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Serotonin (5-HT) is known to modulate motor outputs in a variety of animal behaviors. However, the downstream neural pathways of
5-HT remain poorly understood. We studied the role of 5-HT in directional change, or turning, behavior of fruit fly (Drosophila melano-
gaster) larvae. We analyzed light- and touch-induced turning and found that turning is a combination of three components: bending,
retreating, and rearing. Serotonin transmission suppresses rearing; when we inhibited 5-HT neurons with Shibire or Kir2.1, rearing
increased without affecting the occurrence of bending or retreating. Increased rearing in the absence of 5-HT transmission often results
in slower or failed turning, indicating that suppression of rearing by 5-HT is critical for successful turning. We identified a class of
abdominal neurons called the abdominal LK neurons (ABLKs), which express the 5-HT1B receptor and the neuropeptide leucokinin, as
downstream targets of 5-HT that are involved in the control of turning. Increased rearing was observed when neural transmission or
leucokinin synthesis was inhibited in these cells. Forced activation of ABLKs also increased rearing, suggesting that an appropriate level
of ABLK activity is critical for the control of turning. Calcium imaging revealed that ABLKs show periodic activation with an interval of
�15 s. The activity level of ABLKs increased and decreased in response to a 5-HT agonist and antagonist, respectively. Our results suggest
that 5-HT modulates larval turning by regulating the activity level of downstream ABLK neurons and secretion of the neuropeptide
leucokinin.

Introduction
Complex animal behaviors are composed of combinations of dif-
ferent motor patterns or components that can vary depending on
the external environment or internal states. For example, mam-
malian quadrupedal locomotion comprises various combina-
tions of walking, trotting, and galloping (Orlovsky et al., 1999).
Neuromodulators such as neuropeptides and monoamines are
known to change output motor patterns by reconfiguring the
dynamics of neural circuits (Harris-Warrick and Marder, 1991;
Bargmann, 2012). Neuromodulators may modulate neural cir-
cuits by changing the activity of the component neurons or the
synaptic efficacy of the neural connections, or by other mecha-
nisms. How neuromodulators change the information flow
within circuits remains poorly understood, however.

Serotonin (5-HT), a monoaminergic neurotransmitter, is a
well-characterized neuromodulator that plays critical roles in the
regulation of a wide range of animal behaviors. In the mollusk

Tritonia, 5-HT converts a multifunctional circuit that can gener-
ate three distinct behaviors— escape swimming, reflexive with-
drawal, and crawling—to the swim mode (Getting, 1989;
Popescu and Frost, 2002). In lamprey, 5-HT modulates the
swimming motor pattern in part by changing the membrane
properties of spinal neurons (Harris-Warrick and Cohen, 1985;
Wallén et al., 1989). In the nematode Caenorhabditis elegans,
5-HT mediates the transition from crawling to swimming and
inhibits a set of crawl-specific behaviors (Vidal-Gadea et al.,
2011). Little is known, however, about the downstream neurons
or circuits that are critical for motor transitions. This is partly due
to the global nature of 5-HT release; 5-HT, like other neuro-
modulators, can be secreted into the body fluid by extrasynaptic
transmission in addition to being released locally by synaptic
transmission. The possible global release of 5-HT often compli-
cates the study of its downstream targets.

Larval Drosophila provides an excellent model system to study
how animal behavior is affected by sensory stimuli (Gomez-
Marin and Louis, 2012; Kane et al., 2013; Ohyama et al., 2013).
Here, we study the role of 5-HT during directional change behav-
ior (hereafter called turning behavior) in the larvae. Turning is
key for escaping from noxious stimuli such as light or repulsive
odor, and for exploring new territory (Rodriguez Moncalvo and
Campos, 2009; Luo et al., 2010). Green et al. (1983) suggested
that the turning behavior is a combination of three behavioral
components: bending, retreating, and rearing (see Fig. 1A).
Bending is the most commonly observed component, in which
the larvae bend laterally. Retreating is peristaltic movement in a
backward direction. Rearing is the movement in which the ante-
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rior half of the larval body is lifted up vertically, often with a swing
motion swaying from side to side.

In this study, we first show that the turning behavior is com-
posed of varying combinations of the three components. Then we
show that 5-HT regulates the turning behavior by specifically
suppressing one of the three components, rearing. We identify a
neuronal population expressing the 5-HT1B receptor and a neu-
ropeptide, leucokinin, as the downstream targets of 5-HT. Our
results suggest that 5-HT regulates rearing by modulating the
activity level of leucokinin neurons, revealing a specific neural
pathway downstream of 5-HT in the modulation of animal
behavior.

Materials and Methods
Fly stocks. Fly stocks were cultured at room temperature (23�25°C).
Crosses were raised at 22°C except for the crosses of RNAi experiments,
which were raised at 25°C. We used third-instar larvae [early wandering
stage larvae; 132 � 4 h after egg laying (AEL) reared at 22°C or 108 � 4 h
AEL reared at 25°C] for behavioral experiments unless indicated other-
wise. We used males (selected by the shape of the gonads) for all experi-
ments, although we did not observe any obvious difference in turning
behavior between males and females (data not shown).

The following fly strains were used: w1118, Canton-S, tryptophan hy-
droxylase (Tph)-Gal4 (Park et al., 2006); 5-HT1A-Gal4 (Luo et al., 2012);
5-HT1B-Gal4 (Yuan et al., 2005); 5-HT2-Gal4 (Nichols, 2007); 5-HT2B-
Gal4, 5-HT7-Gal4 (Gasque et al., 2013); c127-Gal4 (Hewes et al., 2003);
UAS-Shibirets (Shits) (Kitamoto, 2001); UAS-dTrpA1 (Hamada et al.,
2008); UAS-Kir2.1 (Baines et al., 2001); UAS-mCD8::GFP (Lee and Luo,
1999); UAS-syt::GFP (Zhang et al., 2002); UAS-GCaMP3.0 (Tian et al.,
2009); TH-Gal4 (Friggi-Grelin et al., 2003); tdc2-Gal4 (Cole et al., 2005);
teashirt (tsh)-Gal80 (Clyne and Miesenböck, 2008); UAS-Flybow1.0,
UAS-hs-mFlp5 (Hadjieconomou et al., 2011); and UAS-5-HT1A RNAi,
UAS-5-HT1B RNAi, UAS-5-HT2A RNAi, UAS-5-HT2B(CG42796)
RNAi, UAS-5-HT7 RNAi, UAS-Lk-RNAi, and Mi{ET1}5-HT1BMB05181

(obtained from the Bloomington Stock Center). We used w1118 flies as
control animals.

Chemicals. 8-OH-DPAT (C16H25NO; Sigma) and WAY100635
(C29H38N4O6; Sigma) were used. 8-OH-DPAT is an agonist of
5-HT1A, 5-HT1B, and 5-HT7. WAY100635 is an antagonist of 5-HT1A
and 5-HT1B (Tierney, 2001).

