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Sex differences in behavior allow animals to effectively mate and reproduce. However, the mechanism by which biological sex regulates
behavioral states, which underlie the regulation of sex-shared behaviors, such as locomotion, is largely unknown. In this study, we studied
sex differences in the behavioral states of Caenorhabditis elegans and found that males spend less time in a low locomotor activity state
than hermaphrodites and that dopamine generates this sex difference. In males, dopamine reduces the low activity state by acting in the
same pathway as polycystic kidney disease-related genes that function in male-specific neurons. In hermaphrodites, dopamine increases
the low activity state by suppression of octopamine signaling in the sex-shared SIA neurons, which have reduced responsiveness to
octopamine in males. Furthermore, dopamine promotes exploration both inside and outside of bacterial lawn (the food source) in males
and suppresses it in hermaphrodites. These results demonstrate that sexually dimorphic signaling allows the same neuromodulator to
promote adaptive behavior for each sex.
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Introduction
Biological sex is a critical regulator of animal behavior, and sex
differences in behavior are essential for animals to effectively
mate and reproduce (Mowrey and Portman, 2012; Auer and Ben-
ton, 2016; McCarthy, 2016). Upon sexual maturation, highly sex-

biased behaviors, including mating, courtship, and offspring
care, are enhanced. In addition, biological sex differentially reg-
ulates sex-shared behaviors, such as feeding and locomotion, in a
manner that suits the reproduction for each sex. Emerging evi-
dence suggests that not only sex-specific neuronal structures but
also sex-specific modulation of sex-shared neuronal circuits un-
derlie these behavioral differences. However, the molecular and
cellular mechanisms for such sexually dimorphic regulation are
still largely unknown.

Regulation of behavioral states is implicated in generating
sex differences in sex-shared behaviors, including locomotion
(Gatti et al., 2000). Animal behavior consists of discrete be-
havioral states and animals transition between states with dif-
ferent levels of arousal, metabolism, and locomotor activity,
such as sleep and waking states. The behavioral states are reg-
ulated by the environment and internal condition of an animal
through various neuromodulators (Mong and Cusmano,
2016; Ly et al., 2018). Although biological sex affects behav-
ioral states, how neuromodulator signaling is altered in a sex-
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Significance Statement

The mechanisms that generate sex differences in sex-shared behaviors, including locomotion, are not well understood. We show
that there are sex differences in the regulation of behavioral states in the model animal Caenorhabditis elegans. Dopamine
promotes the high locomotor activity state in males, which must search for mates to reproduce, and suppresses it in self-fertilizing
hermaphrodites through distinct molecular mechanisms. This study demonstrates that sex-specific signaling generates sex dif-
ferences in the regulation of behavioral states, which in turn modulates the locomotor activity to suit reproduction for each sex.

4668 • The Journal of Neuroscience, June 12, 2019 • 39(24):4668 – 4683

mailto:ssuo@saitama-med.ac.jp


ually dimorphic manner to differentially regulate behavioral
states is poorly understood.

The two sexes in the model animal Caenorhabditis elegans
include the male and the hermaphrodite. Males need to mate
with hermaphrodites to reproduce, whereas hermaphrodites can
also self-fertilize as they produce both eggs and sperm. In the
presence of bacteria, which serve as food, C. elegans hermaphro-
dites switch between two behavioral states, roaming and dwelling
(Fujiwara et al., 2002). Animals in the dwelling state, in which
hermaphrodites spend most of their time, move at a low speed
while frequently changing their direction by turning. Therefore,
dwelling animals remain in a small area. Animals in the roaming
state disperse quickly because they exhibit high locomotor activ-
ity and a low turning frequency. The behavioral states are regu-
lated by food; time spent in each state depends on food
availability and past nutritional status (Shtonda and Avery, 2006;
Ben Arous et al., 2009; Churgin et al., 2017). It is shown that
neuromodulators, including bioamines, such as dopamine, sero-
tonin, and octopamine (biological equivalent of noradrenalin in
invertebrates) (Roeder, 1999), play a role in the regulation of
behavioral states in hermaphrodites (Flavell et al., 2013; Churgin
et al., 2017; Stern et al., 2017).

C. elegans males have various behavioral characteristics that
are different from those of hermaphrodites. Males exhibit mating
behavior in which they use their distinct tail structure to locate
the vulva of hermaphrodites and copulate (Barr et al., 2018).
Males leave a bacterial lawn more frequently than hermaphro-
dites when there is no mate present (Lipton et al., 2004). This
food-leaving behavior is called “mate-searching behavior” and is
an indicator of sex drive. When actively moving, males are faster
than hermaphrodites because of sexual modifications of the mus-
cle and nervous system functions (Mowrey et al., 2014). How-
ever, the behavioral states in males (i.e., how often they are active)
have yet been studied.

With the extensive studies on the behavioral states in her-
maphrodites and detailed knowledge on sex differences in the
structure of the compact nervous system (Sulston et al., 1980;
White et al., 1986; Jarrell et al., 2012), C. elegans provides an
opportunity to investigate the molecular basis of sex differences
in behavioral states. In this study, through quantitative behav-
ioral analyses with genetic and pharmacological techniques in C.
elegans, we reveal a significant sex difference in the regulation of
behavioral states, where males spend a much longer time in the high
activity state than do hermaphrodites. We also show that dopamine
plays a role in generating the sex difference by both suppressing the
low locomotor activity state in males and increasing it in hermaph-
rodites through distinct molecular mechanisms.

Materials and Methods
Strains. Culturing and genetic manipulation of C. elegans were per-
formed as previously described (Brenner, 1974). CB4088 him-5(e1490)
(RRID:WB-STRAIN:CB4088) was used as the WT strain. The strains
used in this study are as follows: DA1774 ser-3(ad1774 ) (RRID:WB-
STRAIN:DA1774), CB1112 cat-2(e1112) (RRID:WB-STRAIN:CB1112),
FK2261 cat-2(tm2261), MT15620 cat-2(n4547 ) (RRID:WB-STRAIN:
MT15620), MT15434 tph-1(mg280) (RRID:WB-STRAIN:MT15434),
PS3401 lov-1(sy582);him-5(e1490) (RRID:WB-STRAIN:PS3401), CB1370 daf-
2(e1370) (RRID:WB-STRAIN:CB1370), PT2248 pdf-1(tm1996);him-
5(e1490) (RRID:WB-STRAIN:PT2248), DG2389 glp-1(bn18) (RRID:
WB-STRAIN:DG2389), YT17 crh-1(tz2) (RRID:WB-STRAIN:YT17),
FK2104 ser-6(tm2104), BA821 spe-26(hc138) (RRID:WB-STRAIN:BA821),
PT8 pkd-2(sy606);him-5(e1490) (RRID:WB-STRAIN:PT8), LX702 dop-
2(vs105) (RRID:WB-STRAIN:LX702), FK1392 dop-4(tm1392), LX645
dop-1(vs101) (RRID:WB-STRAIN:LX645), FK2385 ntc-1(tm2385),

VC224 octr-1(ok371) (RRID:WB-STRAIN:VC224), LX703 dop-3(vs106 )
(RRID:WB-STRAIN:LX703), RB1161 tbh-1(ok1196) (RRID:WB-
STRAIN:RB1161), and FK2735 lgc-53(tm2735).

