behavior,
we speculate that lithium may have an inhibitory effect on male
courtship behavior similar to that of lithium on intermale
aggression, and that the underlying mechanism may also involve
GSK-3 and P1? neurons.
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