Behavioral assay. We used the GAL4-UAS system combined with Shi ts

(Kitamoto, 2001), Kir2.1 (Baines et al., 2001), and TrpA1 (Hamada et al.,
2008) to manipulate the transmission of specific neurons (Brand and
Perrimon, 1993). All experiments were performed at 32°C unless noted
otherwise. In a light-induced directional change assay, turning was
evoked by strong blue light with an Hg light source (460 – 496 nm, 850
�W/mm 2) under stereoscopic microscopy (SZX16; Olympus). Hg light
was focused to stimulate a narrow area that covered the upper half of the
larval body. For the experiments at 32°C, agar plates were maintained at
32°C with a heat plate (MATS-55SF; Tokai Hit). Third instar larvae were
picked up from a vial and rinsed carefully. Larvae were then set on an agar
plate for a 5 min acclimation period. We applied the light to freely loco-
moting larvae by opening the shutter of a blue light path. Stimulated
larvae stopped peristalsis movement and underwent a directional change
for an avoidance behavior. When larvae completed a directional change
and restarted the peristalsis, we stopped the light stimulation. We defined
this process as one event of the behavioral assay. 8-OH-DPAT at a con-
centration of 5 mM in yeast paste was given to the larvae 48 h before the
behavioral assay.

To measure larval responses to a mechanical stimulus, we put coarse
paper on the agar plate and observed larval behavior when they hit and
entered the paper section at a perpendicular angle during locomotion.

We analyzed five events per each of 7–25 larvae for all behavioral assays
mentioned above. The events were recorded using a CCD camera (XCD-
V60; Sony) at 15 frames per second. By watching a video of each event, we
manually enumerated the three behavioral components (bending, re-
treating, and rearing) in each event. We defined bending as a head swing
with the angle between the axis of the anterior part of the larva and that of

the posterior body at �30 degrees. We counted a larva bending to the
right and left in succession as two bendings. We defined retreating as the
occurrence of partial or complete backward peristalsis, and rearing as a
complete vertical lifting of the anterior part of the body from the surface
of the agar plate. Occasionally, larvae finish rearing by undergoing bend-
ing. In these cases, the behavior was counted for both rearing and bend-
ing. The failure rate of turning was defined as the number of failed
turnings divided by the total number of light or mechanical stimulations.
A failed turning refers to the initiation of peristalsis before the larva
changed direction in the case of light stimulation, and initiation of peri-
stalsis on the paper in the case of mechanical stimulation. Behavioral
responses to five stimulations were analyzed for each larva. Rearing inci-
dence in free locomoting larvae was measured by video recordings of the
larvae undergoing locomotion on the agar plate at 32°C. We analyzed five
spontaneous turnings for each larva. The rolling behavior was induced by
pinching the body wall of a larva with tweezers. We measured the speed
of larval forward locomotion by measuring the duration of each peristal-
tic wave in the video recordings of freely locomoting larvae at 30 frames
per second.

Immunostaining and microscopy. For immunostaining of the ventral
nerve cord (VNC), we dissected and pinned each larva on a silicone plate
to expose the brain and VNC. The preparation was then fixed and stained
as described previously (Nose et al., 1997). We used rabbit anti-GFP
(Invitrogen; 1:1000), mouse anti-GFP (Sigma; 1:100), rabbit anti-5-HT
(Sigma; 1:200), rabbit anti-leucokinin (Al-Anzi et al., 2010), rabbit anti-
leucokinin receptor (Radford et al., 2002), rat anti-elav (Developmental
Studies Hybridoma Bank), and mouse anti-V5 (Invitrogen; 1:500) as
primary antibodies. We used goat anti-rabbit IgG conjugated with Alexa
488 (Invitrogen; 1:300), goat anti-mouse IgG conjugated with Alexa
488 (Invitrogen; 1:300), goat anti-rabbit IgG conjugated with Cy3
(Invitrogen; 1:300), and goat anti-mouse IgG conjugated with Alexa
555 (Invitrogen; 1:300) as secondary antibodies. Confocal images
were taken using a 60� objective lens with an Olympus FV-1000
confocal microscopy.

Calcium imaging. We dissected third instar wandering larvae and im-
aged them in Ca 2�-free insect normal saline (5 mM HEPES-NaOH, 140
mM NaCl, 2 mM 6 mM KCl, MgCl2, 36 mM sucrose, pH 7.1) to avoid
movements of the muscles.We imaged the fluorescence change of
GCaMP3 in the VNC using an upright Axioskop2 FS microscope (Zeiss)
equipped with an EM CCD camera (iXon) with a 40� water-immersion
objective lens, at a rate of 10 Hz. For quantitative analysis of the temporal
change of the fluorescence signal, regions of interest (ROIs) were drawn
around cell bodies or the terminal plexus. For drug administration ex-
periments, collagenase type IV (Sigma-Aldrich) at a concentration of 0.5
mg/ml was applied for 30 s to remove the glial sheath surrounding the
VNC and facilitate penetration of the drug within the VNC. Three min-
utes after washing out the collagenase, imaging was performed for �100
s in the absence of the drug. Then the saline containing the drug (8-OH-
DPAT or WAY100635) was added to the bath at a final concentration of
5 mM, and imaging was performed for another �100 s. Two ROIs
(around cell bodies of the abdominal LK neurons) were analyzed before
and after drug administration in each larva, and their average fluorescent
signal in each frame was used in data analysis.

We smoothed the fluorescent signal by averaging the intensity over 10
frames. To correct for the baseline decline due to photobleaching, we
defined the baseline fluorescence F0(t) as the minimum signal from t �
10 to t � 10 s, and normalized the fluorescent signal as �F/F(%) 	
100 * [F(t) � F0(t)]/F0. To investigate the effects of drugs, we counted the
number of frames in which the fluorescent signal was above a certain
threshold level (�F/F 	 0.5, 1, 2, 4, 6, and 8%) before and after drug
application, and then used the ratio between before and after drug appli-
cation as the measure for the change in activity level. Similarly, we
counted the number of peaks in which the �F/F was above 4% and used
the ratio between before and after drug application as a measure for the
change in the frequency of activity.

Statistical analysis. For pairwise comparisons, a Welch’s t test was used.
We performed a one-way ANOVA with Tukey’s post hoc test and a two-
way ANOVA for comparisons among the relevant groups. Data are pre-
sented as means � SEM.
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Results
Larval turning consists of variable combinations of bending,
retreating, and rearing
Drosophila larvae exposed to blue light show turning behavior to
escape from the stimulation (Xiang et al., 2010). To efficiently trigger
turning behavior, we applied light focally to the anterior part of each
crawling larva under a stereoscopic microscope (Fig. 1A; see Mate-
rials and methods). We first quantified the number of behavioral
components [as defined by Green et al. (1983)] during turning in
third-instar (early wandering stage) larvae. Our analyses of control
larvae (Canton-S and w1118) showed that each turning response con-
sists of a combination of three behavioral components: bending,
retreating, and rearing. Three examples are shown in Figure 1B–D
and Movie 1. In the first example (Fig. 1B), two each of bend-
ing and retreating movements were observed before the turn-

Figure 1. Larval directional change behavior consists of three components: bending, retreating, and rearing. A, Schematic of the behavioral assay and three components of the directional change
behavior. The anterior–posterior (A–P) axis of a larva is shown by a double-headed arrow in this and subsequent figures. B–D, Examples of the directional change in wild-type (Canton-S) larvae.
Snap shots of each turning event are shown. The circles enclosed by white dashed lines indicate the region of the light stimulus. Gray arrows indicate larval direction before and after directional
change in this and subsequent figures. E, Histograms of the total number of behavioral components in each event. Results were obtained from 54 turning events in 11 larvae at 25°C and 84 events
in 16 larvae at 32°C (Canton-S, left), and 42 events in 9 larvae at 25°C and 68 events of 13 larvae at 32°C (w1118, right). F, Incidence of each component (bending, retreating, and rearing) included
in a turning event. n 	 13–16. G, Average number of each component included in a turning event. n 	 13–16. *p 
 0.05; ***p 
 0.001 (Tukey–Kramer post hoc test).