The following strains of wild isolates of C. elegans and other
Caenorhabditis species were also used: CB4856 C. elegans (RRID:WB-
STRAIN:CB4856), PB103 C. briggsae him mutant (RRID:WB-
STRAIN:PB103), EM464 C. remanei (RRID:WB-STRAIN:EM464),
PB4641 C. remanei (RRID:WB-STRAIN:PB4641), and CB5161 C.
brenneri (RRID:WB-STRAIN:CB5161).

For genetic crosses to generate strains carrying multiple mutations, the
genotypes of the crossed animals were determined by PCR for the dele-
tion mutants, PCR-RFLP for the cat-2(e1112), and visible phenotypes
were used for the sperm-deficient, daf, and him mutants.

Image acquisition and data analysis. For assay plates, 5 ml of molten
low peptone-NGM agar (0.25 g/L peptone, 3 g/L NaCl, 17 g/L Agar, 25
mM KPO4, pH 6.0, 5 mM MgSO4, 5 mM CaCl2) was poured into the wells
of 90 mm Petri dishes with four compartments (Atect). On the day before
recording, 20 �l of OP50 (RRID:WB-STRAIN:OP50) suspension in
Milli-Q water was placed on each well of the assay plates. The plates were
incubated at 22°C overnight, resulting in thin bacterial lawns with diam-
eters of �9 mm. Also, on the day before recording, 10 –20 L4 animals
were placed onto a 40 mm NGM plate seeded with OP50 and were grown
at 20°C for �20 h. Males and hermaphrodites were placed onto separate
plates to prevent mating.

Adult animals were individually transferred to the wells of the assay
plates 15 min before recording. The assay plate was illuminated by an
LED ring (CCS) (Kimura et al., 2010). The images of the assay plates were
captured using a DMK series USB camera (Imaging Source) with a res-
olution of 2000 � 1944 pixels, at 1 frame per second for �15 min, using
the manufacturer-provided software, IC Capture, with Windows PC or
gstreamer with Raspberry Pi 3 (Raspberry Pi Foundation).

ImageJ (Schneider et al., 2012) was used to determine the position of
the animals within the bacterial lawn. The area of the bacterial lawn was
enlarged by 200 nm and was used as the ROI. For the animals within the
ROI, the centroid and the circularity were determined after background
subtraction and image binarization. For the analysis of behavioral states,
R (Ihaka and Gentleman, 1996) was used to calculate average speed,
angular speed, and circularity of 10 s intervals, similarly as previously
reported (Ben Arous et al., 2009).

The data points with 10 s average circularity �0.7 were used for cluster
analysis because animals in 10 s windows with circularity �0.7 were
exhibiting tail-chasing behavior (see below). For the cluster analysis, data
from 50 males and 50 hermaphrodites were analyzed with the R package
mclust (Scrucca et al., 2016). Data points from 10 s intervals were sepa-
rated into three clusters. This dataset was then used to conduct discrim-
inant analysis, which allows data points from new samples to be
categorized into these classes. First, 10 s averages were calculated for a
new sample. Next, if the circularity of a data point was �0.7 (when
animals are exhibiting tail-chasing behavior), the data point was catego-
rized as “tail chase.” By the discrimination analysis with mclust, the
remaining data points were categorized into the following three classes:
roaming (relatively fast movement with low turning frequency), fast turn
(fast movement with high turning frequency), and dwelling (slow move-
ment). The fraction of time spent in each class was calculated for each
strain.

When testing males of non-C. elegans strains, L4 males were kept
together with L4 females or hermaphrodites overnight because most of
them escaped the plates if they were kept without their counterparts. For
the analysis of L4 animals, L4 males and hermaphrodites were put onto
assay plates directly from mix population plates.

Manual scoring and validation of behavioral categories. To validate the
behavioral categorization by the cluster and discriminant analyses, we
manually analyzed 10 males and 10 hermaphrodites. Through examina-
tion of videos, experimenters manually categorized each 10 s segment
into the following four classes: tail chase (animals exhibiting tail-chasing
behavior for the majority of time); dwelling (animals with slow move-
ment); fast turn (animals with fast movement, including turns); and
roaming (animals with fast movement, but without turns). Then, the
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correlation coefficients for time spent in each class between the auto-
matic R analysis and the manual analysis were determined.

We also manually examined each frame of the videos and found that
males have a circularity of 0.84 � 0.05 and 0.43 � 0.05 when they are
exhibiting or not exhibiting tail-chasing behavior, respectively. As men-
tioned above, the threshold of 10 s average circularity for classifying tail
chase was set at 0.7. With this threshold, for 10 s segments in which
animals exhibited tail-chasing behavior in more than a half of the 10 s,
96.7% were categorized as tail chase. On the other hand, for 10 s segments
in which animals exhibited tail-chasing behavior for a half or less of the
10 s, 3.1% were categorized as tail chase.

Drug treatment. When testing the effect of dopamine in assay plates, 20
�l of 10 mg/ml dopamine was placed over the bacterial lawn on the assay
plates. After the plates were dried for 1 h, animals were placed on the
bacterial lawn and were recorded after 15 min of resting. For testing the
effect of dopamine before the transfer to assay plates, 100 �l of 10 mg/ml
dopamine was placed over the bacterial lawn on 40 mm NGM plates.
After the dopamine-containing plates were dried for 1 h, L4 animals were
placed on the plates and cultured for 20 h. Then animals were transferred
to the assay plates (without dopamine) and recorded after 15 min. To test
the effect of removal of dopamine, animals cultured on the dopamine-
containing plates for 20 h were transferred to dopamine-free NGM plates
and incubated for 3 or 6 h, before transferring to the assay plates. For the
3 or 6 h dopamine treatment, L4 animals were placed onto normal NGM
plates. After 20 h, animals were transferred to NGM plates with or with-
out dopamine and cultured for 3 or 6 h. Animals were then transferred to
assay plates and recorded after 15 min.

For octopamine treatment, 20 �l of 100 mg/ml octopamine was placed
on the assay plates over the bacterial lawn. After the plates were dried for
1 h, animals were placed onto these plates and their behavior was re-
corded 15 min after the transfer.

Transgenic animals for behavioral tests. cat-2 background animals car-
rying the WT cat-2 gene and the injection marker glr-3::mcherry (Na-
gashima et al., 2016) were crossed with him-5 to create cat-2;him-5
carrying the cat-2 gene. To express ser-3 and ser-6 in the SIA neurons,
ceh-17::ser-3 and ceh-17::ser-6 (Yoshida et al., 2014) were injected along
with the injection marker lin-44::gfp into cat-2;ser-3;ser-6;octr-1;him-5.
For masculinization of the nervous system, rab-3::fem-3 (Mowrey et al.,
2014) was injected along with the injection marker glr-3::mcherry into
him-5 and cat-2;him-5.