Movie 1. Directional change behavior of Canton-S larvae. This movie is related to Figure 1.
The speed of the movie is 0.5� the raw data.

2546 • J. Neurosci., February 12, 2014 • 34(7):2544 –2558 Okusawa et al. • Serotonin Modulates Larval Turning via Leucokinin







Figure 2. Blocking 5-HT transmission increases rearing during directional change behavior. A–E, Rearing is increased in Tph-Gal4/�; UAS-Shits/� (A, C, D) and Tph-Gal4/UAS-Kir2.1 (B, E) larvae.
A, B, Examples of increased rearing during turning. C–E, Quantitative analyses showing an increased incidence (C, E) and the average number (D) of rearing events (n 	 11–15). F, Decrease of
rearing incidence upon administration of a 5-HT agonist, 8-OH-DPAT, at 32°C (n 	24 –25) and 25°C (n 	8 –11). G, Rearing incidence and effects of 5-HT inhibition are similar between the foraging
(108 � 4 h AEL reared at 22°C) and wandering stages of the third instar (n 	 10 –14). H, Inhibition of dopaminergic and octopaminergic/tyraminergic neurons in TH-Gal4/UAS-Shit s and
tdc2-Gal4/�; UAS-Shits/� larvae, respectively, has no effect on rearing (n 	 7–14). All experiments were performed at 32°C unless noted otherwise. *p 
 0.05; ***p 
 0.001 [Tukey–Kramer post
hoc test (C–E, H ) or Welch’s test (F, G)]. N.S., No significant statistical difference.
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ing was completed by the third bending. In the second example
(Fig. 1C), the larva completed the turning by a single bending. In
the last example (Fig. 1D), the larva exhibited a complex response
that included all three behavioral components.

To quantitatively characterize the composition of the turning
behavior, we measured three parameters as described below.
First, we counted the total number of behavioral components
included in each turning event (for example, in the three exam-
ples above, the total numbers are five, one, and four, respec-
tively). This number showed a wide distribution (Fig. 1E). Next,
we studied the incidence of each component in each turning
event. Analyses of the incidences indicate that at least one bend-
ing occurred in each turning event (Fig. 1F). In contrast, retreat-
ing and rearing were observed in only �30% of the events.
Finally, we studied the total number of each component in each
turning event and found that, on average, 1.5–2.2 bending, �0.5
retreating, and �0.3 rearing movements occurred per event (Fig.
1G). These results show that bending is an essential component of
turning and occurs at least once during the turning event,
whereas retreating and rearing are dispensable and occur more
infrequently (p 
 0.001; Fig. 1F, Canton-S at 25°C, F(2,27) 	 35.8;
at 32°C, F(2,42) 	 56.3; w1118 at 25°C, F(2,21) 	 31.4; at 32°C, F(2,33) 	
62.6; Fig. 1G, Canton-S at 25°C, F(2,30) 	 37.4; at 32°C, F(2,45) 	 79.2;
w1118 at 25°C, F(2,23) 	 56.6; at 32°C, F(2,36) 	 65.9; n 	 13–16
animals per genotype, one-way ANOVA). Similar results were
obtained when the assay was performed at 25 or 32°C (Fig. 1F,G)
and in the two strains we used as controls (Canton-S and w1118).
Together, our results indicate that larval directional change be-
havior is generated by a variable combination of bending, retreat-
ing, and rearing, with bending being the essential and most
frequent component.

Inhibition of 5-HT neurons increases rearing, but not
bending or retreating, during turning behavior
Next we asked whether 5-HT plays some role in the control of
turning behavior. For this, we first studied the effects of blocking
the transmission of 5-HT neurons using the temperature-
sensitive dynamin protein, Shibire ts (Shi ts) (Kitamoto, 2001).
We used Tph-Gal4 to drive Shi ts expression in 5-HT neurons.
This Gal4 line drives expression in most of 5-HT-expressing neu-
rons and weakly in a few 5-HT-negative neurons in the VNC
(Chen and Condron, 2008; Huser et al., 2012). We found that
temporal inhibition of Tph-Gal4 neurons increased the incidence
of rearing without affecting that of bending and retreating (Fig.
2A, Movie 2). Whereas rearing was seen in only �30% of the
turning events in the control larvae, it was observed in �70% of
the events when transmission of 5-HT neurons was inhibited
(F(2,37) 	 12.9, p 
 0.001, n 	 11–15 animals per genotype,

one-way ANOVA; Fig. 2C). The average number of rearing be-
haviors that occurred in each event also increased (F(2,36) 	 16.3,
p 
 0.001, n 	 11–15 animals per genotype, one-way ANOVA;
Fig. 2D). In contrast, incidence and average number of bending
or retreating did not change (p � 0.05; Fig. 2C, bending, F(2,37) 	
2.4; retreating, F(2,37) 	 0.9; Fig. 2D, bending, F(2,36) 	 1.0; re-
treating, F(2,36) 	 1.3; n 	 11–15 animals per genotype, one-way
ANOVA). Thus, temporal inhibition of Tph-Gal4 neurons spe-
cifically increased the incidence of rearing without affecting that
of bending and retreating. An abnormal phenotype (Fig. 2B) and
a specific increase in rearing was also observed when the trans-
mission of Tph-Gal4 neurons was blocked by expression of Kir2.1
at 32°C (F(2,35) 	 33.3, p 
 0.001, n 	 11–15 animals per geno-
type, one-way ANOVA; Fig. 2E). Sitaraman et al. (2008) showed
that the level of 5-HT in the adult heads of w1118 is only 30% of
that in Canton-S. However, there was no statistically significant
difference in the incidence and total number of rearing between
w1118 and Canton-S (Fig. 1F, p � 0.05, F(1,45) 	 0.04, F(1,45) 	 1.9;
Fig. 1G, p � 0.05, F(1,44) 	 0.01, F(1,44) 	 0.1; n 	 11–15 animals
per genotype, two-way ANOVA). Thus, this level of decrease in
5-HT expression appears to only have limited impacts on the
regulation of rearing. Inhibition of 5-HT neurons had no obvious
effects on other larval behaviors including rolling (data not shown)
and forward peristaltic locomotion (duration of a single forward
peristalsis, 0.59 � 0.01 s in Tph-Gal4/�; UAS-Shits/� compared to
0.54 � 0.02 and 0.55 � 0.02 s in Tph-Gal4/� and UAS-Shits/�,
respectively; F(2,17) 	 1.3, p � 0.05, n 	 6–10 animals per genotype,
one-way ANOVA followed by Tukey–Kramer test).

We next investigated what happens to the turning behavior
when 5-HT neurons are activated. For this purpose, we initially
tried to use the Drosophila temperature-sensitive cation channel
dTrpA1 (UAS-TrpA1; Hamada et al., 2008). However, when
5-HT neurons were activated by the dTrpA1 channel, larval lo-
comotion was strongly compromised, hampering the assay of the
directional change. Therefore, we next studied the effects of a
5-HT agonist, 8-OH-DPAT, which increases the levels of serotonin
signaling in the larval body by acting specifically on the 5-HT recep-
tors 5-HT1A, 5-HT1B, and 5-HT7 (Tierney, 2001; Johnson et al.,
2009). We found that oral administration of 8-OH-DPAT signifi-
cantly reduced the incidence of rearing during the larval turning
assay (t(36) 	 2.1, p 
 0.05, n 	 24–25 animals per group, Welch’s
test; Fig. 2F). These results indicate that the level of 5-HT is critical
for the regulation of rearing behavior.

A previous study reported that light reactivity changes be-
tween the foraging and wandering stages of third instar larvae and
that this transition in light sensitivity is regulated by 5-HT neu-
rons (Rodriguez Moncalvo and Campos, 2009). In our experi-
mental system, however, the larvae responded to light to a similar
degree at both developmental stages, possibly because stronger
light was applied in our assay (t(23) 	 1.4, p � 0.05, n 	 14
animals per genotype, Welch’s test; Figure 2G). Furthermore, an
increase in rearing was observed at both the foraging and wan-
dering stages when 5-HT neurons were inhibited. Thus, an in-
crease in rearing caused by 5-HT inhibition appears to be
independent of a role for 5-HT in developmental changes in light
reactivity. We also questioned whether rearing could be induced
by inhibition of other biogenic amines. We used TH-Gal4 and
tdc2-Gal4 lines to drive Shi ts expression in dopamine neurons
and octopamine/tyramine neurons, respectively. An increase in
rearing incidence was not observed (p � 0.05, n 	 7–14 animals
per genotype, Tukey–Kramer test; Fig. 2H), indicating that 5-HT
plays a specific role among the biogenic amines in the regulation
of rearing.

Movie 2. Directional change behavior of control and Tph-Gal4/UAS-Shibirets larvae induced
by a light stimulus. This movie is related to Figure 2.
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5-HT transmission is required to suppress rearing when
larvae receive multiple sensory inputs
The experiments described above suggest that 5-HT inhibits rear-
ing during light-induced turning behavior. However, since the
behavioral assays were performed at a high temperature (32°C) to
activate temperature-sensitive Shi ts, thermal stimuli could be a
factor affecting the action of 5-HT. We therefore used UAS-
Kir2.1 to inhibit 5-HT neurons at different temperatures and
found that the effect of 5-HT inhibition was indeed temperature
dependent. As shown in Figure 3A, inhibition of 5-HT neurons
had no effect on the incidence of rearing at 25 and 28°C compared
to the incidence at 32°C (F(2,36) 	 14.2, p 
 0.001, n 	 8 –11
animals per genotype, one-way ANOVA; Fig. 3A). These results
point to the importance of temperature in the control of rearing
by 5-HT neurons. However, no increase in rearing was induced
by inhibition of 5-HT neurons when thermal stimulation alone
(without light stimulation) was applied to the larvae (F(2,23) 	
2.5, p � 0.05, n 	 8 –10 animals per genotype, one-way ANOVA;
Fig. 3C). These results suggest that 5-HT transmission is required

to suppress rearing when larvae receive
both light and thermal stimuli. Tempera-
ture dependence was also seen for the
rearing phenotype when 5-HT signaling
was increased by oral administration of an
agonist, 8-OH-DPAT: no decrease in
rearing was observed when the behavioral
assay was performed at 25°C (t(10) 	 0.3,
p � 0.05, n 	 8 –11 animals per group,
Welch’s test; Fig. 2F).

We next asked whether 5-HT trans-
mission is required to suppress rearing
when sensory stimuli other than light are
used to induce turning. For this purpose,
we used noxious mechanical stimuli as a
trigger for directional change. We laid
coarse paper in the path of larval locomo-
tion. When the larvae hit and crawled on
the paper, they exhibited a turning re-
sponse as was observed upon light stimuli
(Movie 3). Rearing incidence increased
when 5-HT neurons were inhibited dur-
ing this assay (F(2,32) 	 9.1, p 
 0.01, n 	
8 –11 animals per genotype, one-way
ANOVA; Fig. 3B). Thus, 5-HT transmis-
sion regulates rearing during larval turn-
ing induced by multiple types of triggers.
As was the case with light-induced turn-
ing, the regulation of rearing by 5-HT
transmission was temperature dependent:
the increase in rearing was not observed at
25°C (incidence, 32°C, 0.80 � 0.08; 25°C,
0.24 � 0.06; p 
 0.001, n 	 8 –11 animals
per genotype, Tukey–Kramer test; Fig.
3B).

5-HT-mediated suppression of rearing
is required for successful turning
We next investigated the role of 5-HT-
mediated suppression of rearing. To ad-
dress this question, we evaluated how
increased rearing in the absence of 5-HT
transmission affects larval turning. First,
we measured the duration of the entire

directional change process evoked by light or mechanosensation.
The duration of the behavior was greatly increased upon 5-HT
inhibition when either the light or mechanical stimulation was
used as a trigger (light stimuli, F(2,29) 	 37.7; mechanical stimuli,
F(2,26) 	 7.7; p 
 0.001, n 	 8 –14 animals per genotype, one-way
ANOVA; Figure 4A,B). Thus, in the absence of 5-HT transmis-
sion, the directional change process takes longer. There was a
close correlation between the number of rearing events and the
duration of the turning behavior, suggesting that the increase in
rearing is the cause of the longer duration of turning (Fig. 4C).
We next studied failure rates of the directional change and found
that in the absence of 5-HT transmission, turning often failed to
be completed (Fig. 2B). In the case of turning in response to light,
failed turning results in the reinitiation of peristalsis before the
larvae change direction. In the case of turning in response to
rough paper, a failed turning results in peristalsis on the paper. In
either case, the larvae failed to avoid the noxious stimuli by turn-
ing (light stimuli, F(2,29) 	 37.5, p 
 0.001; mechanical stimuli,
F(2,26) 	 3.6, p 
 0.05; n 	 8 –14 animals per genotype, one-way

Figure 3. Control of rearing by 5-HT transmission is temperature dependent and is also involved in mechanically induced
turning. A, Temperature dependence. Incidence of rearing during light-induced turning in control and Tph-Gal4/UAS-Kir2.1 larvae
at different temperatures (25, 28, and 32°C) is shown. The effects of the inhibition of 5-HT transmission are temperature dependent
(n 	 8 –11). B, 5-HT transmission is required to suppress rearing during mechanostimulus-induced turning at 32°C (n 	 8 –11).
C, Rearing incidence of Tph-Gal4/UAS-Kir2.1 larvae when only thermal stimulation (without light stimulation) was applied at 32°C
(n 	 8 –10). **p 
 0.01; ***p 
 0.001 (Tukey–Kramer post hoc test). N.S., No significant statistical difference.
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ANOVA; Fig. 4D,E; Movie 3). Again, there was a close correlation
between the number of rearing events and success/failure of the
turning (light stimuli, t(35) 	 3.9, p 
 0.001; mechanical stimuli,
t(38) 	 2.4, p 
 0.05; n � 14 events per group, Welch’s test; Fig.
4F). These results suggest that inhibition of rearing by 5-HT is
required for prompt and successful turning.