Primers ggggacaagtttgtacaaaaaagcaggcttctctggaatcagtgttcttg and gggga
ccactttgtacaagaaagctgggtcgcctggaacagattgataaattc were used to amplify
the ceh-17 promoter and the PCR product was cloned into pDONR221
(Thermo Fisher Scientific), according to the manufacturer’s protocol, to
create pENTR-ceh-17. Primers cttggtaccggtagaaaaatggaggtggatccgggt
and gaattggctagctatcatcgtttcctggagcaatc were used to amplify the coding
region of fem-3 using rab-3::fem-3 as the template. The PCR product was
digested with KpnI and NheI and cloned into KpnI and XbaI site of
pDEST-GCaMP6 (Ohkura et al., 2012) to create pDEST-fem-3. ceh-17::
fem-3 was generated by recombination of pENTR-ceh-17 and pDEST-
fem-3. ceh-17::fem-3 was injected along with the injection marker glr-3::
mcherry into him-5 and cat-2;him-5, to masculinize SIA neurons.

The transgenes were maintained as extrachromosomal arrays, which
are only partially stable, causing some progeny to lose the genes. In ad-
dition to animals carrying the transgene, animals not carrying the trans-
gene, as determined by the absence of fluorescence, were also tested as
controls.

Calcium imaging. ceh-17::GCaMP6 was generated by recombination of
pENTR-ceh-17 and pDEST-GCaMP6 (Ohkura et al., 2012). ceh-17::
GCaMP6 was injected into N2 animals together with ceh-17::dsred (Suo
et al., 2006) and lin-44::gfp (Murakami et al., 2001) as a coinjection
marker. The resulting strain was subjected to UV irradiation to integrate
the extrachromosomal array into the genome (Mariol et al., 2013). The
strain carrying the integrated transgene was backcrossed to N2 animals
three times and then crossed to CB4088 him-5. The resulting strain was
crossed with ser-3;ser-6;octr-1;him-5 to obtain octopamine receptor mu-
tants carrying ceh-17::GCaMP6.

Hermaphrodites expressing GCaMP6 were fixed in a previously re-
ported microfluidic device (Chronis et al., 2007). A custom-made device

with narrower space (Fluidware Technologies) was used to fix males. The
nose tips of the animals were washed with imaging buffer (0.2 g/L gelatin,
5 mM potassium phosphate, pH 6.0, 1 mM CaCl2, 1 mM MgSO4, and 350
mOsm glycerol) for 5 min before recording. Ten minutes after the re-
cording was started, the nose tips of the animals were exposed to the
imaging buffer containing 5 mg/ml octopamine. After 10 min, the ani-
mals were exposed again to the buffer without octopamine for 5 min.
Imaging was performed using an inverted microscope (Axio Observer
D1, Carl Zeiss) equipped with an oil-immersion objective lens (UPla-
nApo, 40�, NA � 1.00, Olympus) and a scientific CMOS camera
(ORCA-Flash4.0 V2, Hamamatsu Photonics). Images were acquired ev-
ery 500 ms using a mercury lamp, 450 – 490 nm excitation filter, 495 nm
dichroic mirror, and 500 –550 nm excitation filter (Carl Zeiss), and ana-
lyzed with MetaMorph software (Molecular Devices). ceh-17 promotor
induces gene expression in the SIA neurons and the ALA neuron, whose
cell bodies are located in the ventral and dorsal side of the head region,
respectively. The cell bodies of the neurons in the ventral side were se-
lected as an ROI and tracked with the “Track Objects” plugin in Meta-
Morph software. The background-subtracted fluorescence intensity of
the ROI was calculated for each stack. The fluorescence intensity 5 min
before octopamine exposure was averaged and defined as F. The change
in the fluorescence intensity relative to F (�F/F) was plotted. For statis-
tical analyses, the data were smoothed by calculating the moving average
of a 10 s window, and the amount of time in which �F/F was higher than
three was compared among strains and sexes.

For masculinization of SIA neurons, the him-5 strain carrying the
integrated transgene was injected with ceh-17::fem-3 along with the in-
jection marker unc-122::dsred (RRID:Addgene_8938). Both the animals
with and without unc-122::dsred were tested.

Expression pattern of octopamine receptor genes. The transcriptional
reporter fusion gene octr-1::gfp was generated using the fusion PCR
method (Hobert, 2002) with the primers fusionA (gtgtttttacgcaattcgcgc),
fusionA* (cgaaccagtggtgtacgtag), fusionB (agtcgacctgcaggcatgcaagctg
cagttaaggttccacattatgtg), fusionC (agcttgcatgcctgcaggtcgact), fusionD
(aagggcccgtacggccgactagtagg), and fusionD* (ggaaacagttatgtttggtatat
tggg). The region corresponding to 3 kb upstream of the octr-1 gene was
amplified with the primers fusionA and fusionB using genomic DNA as
the template and was fused to 2–1876 of pPD95.75 (RRID:Add-
gene_1494). ser-3::gfp (Suo et al., 2006), ser-6::gfp (Yoshida et al., 2014),
or octr-1::gfp was injected into him-5(e1490) animals together with ceh-
17::dsred and the transformation marker pRF4, which contains the dom-
inant roller mutation rol-6(su1006 ) (Kramer et al., 1990). Images of
transformants were obtained with a confocal laser microscope (LSM710,
Carl Zeiss).

Mate-searching behavior and food-leaving assay. Mate-searching be-
havior was analyzed as previously described (Lipton et al., 2004). Ani-
mals were individually placed in the center of a bacterial lawn (9 mm
diameter). The track left by animals was observed after 2, 4, 6, 8, and 24 h.
If the animal reached 5 mm away from the edge of the Petri dish, the
animal was considered to have left the lawn and dispersed.

To analyze food-leaving by video recording, molten low peptone
NGM agar was poured into 24-well plates (500 �l per well). After solid-
ification and drying, 5 �l of the OP50 suspension was placed at the center
of the wells. The plates were incubated at 22°C overnight. Approximately
30 L4 animals were placed onto NGM plates, and the plates were cultured
for �20 h. Animals were individually placed into the wells 30 min before
recording and were recorded for 1 h, using the same equipment that was
used for recording locomotor behavior. Using ImageJ, the edges of bac-
teria lawns were detected. The region was enlarged by approximately one
worm length. The animal was considered to have left the bacterial lawn
unless the entire body of the animal was inside of this region. Using R, the
number of leaving events per 1 h in which animals stayed in the lawn was
calculated.

Experimental design and statistical analysis. Numbers of animals tested
for each experiment are shown in the figures. Statistical analysis was
performed using R. The Wilcoxon Rank Sum test was used to determine
the p values. The Bonferroni correction was used for comparisons of
more than two groups. For comparisons of behavioral states, percentage
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dwelling was compared between strains and sexes unless otherwise
noted. For mate-searching behavior, the strains were contrasted by fit-
ting the censored data with an exponential parametric survival model
using maximum likelihood. The p values for Figs. 3–5, 10 are listed in Fig.
3-1, available at https://doi.org/10.1523/JNEUROSCI.2985-18.2019.
f3-1, Fig. 4-1, available at https://doi.org/10.1523/JNEUROSCI.2985-
18.2019.f4-1, Fig. 5-1, available at https://doi.org/10.1523/JNEUROSCI.
2985-18.2019.f5-1, Fig. 10-1, available at https://doi.org/10.1523/JNEUROSCI.
2985-18.2019.f10-1.

Results
Sex differences in behavioral states
To analyze the locomotor behavior of males and hermaphrodites,
CB4088 him-5 animals were individually placed on a small lawn
of Escherichia coli OP50andtheirmovementwasrecorded(Fig.1A,B;
Movies 1, 2). As previously reported (Ben Arous et al., 2009;
Flavell et al., 2013), speed for hermaphrodites was relatively low
for the majority of the time when they are in a bacterial lawn. In

Figure 1. Sex differences in the locomotion of C. elegans males and hermaphrodites. Locomotor speed (5 s moving average, top panels) and angular speed (bottom panels) of a him-5(e1490) male
(A), him-5(e1490) hermaphrodite (B), cat-2(e1112);him-5(e1490) male (C), and cat-2(e1112);him-5(e1490) hermaphrodite (D) during 900 s recordings. Scatter plots of average speed and average
angular speed in 10 s intervals for 50 each of the following: him-5(e1490) males (E), him-5(e1490) hermaphrodites (F ), cat-2(e1112);him-5(e1490) males (G), and cat-2(e1112);him-5(e1490)
hermaphrodites (H ). Data points were categorized into four classes by circularity and cluster analysis (Figure 1-1, available at https://doi.org/10.1523/JNEUROSCI.2985-18.2019.f1-1) and shown in
different colors: roaming, fast movement and low frequency of turning (red); fast turn, fast movement and high frequency of turning (orange); tail chase, tail-chasing behavior (green); and dwelling,
slow movement (blue). I, The percentage of time spent exhibiting each behavioral class for him-5(e1490) mutants was determined. Numbers in the bars indicate the numbers of animals tested. Error
bars indicate SEM. Wilcoxon Rank Sum test: ***p � 0.001, between males and hermaphrodites for all of the behavioral classes. Dwelling: W � 0, p � 2.22 � 10 	16. Tail chase: W � 4041.5, p �
2.22 � 10 	16. Fast turn: W � 4483, p � 2.22 � 10 	16. Roaming: W � 4329.5, p � 2.22 � 10 	16.
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contrast, males rarely exhibited periods of low locomotor activity
and spent most of their time moving at a relatively high speed.
Males sometimes exhibited tail-chasing behavior (Wang et al.,
2014) in which their tails are in contact with their own heads and

they move in a backward circle, staying nearly at the same loca-
tion (Movie 3). This behavior is believed to be an erroneous
attempt to mate themselves as they curl their tails similarly to
males mating with hermaphrodites. Animals exhibiting tail-
chasing behavior had high circularity and low speed of the
centroid.

To quantitatively analyze locomotor behavior, average speed
and angular speed for 10 s windows were calculated as described
previously (Ben Arous et al., 2009; Flavell et al., 2013), and 10 s
data points from 50 males and 50 hermaphrodites were plotted
using the plane of speed and angular speed (Fig. 1E,F). Most of
the data points for hermaphrodites, as previously reported (Ben
Arous et al., 2009; Flavell et al., 2013), were seen in the area with
low speed and high angular speed corresponding to the dwelling
state, and a small number of the data points were seen in the area
with relatively high speed and low angular speed, corresponding
to the roaming state (Fig. 1F). In contrast, a high number of data
points for males was seen in the area with high speed and low
angular speed (Fig. 1E). In addition, many data points for males
were observed in the high speed and high angular speed area,
where few points were observed for hermaphrodites. A small
number of points were also observed in the low speed and high
angular speed area in males. However, these data points are qual-
itatively different from points from the dwelling hermaphrodites
in that these are mostly with average circularity � 0.7, corre-
sponding to animals exhibiting tail-chasing behavior.

In the previous studies, behavioral states were categorized by
drawing a straight line in the speed-angular speed plane to sepa-
rate roaming and dwelling (Ben Arous et al., 2009; Flavell et al.,
2013). However, such a straight line would not be suitable in
categorizing males as they seem to have a different class of behav-
ior in which both speed and angular speed are high. Through
cluster analysis using the R package mclust (Scrucca et al., 2016)
(Fig. 1-1, available at https://doi.org/10.1523/JNEUROSCI.2985-
18.2019.f1-1), the data points were categorized into the following
three behavioral classes: dwelling (slow movement), roaming
(fast movement and low frequency of turning), and fast turn (fast
movement and high frequency of turning). Data points with 10 s

Movie 1. Locomotor behavior of a control male. The movie is at 60
times speed.

Movie 2. Locomotor behavior of a control hermaphrodite. The movie
is at 60 times speed.

Movie 3. Tail chasing behavior of a control male. The animal moves
in a circle with its tail in contact with its own head. The movie is at 5
times speed.
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average circularity � 0.7 were categorized into a separated class:
tail chase. Then the percentage of time spent in each class was
calculated (Fig. 1I). To validate this behavioral categorization, we
manually analyzed 10 males and 10 hermaphrodites and found
that the results of the manual and automatic categorization had
strong correlations (Table 1).

There were large differences in time allocation for each behav-
ioral class when comparing males and hermaphrodites (Fig. 1I).
The percentage time spent in dwelling was significantly higher in
hermaphrodites than in males. On the other hand, there was more
time spent in the roaming, fast turn, and tail chase classes for males.
These results suggest that there is a sex difference in the regulation of
behavioral states. We also tested another wild isolate of C. elegans,
CB4856, and other Caenorhabditis species, including the androdioe-
cious (male-hermaphrodite) species, C. briggsae, and the dioecious
(male-female) species, C. remanei and C. brenneri, and found that
there are sex differences in the distribution of time spent in different
behavioral classes in all strains tested (Fig. 2). These results suggest
that sex differences in the distribution of behavioral states are not
specific to C. elegans but are observed in other nematode species,
including male-female species.