Rearing is regulated by 5-HT neurons in the ventral
nerve cord
In the larval CNS, 5-HT is expressed in 10 cells in each brain
hemisphere, 16 cells in the suboesophageal ganglion (SOG), and
in two pairs of neurons in each neuromere in the VNC except in
A8 and T1, where one and three pairs of neurons are present,
respectively (Vallés and White, 1988; Chen and Condron, 2008;
Huser et al., 2012). We next used tsh-Gal80, which suppresses
Gal4 action in the VNC, to determine which of the neuronal
populations is involved in the control of rearing (Clyne and
Miesenböck, 2008). We first confirmed that tsh-Gal80 efficiently
suppresses the Tph-Gal4-driven expression in the VNC, but not
in the brain or SOG, by using UAS-mCD8::GFP as a reporter (Fig.
5A,B). Next we measured rearing incidence in Tph-Gal4/�;
UAS-Shits/� larvae with or without the tsh-Gal80 transgene. The
increase in rearing by expression of Shi ts by Tph-Gal4 was largely
rescued by the tsh-Gal80 transgene (F(2,28) 	 15.1, p 
 0.001, n 	
9 –14 animals per genotype, one-way ANOVA; p 
 0.01, Tukey–
Kramer post hoc test; Fig. 5C). This observation indicates that
5-HT neurons in the VNC, not the brain, are involved in the
regulation of rearing.

To study the distribution of synaptic terminals of the 5-HT
neurons in the VNC, we expressed a presynaptic marker, Synap-
togagmin (Syt)-GFP, in these cells. Consistent with a previous
study (Sykes and Condron, 2005), Syt-GFP-positive putative pre-
synaptic sites of 5-HT neurons were widely distributed in the
VNC (Fig. 5D). This result suggests that 5-HT is released broadly
in the VNC.

5-HT1B receptors are involved in the control of rearing
We next investigated the downstream neural pathway of 5-HT
involved in the regulation of rearing. In Drosophila, five 5-HT
receptors, 5-HT1A, 5-HT1B, 5-HT2A, 5-HT2B, and 5-HT7, have
been identified. To determine which of the receptors are in-
volved, we first used Gal4 lines specific to the neurons that ex-
press each receptor (Yuan et al., 2005; Nichols, 2007; Luo et al.,
2012; Gasque et al., 2013) to study whether blocking their trans-
mission leads to the same phenotype as when 5-HT neurons are
inhibited. We found that expression of Shi ts by 5-HT1B-Gal4,
but not 5-HT1A-Gal4, 5-HT2A-Gal4, 5-HT2B-Gal4, or 5-HT7-
Gal4, increased rearing during light-induced turning (F(7,63) 	

5.2, p 
 0.001, n 	 7–14 animals per genotype, one-way ANOVA;
Fig. 6A). Thus, transmission by cells expressing the 5-HT1B re-
ceptor is required for the regulation of rearing. We also used
tsh-Gal80 to suppress 5-HT1B-Gal4-driven expression in the
VNC and found that the increase in rearing was rescued (F(2,31) 	
12.8, p 
 0.001, n 	 9 –10 animals per genotype, one-way
ANOVA; p 
 0.001, Tukey–Kramer post hoc test; Fig. 6I). Thus,
5-HT1B neurons in the VNC are involved in the regulation of
rearing.

Further support for the role of 5-HT1B receptors was obtained
through analyses of the mutants. A transposon-mediated mutation
of 5-HT1B, Mi{ET1}5-HT1BMB05181, is a hypomorphic allele that
produces a reduced level of mRNA (Johnson et al., 2011). An in-
crease in rearing incidence was seen in the mutant larvae (t(22) 	 3.2,
p 
 0.01, n 	 10–11 animals per genotype, Welch’s test; Fig. 6B). An
increase in rearing was also seen when shRNA of 5-HT1B, but not
5-HT1A, 5-HT2A, 5-HT2B, or 5-HT7, was expressed in 5-HT1B-
Gal4 neurons (F(8,77) 	 5.7, p 
 0.001, n 	 9–16 animals per geno-
type, one-way ANOVA; Fig. 6C). These data indicate that the
5-HT1B receptor is involved in the regulation of rearing. The in-
crease in rearing in the larvae expressing shRNA of 5-HT1B was not
seen when the behavioral assay was performed at 25°C (incidence,
0.71 � 0.04 at 32°C, 0.36 � 0.03 at 25°C; p 
 0.01, n 	 9–16 animals
per genotype, Tukey–Kramer test; Fig. 6C). Thus, the regulation of
rearing by the 5-HT1B receptor is temperature dependent, as was the
case for 5-HT.

We studied the morphology of 5-HT1B-Gal4 neurons by ex-
pressing mCD8::GFP. As shown in Figure 6D, 5-HT1B-Gal4 was
expressed in three distinct cell types. First, expression was seen in
a single neuron per hemineuromere of segments A1–A7 (Fig.
6D�, green cells), which showed a characteristic morphology with
two axons, one projecting along the longitudinal tract and termi-
nating at the posterior end of the neuropile (terminal plexus; Fig.
6E,H) and the other projecting to the periphery and terminating
on muscle 8 (Fig. 6F). As will be described below, we identified
these neurons as leucokinin-positive the abdominal LK neurons
(ABLKs) and as being involved in the regulation of rearing. The
other cell groups that expressed 5-HT1B-Gal4 were a single in-
terneuron per hemisegment located more medially (Fig. 6D�, orange
cells, G) and cells at the midline (D�, gray cells), which are Elav
negative and thus are likely to be glia.

Leucokinin transmission by 5HT1B-positive ABLK neurons is
involved in the control of rearing
Leucokinin, a neuropeptide, is specifically expressed in the VNC in a
single neuron in each abdominal hemisegment (de Haro et al.,
2010). A total of 14 cells are present (in A1 to A7) and are called
ABLK neurons. The axons of these neurons project to two distinct
destinations: one within the CNS to the terminal plexus and the
other out to the periphery terminating on lateral muscle 8 (Cantera
and Nässel, 1992; Landgraf et al., 2003; Santos et al., 2007; de Haro et
al., 2010). The characteristic morphology closely resembles that of a
population of 5-HT1B-expressing neurons described above, sug-
gesting the possibility that they may be the same cells. We confirmed
that this is the case by double staining for leucokinin (with an anti-
leucokinin antibody) and GFP expressed in 5-HT1B-Gal4 neurons.
The two signals colocalized in the same neurons in the VNC, indi-
cating that this population of 5-HT1B-expressing neurons com-
prises leucokinin-positive ABLKs (Fig. 7A,B).

We next asked whether this population of 5-HT1B-expressing
neurons is involved in the regulation of rearing. For this purpose,
we used a Gal4 line specific to leucokinin neurons, c127-Gal4.
Expression of Shi ts by c127-Gal4 increased rearing (F(2,44) 	 6.8,

Movie 3. Directional change behavior of control and Tph-Gal4/UAS-Kir2.1 larvae induced by
a mechanostimulus. This movie is related to Figures 3 and 4.
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p 
 0.01, n 	 10 –25 animals per genotype, one-way ANOVA;
Fig. 7C), indicating that transmission by leucokinin neurons is
involved in the regulation of rearing during turning. Whereas
c127-Gal4 was expressed in ABLKs in the VNC only, it was also
expressed in other neurons in the brain and SOG. However,
among the c127-Gal4-expressing neurons, only ABLKs expressed
5-HT1B-Gal4 (data not shown). These results suggest that ABLKs
are involved in the regulation of rearing. To further test this idea,
and the involvement of leucokinin itself, we next expressed
shRNA of leucokinin using 5-HT1B-Gal4. Rearing incidence was
increased (F(2,39) 	 8.2, p 
 0.01, n 	 8 –12 animals per genotype,
one-way ANOVA; Fig. 7D), confirming the involvement of
ABLK neurons and leucokinin. Together, our results suggest that
during the regulation of rearing, 5-HT signaling is received by
ABLK neurons via the 5-HT1B receptor and transmitted to neu-
rons further downstream by secretion of leucokinin (Fig. 8D).