Dopamine regulates behavioral states in a sexually
dimorphic manner
The cat-2 gene in C. elegans encodes tyrosine hydroxylase that is
the rate-limiting enzyme for dopamine synthesis (Lints and Em-

mons, 1999). In hermaphrodites, dopamine regulates many as-
pects of behavior, including locomotion, turning frequency, and
learning (Chase and Koelle, 2007). Furthermore, dopamine reg-
ulates mating behavior in males, and cat-2 mutants have defects
in vulva location, spicule insertion, and ejaculation and have re-
duced postcoital lethargy (Correa et al., 2012, 2015; LeBoeuf et
al., 2014). We recorded the locomotor behavior of cat-2 mutants
and found that cat-2 mutant males sometimes exhibited an ex-
tended period of time where their speed was low, which was rarely
seen in WT background males (Fig. 1C,G; Movie 4). The percent-
age of dwelling was significantly increased in the three different
mutants of cat-2, including e1112, n4547, and tm2261 (Fig. 3A).
In contrast, cat-2 mutant hermaphrodites had more time with
high locomotor activity than WT hermaphrodites (Fig. 1D,H;
Movie 5). Correspondingly, the percentage of dwelling was sig-
nificantly decreased in the hermaphrodites of cat-2 mutants (Fig.
3A). This result is consistent with recent studies reporting that the
dwelling state is decreased in cat-2 hermaphrodites (Stern et al.,
2017; Oranth et al., 2018). The average speed of cat-2 mutants was
also decreased in males and increased in hermaphrodites com-
pared with control animals (Fig. 3D). In contrast, the average
angular speed of cat-2 mutants was not changed in either males or
hermaphrodites (Fig. 3E). These results suggest that cat-2 mod-
ulates behavioral states primarily through affecting locomotor
speed. To confirm the involvement of the cat-2 gene in this reg-
ulation, cat-2 mutants carrying the WT cat-2 gene were examined
(Fig. 3B). The percentage of dwelling was reduced in males car-
rying the cat-2 gene, whereas the percentage of dwelling was in-
creased in hermaphrodites carrying the cat-2 gene compared with
control animals that do not carry the cat-2 gene. This shows that
the introduction of the cat-2 gene rescues both males and her-
maphrodites of cat-2 mutants. Together, these results suggest
that dopamine decreases the low locomotor activity state in males
and increases the low locomotor activity state in hermaphrodites.

Table 1. Correlation between manual and automatic scoringa

Male Hermaphrodite

Roaming 0.99 0.99
Fast turn 0.94 0.59
Dwelling 0.90 0.92
Tail chase 0.91 NA
aCorrelation coefficients for percent time spent with each class determined by manual and automatic scoring.

Figure 2. Locomotor behavior of other Caenorhabditis species. Time spent in each behav-
ioral class for the N2 background C. elegans him-5 strain CB4088, C. elegans Hawaiian isolate
CB4856, C. briggsae him strain PB103, C. remanei strains EM464 and PB4641, and C. brenneri
strain CB5161. C. elegans and C. briggsae are androdioecious (male-hermaphrodite), whereas C.
remanei and C. brenneri are dioecious (male-female). Numbers in the bars indicate the numbers
of animals tested. Error bars indicate SEM. ***p � 0.001 (Wilcoxon Rank Sum test with Bon-
ferroni correction). **p � 0.01 (Wilcoxon Rank Sum test with Bonferroni correction). CB4088:
W � 72.5, p � 2.22 � 10 	16. CB4856: W � 49, p � 3.58 � 10 	9. PB103: W � 2, p �
0.00699. EM464: W � 23, p � 1.66 � 10 	7. PB4641: W � 20, p � 2.39 � 10 	8. CB5161:
W � 10, p � 8.00 � 10 	8.

Movie 4. Locomotor behavior of a cat-2(e1112) mutant male. The
movie is at 60 times speed.
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C. elegans animals transition through four larval stages before
becoming sexually mature adults. The locomotor behavior of
animals in the L4 stage was examined (Fig. 3C). Both the males
and hermaphrodites of L4 animals spent most of the time in

dwelling. The cat-2 mutation reduced the percentage of dwelling
in both L4 males and hermaphrodites. This result suggests that, in
L4 males, dopamine increases the inactive dwelling state similarly
to adult hermaphrodites and that dopamine-mediated reduction
of the dwelling state only occurs in mature males.

Exogenous dopamine rescues cat-2 phenotypes
cat-2 mutants were supplemented with exogenous dopamine to
examine whether it suppresses their locomotor phenotypes. First,
dopamine was added to assay plates where their behavior was
recorded (Fig. 4A). This exogenous dopamine treatment sup-
pressed the cat-2 phenotype of hermaphrodites, causing an in-
crease in the percentage of dwelling of cat-2 hermaphrodites.
However, exogenous dopamine in the assay plates had little effect
on cat-2 males. Next, dopamine was added to culture plates
where L4 animals were placed a day before recording and cul-
tured for 20 h (Fig. 4B). Dopamine in the culture plates signifi-
cantly reduced percentage of dwelling of cat-2 males. Because
animals were exposed to dopamine since they were at the L4
stage, dopamine may be required for the development of males.
To address this, animals were grown on plates without dopamine
for 20 h beginning from the L4 stage, followed by exposure to
dopamine for 3 or 6 h (Fig. 4C). Six or 3 h dopamine exposure
significantly reduced the percentage of dwelling, suggesting that a
few hours of dopamine exposure after development is required.
In the experiments in Figure 4B, dopamine was not included in
the assay plates, but the effect of dopamine exposure was ob-
served. Moreover, the effects of dopamine persisted for at least 6 h
after its removal (Fig. 4D). Together, these results suggest that, in
males, dopamine is not required at the time of recording for
increased locomotor activity but is required before recording. On
the other hand, in hermaphrodites, dopamine present at the time
of recording is sufficient for suppression of locomotor activity.

Figure 3. cat-2 is required for the regulation of behavioral states. A, Time spent in each behavioral class for males (left) and hermaphrodites (right) of control and cat-2(e1112), cat-2(n4547), and
cat-2(tm2261) mutant animals. B, Time spent in each behavioral class for cat-2(e1112) mutants carrying (
 cat-2 gene) and not carrying (ctrl) the WT cat-2 gene. C, Time spent in each behavioral
class for L4 males and L4 hermaphrodites of control and cat-2(e1112) mutant animals. Numbers in the bars indicate the numbers of animals tested. Error bars indicate SEM. Average speed (D) and
average angular speed (E) during 900 s recording were determined for control and the cat-2 mutant animals. Boxes represent the lower and upper quartile values. Middle lines indicate the medians.
Crosses represent the means. Whiskers represent the most extreme values within 1.5 times the interquartile range. Circles represent outliers. Numbers in the graph indicate the numbers of animals
tested. Wilcoxon Rank Sum test with Bonferroni correction: ***p � 0.001; **p � 0.01; *p � 0.05; ns, not significant, p � 0.05. p values are listed in Figure 3-1 (available at
https://doi.org/10.1523/JNEUROSCI.2985-18.2019.f3-1).

Movie 5. Locomotor behavior of a cat-2(e1112) mutant hermaphro-
dite. The movie is at 60 times speed.
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We next determined which dopamine receptors function in
the regulation of the behavioral states. There are five dopamine
receptors identified in C. elegans: the D1-like receptor, DOP-1
(Suo et al., 2002); the D2-like receptors, DOP-2 (Suo et al., 2003)
and DOP-3 (Sugiura et al., 2005); the Gq-coupled receptor,
DOP-4 (Sugiura et al., 2005); and the dopamine-gated Cl- chan-
nel, LGC-53 (Ringstad et al., 2009). We tested all of the single
receptor mutants as well as some combined mutants (Fig. 4E,F).
In males, only when all five dopamine receptors were mutated,
the percentage of dwelling was not significantly different from
that of cat-2 mutants. This result suggests that all of the known
dopamine receptors play a role in increasing locomotor activity
in males. For hermaphrodites, the percentage of dwelling was not
different from cat-2 mutants in all the strains that carried muta-
tions in both dop-3 and lgc-53, suggesting that dop-3 and lgc-53
are required for decreasing the locomotor activity in hermaphro-
dites. Together, these results illustrate that dopamine regulates

behavioral states through different mechanisms in males and
hermaphrodites.

Dopamine and the polycystic kidney disease genes act in the
same pathway in males
We examined the interaction between cat-2 and genes that are
known to regulate aspects of male behavior. The ntc-1 gene en-
codes a vasopressin/oxytocin-related peptide, and ntc-1 mutants
are impaired in mate-searching behavior and mating (Garrison et
al., 2012). The ntc-1 mutation alone did not impact the percent-
age of dwelling in either males or hermaphrodites (Fig. 5A). The
cat-2 mutation did alter locomotor behavior of both males and
hermaphrodites in the ntc-1 mutant background, suggesting that
ntc-1 has little effect on regulation by cat-2. Pigment-dispersing
factor mutants (pdf-1) exhibit reduced mate-searching behavior
in males and an increased dwelling state in hermaphrodites (Bar-
rios et al., 2012; Flavell et al., 2013). The pdf-1 mutation alone

Figure 4. Dopamine regulates behavioral states through different mechanisms in males and hermaphrodites. A, Dopamine was added to assay plates in which behavior was recorded, and time
spent in each behavioral class was determined for males (left) and hermaphrodites (right) of control and cat-2(e1112) animals. B, Dopamine was added to plates where control and cat-2(e1112)
males were grown for 20 h from the L4 stage. C, cat-2(e1112) mutants were exposed to dopamine from 3 or 6 h before transferring to assay plates, and time spent in each behavioral class was
determined. D, cat-2(e1112) mutants were exposed to dopamine for 20 h and transferred to plates without dopamine for 3 or 6 h before transferring to assay plates. Dopamine was not added to assay
plates for the experiments in B–D. E, F, Time spent in each behavioral class for control animals and dopamine receptor mutants, dop-1(vs101), dop-2(vs105), dop-3(vs106), dop-4(tm1392), and
lgc-53(tm2735). Numbers in the bars indicate the numbers of animals tested. Error bars indicate SEM. Wilcoxon Rank Sum test with Bonferroni correction: ***p � 0.001; **p � 0.01; *p � 0.05;
ns, not significant, p � 0.05. p values are listed in Figure 4-1 (available at https://doi.org/10.1523/JNEUROSCI.2985-18.2019.f4-1).
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increased dwelling in males and hermaphrodites (Fig. 5B). The
effect of cat-2 was present in pdf-1 males and was not clear in
hermaphrodites as locomotor activity was very low in pdf-1 her-
maphrodites. Therefore, the results suggest that pdf-1 reduces
dwelling both in males and hermaphrodites and that pdf-1 and
cat-2 act in parallel pathways in males.

We next investigated the daf-2 gene, which encodes the insulin/
IGF receptor, as daf-2 mutants exhibit reduced mate-searching be-
havior (Lipton et al., 2004). The percentage of dwelling was
increased in daf-2 mutant males, and it was not further increased by
cat-2 in cat-2;daf-2 double mutants (Fig. 5C). This result suggests
that, in males, daf-2 and cat-2 act in the same pathway to reduce
dwelling and that daf-2 acts downstream of cat-2. However, given
that the daf-2 phenotype is so strong and could mask the milder cat-2
phenotype, it is also possible that cat-2 and daf-2 act in parallel path-
ways. The percentage of dwelling was also increased by daf-2 in her-
maphrodites (Fig. 5C). However, cat-2 decreased percentage of
dwelling in the daf-2 background hermaphrodites. This result sug-
gests that, in hermaphrodites, daf-2 and cat-2 have opposite effects
on dwelling and act in parallel pathways.

The polycystic kidney disease-related genes lov-1 and pkd-2
are required for normal male mating behavior as well as mate-
searching behavior, and these two genes work in the same path-
way (Barr and Sternberg, 1999; Barr et al., 2001; Barrios et al.,
2008). lov-1 and pkd-2 are expressed exclusively in male-specific

sensory neurons and are required for functions of these neurons.
The percentage of dwelling of cat-2;lov-1 and cat-2;pkd-2 double
mutants was not significantly different from that of lov-1 and
pkd-2, respectively (Fig. 5D, left). lov-1 and pkd-2 mutants had
reduced tail chase presumably because of their defects in tail sen-
sation. Even when percentage of dwelling was calculated after
removing tail chase (Fig. 5D, right), the percentage of dwelling of
cat-2;lov-1 and cat-2;pkd-2 double mutants was not significantly
different from that of lov-1 and pkd-2, respectively. The results
suggest that the polycystic kidney disease genes and cat-2 act in
the same pathway in males. Therefore, the dopaminergic path-
way for behavioral state regulation likely involves the male sen-
sory neurons. spe-26 and glp-1 mutants have reduced sperm
production and exhibit reduced mate-searching behavior (Priess
et al., 1987; Varkey et al., 1995; Lipton et al., 2004). The cat-2
mutation increased the percentage of dwelling in the spe-26 and
glp-1 backgrounds, and the percentage of dwelling of cat-2 mu-
tants and those of cat-2;spe-26 or cat-2;glp-1 double mutants were
not significantly different (Fig. 5E). These results suggest that
sperm content does not affect the dopaminergic regulation of
locomotor behavior.

Serotonin and dopamine work through the same pathway
The tph-1 gene encodes tryptophan hydroxylase, which is re-
quired for serotonin production (Sze et al., 2000). We exam-

Figure 5. Interaction of cat-2 with other genetic factors. Time spent in each behavioral class for males (left) and hermaphrodites (right, except for D and E) of control and cat-2(e1112) mutant
animals in the following mutant background: the oxytocin/vasopressin-related peptide mutant, ntc-1(tm2385) (A); the pigment-dispersing factor mutant, pdf-1(tm1996 ) (B); the insulin/IGF
receptor mutant, daf-2(e1370) (C); the polycystic kidney disease-related gene mutants, lov-1(sy582) and pkd-2(sy606 ) (D); sperm-deficient mutants, spe-26(hc138) and glp-1(bn18) (E); and the
serotonin-deficient mutant, tph-1(mg280) (F ). Because the lov-1(sy582) and pkd-2(sy606 ) mutants have a defect in tail sensation and therefore have reduced tail chase, time spent in roaming, fast
turn, and dwelling was compared after removing tail chase (D, right). Numbers in the bars indicate the numbers of animals tested. Error bars indicate SEM. Wilcoxon Rank Sum test with Bonferroni
correction: ***p � 0.001; **p � 0.01; ns, not significant, p � 0.05. p values are listed in Figure 5-1 (available at https://doi.org/10.1523/JNEUROSCI.2985-18.2019.f5-1).
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ined the locomotor behavior of tph-1 mutants and tph-1;cat-2
double mutants (Fig. 5F ). The tph-1 mutation alone had little
effect on the behavioral states in males and did not affect
regulation by cat-2 in males. In hermaphrodites, it was previ-
ously reported that serotonin increases the dwelling state (Fla-
vell et al., 2013). The percentage of dwelling in tph-1 mutant
hermaphrodites was reduced to a level that was not different
from that of cat-2 mutants. Furthermore, cat-2;tph-1 double
mutants showed no further decrease in percentage of dwelling
from that of single mutants. These results suggest that dopa-
mine and serotonin regulate locomotor behavior through the
same pathway in hermaphrodites.