Distribution of leucokinin receptors
To gain insight into downstream pathway(s) of the 5-HT signal-
ing, we next studied the expression pattern of the leucokinin

receptor, which was described previously (Radford et al., 2002;
Al-Anzi et al., 2010). Here, we focused our analyses on the expres-
sion in the larval VNC. Staining with an antibody showed that the
receptor is broadly expressed in the CNS (Fig. 8A–A�). Strong
signals were seen in varicosity-like structures in neurites, many of
which appeared to align along longitudinal tracts. Notably, ex-
pression was seen near the axon terminals of the ABLK neurons at
the terminal plexus (Fig. 8B–B�). The terminals of ABLK neurons
expressed Syt-GFP and leucokinin, indicating that they may be
the presynaptic release sites (data not shown). Expression of the
receptor was also seen in the cell bodies of ABLKs, suggesting a
possibility of autocrine signaling. In contrast, no signal or only a
weak signal was seen in muscles, peripheral neurons, and the
body wall (data not shown), suggesting that muscles are not the
downstream targets involved in the regulation of rearing.

Activity of leucokinin neurons is regulated by 5-HT and
critical for the control of rearing
We next examined the effect of hyperactivation of ABLK neu-
rons. For this purpose, we expressed the TrpA1 channel in ABLK

Figure 4. Suppression of rearing by 5-HT neurons is required for prompt and successful turning. A–F, Turning behaviors induced by light (A, C, D, F ) and mechanical stimuli (B, E, F ) were
analyzed. A, B, Duration of turning behavior is increased in Tph-Gal4/UAS-Kir2.1 larvae. The duration was defined as the time between the presentation of the stimuli and restart of peristalsis. C,
Correlation between the number of rearings and duration of turning behavior during light-induced turning. D, E, Failure rate of turning is increased in Tph-Gal4/UAS-Kir2.1 larvae. F, Correlation
between the number of rearings and success/failure of turning. n 	 8 –14 (A, D); n 	 8 –11 (B, E); n � 14 (C, F ). All experiments were performed at 32°C. *p 
0.05; ***p 
0.001 [Tukey–Kramer
post hoc test (A–E) or Welch’s test (F )].
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using the c127-Gal4 line. (The 5-HT1B-Gal4 line could not be
used for this purpose because activation of TrpA1 by this Gal4
line caused severe locomotion defects.) We found an increase in
rearing by hyperexcitation of c127-Gal4 neurons (F(2,27) 	 12.0,
p 
 0.001, n 	 9 –19 animals per genotype, one-way ANOVA;
Fig. 9A). Thus, both activation and inhibition of ABLK neurons
led to misregulation of rearing during turning behavior.

To understand how the activity of ABLK neurons is regulated
by 5-HT, we next performed Ca 2� imaging of the activity of
ABLKs by expressing GCaMP 3.0 in these neurons. We observed
a periodic activation of these neurons with a cycle of 15.00 �
0.75 s in the dissected larvae (Fig. 9B,C). In each cycle of activa-
tion, ABLK neurons in left and right hemisegments and in differ-
ent segments are activated simultaneously, suggesting that they
receive common or simultaneous inputs. When we added the
5-HT antagonist WAY100635 during the imaging, the activity
level (total period in which Ca 2� signal was above a certain
threshold) and frequency of the periodic activation decreased
(Fig. 9D,F, threshold set to 0.5%, F(2,29) 	 7.7, p 
 0.01; 1%,
F(2,29) 	 9.2, p 
 0.001; 2%, F(2,29) 	 11.2, p 
 0.001; 3%, F(2,29) 	
12.8, p 
 0.001; 4%, F(2,29) 	 9.7, p 
 0.001; 6%, F(2,29) 	 9.1, p 

0.001; 8%, F(2,29) 	 10.3, p 
 0.001; 10 –12 ROIs in five to six
animals per group, one-way ANOVA; Fig. 9F, p 
 0.05 when the
threshold is set to 1– 4%, Tukey–Kramer post hoc test; Fig. 9G,
F(2,29) 	 12.3, p 
 0.001, 10 –12 ROIs in five to six animals per
group, one-way ANOVA; p 
 0.05, Tukey–Kramer post hoc test).
Conversely, application of the 5-HT agonist 8-OH-DPAT in-
creased the activity level of ABLK neurons (Fig. 9E,F; p 
 0.05
when the threshold is set to 8%, Tukey–Kramer post hoc test).
Thus, 5-HT acts in an excitatory manner to increase the level of
ABLK activity. These results suggest that ABLK neurons are acti-

vated periodically in a resting state, and the activity can be mod-
ulated by 5-HT.

Discussion
Regulation of turning behavior by 5-HT
In this work, we first quantitatively analyzed the behavioral com-
ponents included in larval turning. Whereas previous studies of
Drosophila turning behavior largely focused on the most com-
mon component, bending (Yang et al., 2000; Caldwell et al., 2003;
Suster et al., 2003, 2004; Ainsley et al., 2008; Luo et al., 2010;
Lahiri et al., 2011; Berni et al., 2012), we measured all three be-
havioral components involved in the directional change. We ini-
tially evoked reorientation using a blue light stimulus and found
that the directional change consisted of three behavioral compo-
nents— bending, retreating, and rearing—the combination of
which was variable across events. The same was true when a me-
chanical stimulus was used to trigger the turning behavior. Thus,
the larvae appear to choose the combination of the behavioral
components by integrating environmental information when
they receive the noxious stimuli. Both in light-triggered and me-
chanically triggered turning, bending was the most frequent
component and happened at least once, whereas retreating and
rearing occurred at a lower frequency. These observations suggest
that whereas bending is an essential behavioral component of
turning, retreating and rearing may play only subsidiary roles.

We found that when transmission of 5-HT neurons was in-
hibited, occurrence of rearing was greatly increased. Conversely,
administration of a 5-HT receptor agonist decreased rearing in-
cidence. Thus, 5-HT suppresses rearing during turning. In both
experiments, the occurrence of bending and retreating was not
affected. Thus, 5-HT does not act as a switch between rearing and