Octopamine signaling in the SIA neurons works downstream
of dopamine
It was previously reported that dopamine suppresses octopamine
signaling in hermaphrodites and that octopamine signaling acti-
vated in the absence of dopamine signaling induces signal trans-
duction in the SIA neurons, leading to activation of CREB (Suo et
al., 2006, 2009). Furthermore, octopamine is involved in
experience-dependent changes in the sex-specific pruning of syn-
aptic connections (Bayer and Hobert, 2018). We examined
octopamine-deficient tbh-1 mutants and found that tbh-1 had
little effect on males (Fig. 6A). In hermaphrodites, tbh-1 sup-
pressed cat-2 and the percentage of dwelling was not significantly

different between tbh-1 and cat-2;tbh-1, suggesting that octo-
pamine signaling works downstream of dopamine.

We also examined the effect of the crh-1 gene, which en-
codes the CREB homolog (Fig. 6B). Although crh-1 hermaph-
rodites exhibited a small decrease in the percentage of
dwelling, the cat-2 mutation further decreased it in the crh-1
background, suggesting that crh-1 does not suppress cat-2 for
the regulation of behavioral states. In males, the percentage of
dwelling of cat-2;crh-1 was slightly smaller than that of cat-2,
suggesting that CREB plays a role in regulation of behavioral
states by dopamine in males.

There are three octopamine receptors in C. elegans: the Gq-
coupled receptors, SER-3 (Suo et al., 2006) and SER-6 (Mills et
al., 2012), and the Gi-coupled receptor, OCTR-1 (Wragg et al.,
2007). We next examined whether the mutations in these recep-
tors suppress the effects of cat-2 in hermaphrodites (Fig. 6C). The
percentage of dwelling of cat-2 mutants was not significantly af-
fected by the ser-3, ser-6, or octr-1 single mutations. Through the
examination of double and triple mutants, we found that cat-2;
ser-3;ser-6 and cat-2;ser-3;ser-6;octr-1 mutants had a significantly
larger percentage of dwelling than cat-2 mutants. These results
suggest that both ser-3 and ser-6 work downstream of dopamine.
The results did not exclude the possibility that octr-1 is also in-
volved in the regulation because the time spent exhibiting roam-
ing of cat-2;ser-3;ser-6 was not significantly different from cat-2,

Figure 6. Octopamine works downstream of dopamine. A, Time spent in each behavioral class for males (left) and hermaphrodites (right) of control and cat-2(e1112) mutant animals in the
octopamine-deficient tbh-1(ok1196 ) mutant background. B, Time spent in each behavioral class for control and cat-2(e1112) mutant animals in the mutant background of the CREB homolog,
crh-1(tz2). C, Time spent in each behavioral class for control and cat-2(e1112) mutant hermaphrodites in the octopamine receptor mutant background, ser-3(ad1774), ser-6(tm2104), and
octr-1(ok371). D, Time spent in each behavioral class for cat-2(e1112);ser-3(ad1774);ser-6(tm2104);octr-1(ok371) mutants carrying (
 ceh-17::ser-3,ceh-17::ser-6 ) and not carrying (ctrl) the
plasmids that induce expression of ser-3 and ser-6 in the SIA neurons. E, Octopamine was added to assay plates in which behavior was recorded, and time spent in each behavioral class was
determined for hermaphrodites of control and ser-3(ad1774);ser-6(tm2104);octr-1(ok371) mutant animals. Numbers in the bars indicate the numbers of animals tested. Error bars
indicate SEM. Wilcoxon Rank Sum test with Bonferroni correction: ***p � 0.001; **p � 0.01; *p � 0.05; ns, not significant, p � 0.05. p values are listed in Figure 6-1 (available at
https://doi.org/10.1523/JNEUROSCI.2985-18.2019.f6-1).
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and it was only in the cat-2;ser-3;ser-6;octr-1 mutants that the
amounts of time spent exhibiting both dwelling and roaming
were significantly different from those of cat-2.

Churgin et al. (2017) showed that octopamine signaling works
downstream of serotonin in the regulation of the behavioral
states of hermaphrodites and that SER-3 and SER-6 work within
the SIA neurons in this regulation. To examine whether the SIA
neurons are also involved in the regulation of behavioral states by
dopamine, we expressed SER-3 and SER-6 in the SIA neurons of
the cat-2;ser-3;ser-6;octr-1 mutants using the ceh-17 promotor,
which induces gene expression only in the SIA neurons and one
additional neuron (Pujol et al., 2000). The mutants expressing
SER-3 and SER-6 in the SIA neurons exhibited reduced percent-
age of dwelling compared with ones without expression of SER-3
and SER-6 (Fig. 6D), suggesting that, in hermaphrodites, it is also
the SIA neurons in which octopamine signaling is working down-
stream of dopamine. However, given that the reduction of per-
centage of dwelling was small, the receptors may also work in
other neurons.

If octopamine signaling is activated in the SIA neurons in the
absence of dopamine in cat-2 mutants and this reduces the dwell-
ing state, exogenous application of octopamine in WT animals
should reduce the inactive state. Incorporation of octopamine in
the assay plates reduced percentage of dwelling in WT back-
ground animals (Fig. 6E). Reduction in the percentage of dwell-
ing was not observed in ser-3;ser-6;octr-1 triple mutants.
Together, the above results suggest that octopamine signaling,
which is activated in the absence of dopamine, reduces the inac-
tive state of hermaphrodites.

Octopamine induces a calcium response in the SIA neurons of
hermaphrodites but not males
The SIA neurons are sex-shared neurons and exist not only in
hermaphrodites but also in males (Sulston et al., 1980; White
et al., 1986). However, the reduction of percentage of dwelling
by the cat-2 mutation is observed in hermaphrodites but not in
males. To address whether there is a difference in the respon-
siveness to octopamine between the SIA neurons of males and
those of hermaphrodites, calcium imaging of SIA neurons was
performed by expressing GCaMP6 (Ohkura et al., 2012) in the
SIA neurons using the ceh-17 promotor. Animals were placed
in the olfactory chip (Chronis et al., 2007) and exposed to
octopamine-containing buffer. In the WT background her-
maphrodites, calcium oscillation was evoked upon octo-
pamine exposure (Fig. 7A). Although there were varying
degrees of calcium responses in the ser-3, ser-6, and octr-1
single mutants, there was essentially no response in ser-3;ser-
6;octr-1 triple mutants (Fig. 7B–E,G). In WT males, the cal-
cium response to octopamine was significantly reduced
compared with WT hermaphrodites (Fig. 7 F, G). The obser-
vation that calcium response is evoked by octopamine in the
SIA neurons in hermaphrodites but there was little response
evoked in males suggests that there is a sex difference in re-
sponsiveness to octopamine in the SIA neurons.