Figure 5. 5-HT neurons in the VNC are involved in the regulation of rearing. A, B, Suppression of Tph-Gal4-driven expression in the VNC, but not in the brain, by tsh-Gal80. Confocal images of
mCD8::GFP staining in Tph-Gal4/UAS-mCD8::GFP (A) and Tph-Gal4, tsh-Gal80/UAS-mCD8::GFP (B) larvae are shown. Dashed lines indicate the outline of the brain and the VNC. C, Increase in rearing
by expression of Shi ts is rescued by tsh-Gal80. n 	 9 –14. Behavioral assays performed at 32°C. **p 
 0.01; ***p 
 0.001 (Tukey–Kramer post hoc test). D, Expression of the synaptotagmin in
Tph-Gal4 neurons in the VNC. White dashed lines indicate the outline of the VNC. The white arrowhead indicates the midline.
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Figure 6. The 5-HT1B receptor is involved in the regulation of rearing. A, Rearing was increased when Shit s was expressed by 5-HT1B-Gal4, but not by 5-HT1A-Gal4, 5-HT2A-Gal4, 5-HT2B-Gal4,
or 5-HT7-Gal4 (n 	 7–14). B, Increased rearing in 5-HT1B mutants (n 	 10 –11). C, Rearing was increased when shRNA of 5-HT1B, but not 5-HT1A, 5-HT2A, 5-HT2B, or 5-HT7 receptors, were
expressed by 5-HT1B-Gal4 (n 	 9 –16). An increase in rearing was not observed in 5-HT1B-Gal4/UAS-5-HT1BRNAi larvae when the behavioral assay was performed at 25°C. D, G, Confocal images
showing the expression of 5-HT1B-Gal4 in the VNC at different focal planes (visualized with mCD8::GFP). D�, A schema of D and G showing the morphology of three populations of 5-HT1B-Gal4
neurons; ABLK neurons (green, yellow arrow in D), which project axons toward the terminal plexus (dashed square); and cells in the midline (gray, black arrow in D); and an identified interneuron
in each hemisegment (orange, black triangles in D, G). The region outlined by dashed lines is enlarged in E. The white arrowhead indicates the midline in D, G, and H. E, F, Axon terminals of ABLK
neurons, one at the terminal plexus at the posterior end of the VNC (E) and the other on muscle 8 (F ). H, A confocal image of a single ABLK neuron visualized by the Flybow technique. Neurites of
an ABLK neuron project to the terminal plexus (white dashed square), toward anterior segments (white arrow), and to the periphery (white dashed arrow). I, Increase of rearing by expression of Shi ts

in 5-HT1B-Gal4 neurons was rescued by tsh-Gal80. n 	 9 –10. All behavioral assays (A–C, I ) were performed at 32°C unless noted otherwise. *p 
 0.05; **p 
 0.01; ***p 
 0.001 [Tukey–Kramer
post hoc test (A, C, H ) or Welch’s test (B)].
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bending or retreating. Instead, our results indicate that seroto-
nergic circuits specifically modulate rearing among the alterna-
tive behaviors during turning. It should be noted that the effect of
5-HT manipulation was temperature dependent. During both
light-induced and mechanically induced turning, 5-HT inhibi-
tion increased rearing at 32°C, but not at 25°C. The effect of a
5-HT agonist was also temperature dependent. This was also the
case for an increase in rearing when the 5-HT1B receptor was
knocked down by shRNA. Thus, 5-HT signaling appears to con-
trol rearing only when a noxious heat stimulus is presented in
addition to the light and mechanical stimuli. The role of 5-HT in
rearing control is independent of the role of 5-HT in develop-
mental changes in light reactivity reported previously (Rodriguez
Moncalvo and Campos, 2009). An increase in rearing upon 5-HT
inhibition was observed at both the foraging and wandering
stages (Fig. 2G). Furthermore, whereas 5-HT neurons in the
brain are involved in the change of light reactivity (Rodriguez
Moncalvo and Campos, 2009), 5-HT neurons in the VNC are
involved in the control of rearing (Fig. 5C).

When rearing was excessively increased with 5-HT inhibition,
the turning or directional change took longer and sometimes
failed to occur. Thus, 5-HT-mediated suppression of rearing is
critical for efficient turning. What, then, is the purpose of rearing

during normal turning behavior? Bending and retreating are ob-
viously suited for escape behavior because they move the larvae
away from the noxious stimulus. In contrast, during rearing, the
larvae stay near the site of the noxious stimuli, although their
anterior part is lifted away from the stimulus. One possibility is
that rearing is an escape behavior that allows the larvae to escape
from noxious stimuli and crawl on a new substrate in three-
dimensional space. Another possibility is that rearing is a search
behavior that allows the larvae to sense the vertical environment
(Benz, 1956; Green et al., 1983).

Leucokinin transmission as the downstream target of 5-HT
5-HT signaling can be transmitted locally through secretion at
the synapse or globally by secretion in the body fluid. We used
tsh-Gal80 to show that suppression of 5-HT inhibition in the
VNC was sufficient to rescue the rearing phenotype in Tph-
Gal4/�; UAS-Shits/� larvae. This suggests that local 5-HT signal-
ing within the VNC is involved in the control of rearing. Then we
showed that neurons expressing the 5-HT1B receptor are the
downstream targets of 5-HT. Inhibition of these neurons in the
5-HT1B mutants by 5-HT1B RNAi knockdown and expression of
Shi ts, but not manipulation of neurons expressing other 5-HT
receptors, recapitulated the rearing phenotype observed when

Figure 7. Leucokinin transmission by 5-HT1B-positive ABLK neurons is involved in the regulation of rearing. A–B�, Double staining for mCD8::GFP expressed by 5-HT1B-Gal4 (green) and
leucokinin (purple). A, Frontal view of the brain. A�, Enlarged view of A. B, B�, Expression in the VNC. 5-HT1B-Gal4 expression in A1 and A2 is weaker compared with that in other neuromeres. Signals
for 5-HT1B-Gal4 and leucokinin overlap in the ABLK neurons (B–B�), but not in the brain (A, A�). The white arrowheads indicate the midline. C, Inhibition of leucokinin neurons in c127-Gal4,UAS-
GFP/�;;UAS-Shits/� larvae increased rearing (n 	 10 –25). D, shRNA-mediated knockdown of leucokinin in 5-HT1B-Gal4 neurons increased rearing (n 	 8 –12). Behavioral assays in C and D were
performed at 32°C. *p 
 0.05; **p 
 0.01 (Tukey–Kramer post hoc test).
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5-HT transmission was blocked. The local nature of the 5-HT
signaling was also supported by the rescue of the 5-HT1B RNAi
knockdown phenotype by tsh-Gal80. Furthermore, we identified
leucokinin-expressing ABLKs as being involved in the rearing
regulation, among the 5-HT1B-expressing cells. Expression of
Shi ts in these neurons recapitulated the rearing phenotype. RNAi
knockdown of leucokinin in 5-HT1B-Gal4-expressing neurons
also recapitulated the rearing phenotype. Since ABLKs are the
only leucokinin-expressing neurons that express 5-HT1B-Gal4,
the results indicate that ABLKs are involved in rearing control.
Our results also show that leucokinin transmission by ABLKs
is involved in rearing control, and that a highly specific neural
pathway downstream of 5-HT, including 5-HT1B receptors
and leucokinin transmission, is involved in the control of rear-
ing (Fig. 8C).

Leucokinin is known as an insect hormone that regulates fluid
secretion in some insects (O’Donnell et al., 1998; Terhzaz et al.,
1999; Nässel, 2002). In Drosophila, leucokinin controls food in-
take, chemosensory responses, and fluid homeostasis in adults
(Al-Anzi et al., 2010; Cognigni et al., 2011; López-Arias et al.,
2011). Only a single neuron type, ABLK, expresses leucokinin in
each segment of the larval VNC and has a unique morphology.
This neuron extends axonal projections both within the CNS and
to the periphery. The axon projection to the periphery terminates
on lateral muscle 8. The terminal of ABLK is distinct from those
of motor neurons since it contains no bouton-like structures and
is classified as a type-3u terminal (Cantera and Nässel, 1992;
Landgraf et al., 2003). However, our anatomical analyses of the

leucokinin receptor suggest that muscles are not direct targets of
ABLKs in the regulation of rearing. The other axon of ABLK
terminates in the terminal plexus within the VNC. The terminal
expresses Syt-GFP and leucokinin, suggesting that leucokinin is
secreted from the terminal. We observed leucokinin receptor ex-
pression in the vicinity of the ABLK terminal, suggesting the
possibility that leucokinin signaling is synaptically transmitted to
the downstream neurons at this site. However, since leucokinin
can be secreted and function extrasynaptically, the signal may be
transmitted through leucokinin receptors that we observed in
other regions of the VNC. Interestingly, we observed expression
of the leucokinin receptor in ABLK neurons. This suggests the
possibility that ABLKs regulate their own activity through auto-
crine signaling. Since 5-HT signaling appears to specifically con-
trol rearing among the behaviors of the larvae including
peristaltic locomotion, bending, and rolling, the downstream
neurons likely involve neurons responsible for the regulation of
rearing. Rearing requires coordinated activation of a defined set
of muscles in the anterior segments. It would be interesting to
study in the future whether downstream targets of 5-HT signal-
ing include interneurons involved in this coordination.

Activity level of ABLK neurons is regulated by 5-HT
We observed that not only inhibition but also forced activation of
leucokinin neurons increased rearing incidence. The data suggest
that an appropriate level of ABLK activity is critical for rearing
control. Calcium imaging demonstrated that ABLKs have cyclic
activity with an interval of �15 s. The frequency of the cyclic
activity was increased by a 5-HT agonist and decreased by a 5-HT
antagonist. The effects of the 5-HT agonist and antagonist sug-
gest that 5-HT increases the activity level of ABLKs. The 5-HT1B
receptor is a G-protein-coupled receptor orthologous to human
5-HT1A (Blenau and Thamm, 2011), which is known to have
inhibitory effects on neural activity (Millan et al., 2008). Drosoph-
ila 5-HT1B has been shown to inhibit adenylate cyclase and acti-
vate phospholipase C (Saudou et al., 1992). It is therefore possible
that activity of ABLKs is regulated through cAMP and/or IP3

signaling.
The effects of the 5-HT agonist on rearing in the larvae fed

with this drug and on ABLK activity in calcium imaging are
somewhat contradictory. Calcium imaging experiments showed
that the agonist increases the activity level of ABLKs. Since the
experiments with TrpA1 showed that increased activity of ABLKs
results in increased rearing, the agonist should increase rearing.
However, the administration of the agonist in the larvae instead
decreased rearing. This could be due to the temporal difference in
the administration of the agonist in the two experiments (chronic
administration in the behavioral experiments vs acute adminis-
tration in the calcium imaging). The discrepancy also could be
due to the quantitative and qualitative differences in the activa-
tion by the agonist and by TrpA1. In any case, these results sug-
gest that 5-HT modulates larval turning by regulating the level of
ABLK activity.

In conclusion, we found that 5-HT modulates larval turning
by specifically suppressing one of its three behavioral compo-
nents, rearing. We also demonstrated the involvement of down-
stream ABLK neurons and leucokinin. Our results suggest that
5-HT regulates turning by changing the periodic activity level of
ABLK neurons and secretion of the neuropeptide. These results
reveal a novel mechanism by which 5-HT exerts its effect on the
modulation of behavior.

Figure 8. Visualization of leucokinin receptors in the VNC. A–B�, Confocal images of larval
VNCs stained for the leucokinin receptor (purple) and mCD8::GFP (expressed by c127-Gal4;
green). Expression in ABLK cell bodies is indicated by white arrows. The region demarcated by
white dotted rectangles in A–A� is enlarged in B–B� to show expression in the plexus near the
axon terminals of ABLKs. White arrowheads indicate the midline. C, A model showing the
signaling pathway of 5-HT involved in the regulation of rearing.
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Figure 9. The activity level of leucokinin neurons is critical for the control of rearing and is regulated by 5-HT. A, Activation of leucokinin neurons in c127-Gal4,UAS-GFP/�; UAS-TrpA1/� larvae
increased rearing (n 	 9 –19). B, C, Calcium imaging of ABLK neurons in a dissected 5-HT1B-Gal4/UAS-GCaMP3 larva. The fluorescence intensities (%�F/F ) of four ROIs indicated by yellow boxes
were plotted. Comparison of the timing of the increase in fluorescence between ABLK cells in left and right hemisegments (ROI-a vs ROI-b) and between cells in the neighboring segments (ROI-b vs
ROI-c) show that they are activated simultaneously. The activity rise in the putative axon terminals of ABLKs (ROI-d) shows slightly different kinetics than that in the cell bodies (ROI-a–ROI-c), but
is largely simultaneous to the activation of the cells. D–G, The effects of the 5-HT antagonist (D; WAY100635) and agonist (E; 8-OH-DPAT). Red arrows indicate the time the drugs were applied. The
average fluorescence intensity of the ROI in the ABLK cell body is plotted. The change in the activity level (F ) and frequency of peak activity (�F/F � 4%; G) were statistically analyzed as described
in Materials and Methods. *p 
 0.05; **p 
 0.01; ***p 
 0.001, compared with control (Tukey–Kramer post hoc test; 10 –12 ROIs in 5– 6 larvae were analyzed).

2556 • J. Neurosci., February 12, 2014 • 34(7):2544 –2558 Okusawa et al. • Serotonin Modulates Larval Turning via Leucokinin



References
Ainsley JA, Kim MJ, Wegman LJ, Pettus JM, Johnson WA (2008) Sensory

mechanisms controlling the timing of larval developmental and behav-
ioral transitions require the Drosophila DEG/ENaC subunit, Pickpocket1.
Dev Biol 322:46 –55. CrossRef Medline

Al-Anzi B, Armand E, Nagamei P, Olszewski M, Sapin V, Waters C, Zinn K,
Wyman RJ, Benzer S (2010) The leucokinin pathway and its neurons
regulate meal size in Drosophila. Curr Biol 20:969 –978. CrossRef Medline

Baines RA, Uhler JP, Thompson A, Sweeney ST, Bate M (2001) Altered
electrical properties in Drosophila neurons developing without synaptic
transmission. J Neurosci 21:1523–1531. Medline

Bargmann CI (2012) Beyond the connectome: how neuromodulators shape
neural circuits. Bioessays 34:458 – 465. CrossRef Medline

Benz G (1956) Der trockenheitssinn bei larven von Drosophila melanogaster.
Experientia 12:297–298. CrossRef

Berni J, Pulver SR, Griffith LC, Bate M (2012) Autonomous circuitry for
substrate exploration in freely moving Drosophila larvae. Curr Biol 22:
1861–1870. CrossRef Medline

Blenau W, Thamm M (2011) Distribution of serotonin (5-HT) and its re-
ceptors in the insect brain with focus on the mushroom bodies: lessons
from Drosophila melanogaster and Apis mellifera. Arthropod Struct Dev
40:381–394. CrossRef Medline

Brand AH, Perrimon N (1993) Targeted gene expression as a means of al-
tering cell fates and generating dominant phenotypes. Development 118:
401– 415. Medline

Caldwell JC, Miller MM, Wing S, Soll DR, Eberl DF (2003) Dynamic anal-
ysis of larval locomotion in Drosophila chordotonal organ mutants. Proc
Natl Acad Sci U S A 100:16053–16058. CrossRef Medline
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