We next examined expression of the octopamine receptor
genes in the SIA neurons using transcriptional fusion genes (Fig.
8). As previously reported (Suo et al., 2006; Yoshida et al., 2014),
ser-3 and ser-6 were expressed in a number of neurons, including
the SIA neurons in hermaphrodites. octr-1 was also expressed in

Figure 7. Calcium response of the SIA neurons upon octopamine treatment. Calcium imaging of control (A), ser-3(ad1774 ) (B), ser-6(tm2104 ) (C), octr-1(ok371) (D), and ser-3(ad1774);ser-
6(tm2104);octr-1(ok371) (E) background hermaphrodites and WT males (F ) expressing GCaMP6 in the SIA neurons. Top panels, Representative graphs of fluorescence change recorded from a single
animal. Shaded areas represent the presence of octopamine. Bottom panels, Heatmap graphs of fluorescence change with each row representing individual animals. G, Length of time in which �F/F
was �3. Boxes represent the lower and upper quartile values. Middle lines indicate the medians. Crosses represent the means. Whiskers represent the most extreme values within 1.5 times the
interquartile range. Circles represent outliers. Numbers in the graph indicate the numbers of animals tested. Wilcoxon Rank Sum test with Bonferroni correction: **p � 0.01; *p � 0.05. ser-3
hermaphrodites: W � 141, p � 1.00. ser-6 hermaphrodites: W � 127, p � 1.00. octr-1 hermaphrodites: W � 73, p � 1.00. ser-3;ser-6;octr-1 hermaphrodites: W � 180, p � 0.0105. Control
males: W � 212, p � 0.00863.
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the SIA neurons of hermaphrodites. Furthermore, expression of
ser-3, ser-6, and octr-1 in the SIA neurons was similarly observed
in males. These results suggest that, at least at the transcription
level, expression of the octopamine receptors in the SIA neurons
is not different between males and hermaphrodites; therefore, the
sex difference in the octopamine response is unlikely caused by
altered receptor expression.

In hermaphrodites, the overexpression of the sex determina-
tion gene fem-3 from the pan-neural rab-3 promoter results in
masculinization of the shared neurons mostly without producing
male-specific neurons (Lee and Portman, 2007; White et al.,
2007). Furthermore, subsets of neurons can be masculinized by
expression of fem-3 using cell-specific promotors. To examine
whether the sex difference in responsiveness to octopamine arise
from the sex of the SIA neurons, calcium imaging was performed
in hermaphrodites carrying ceh-17::fem-3, which would express

fem-3 in the SIA neurons (Fig. 9A–C). Although the transgenic
strain appeared somewhat unhealthy, both animals carrying and
not carrying ceh-17::fem-3 similarly responded to octopamine in
the SIA neurons, unlike what was seen for WT background males.
This result suggests that the sexual dimorphism in SIA signaling
does not arise from the sex of the SIA neurons and implies that it
is a result of a network effect.

We next examined the behavioral states of animals carrying
ceh-17::fem-3 (Fig. 9D). WT background hermaphrodites car-
rying ceh-17::fem-3 had a normal level of percentage of dwell-
ing. The percentage of dwelling was reduced in cat-2 mutants
carrying ceh-17::fem-3, suggesting that dopamine alters loco-
motor activity, even when the SIA neurons of hermaphrodites
were masculinized. Hermaphrodites carrying rab-3::fem-3,
which masculinize all the shared neurons, were also tested (Fig.

Figure 8. Expression of the octopamine receptor genes in SIA neurons. The GFP and DsRed fluorescent images and the merged images were obtained from him-5(e1490) animals carrying
ser-3::gfp (A–C, male; D–F, hermaphrodite), ser-6::gfp (G–I, male; J–L, hermaphrodite), or octr-1::gfp (M–O, male; P–R, hermaphrodite). The animals also carried ceh-17::dsred, which labels SIA
neurons with DsRed. Arrows indicate SIA neurons. Scale bar, 20 �m.
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9E). Hermaphrodites carrying rab-3::fem-3 exhibited reduced
percentage of dwelling compared with the control animals. The
percentage of dwelling was not further reduced in cat-2 mutants
carrying rab-3::fem-3, suggesting that dopamine does not alter
locomotor activity in the animals with masculinized shared neu-
rons. Together, the results further suggest that the sexually di-
morphic signaling is not intrinsic to the SIA neurons and that
other shared neurons play roles in generating sex differences in
bioamine signaling.

Sexually dimorphic regulation of exploration by dopamine
The results above suggested that dopamine increases the time
spent in the high locomotor activity state in males. Animals with
increased locomotor activity may be able to explore a larger area
of a bacterial lawn, which would be beneficial for males who are in
search of a mate. To examine whether indeed males explore a
larger area of a lawn, the areas of the traces of animals were
quantified and the percentage of the bacterial lawn covered by the
trace was calculated (Fig. 10A,B). Males covered a much larger
area than hermaphrodites. Area coverage was significantly re-
duced in cat-2 males compared with that in WT males, whereas
cat-2 hermaphrodites covered a larger area than WT hermaphro-
dites. These results suggest that dopamine allows males to explore
a larger area of the bacterial lawn and keeps hermaphrodites in a
smaller area.

As part of mate-searching behavior, males often leave and
disperse away from a bacterial lawn when there is no hermaph-
rodite present, whereas hermaphrodites leave the lawn less fre-
quently (Lipton et al., 2004). Mate-searching behavior was
analyzed by measuring the time it takes for a male to leave a small
lawn and reach the edge of assay plates. cat-2 mutant males
showed significantly less dispersal compared with WT males (Fig.
10C), which was at least partially rescued by introduction of the
cat-2 gene (Fig. 10D), suggesting that dopamine promotes mate-
searching. To further assess food-leaving behaviors of males and
hermaphrodites, animals were individually placed on small bac-
terial lawns (5 mm diameter) and were video-recorded to deter-
mine how frequently they leave the lawns (Fig. 10E). WT males
left lawns at a much higher rate than WT hermaphrodites. cat-2
mutant males left bacterial lawns at significantly lower rates than
WT males. In contrast, cat-2(e1112) and cat-2(tm2261) her-
maphrodites left lawns at higher rates than WT hermaphrodites.
Both the reduced leaving in males and the increased leaving in
hermaphrodites were suppressed by introduction of the WT cat-2
gene in the cat-2 mutants (Fig. 10F). The results suggest that
dopamine promotes leaving in males and suppresses leaving in
hermaphrodites and that dopamine regulates food-leaving in a
sexually dimorphic manner.

Discussion
In this study, we investigated the sex differences in the regulation
of behavioral states and found that C. elegans males spend much
more time than hermaphrodites in the high locomotor activity
state, the roaming state. In addition to the roaming state, males
spent much time exhibiting high-speed and high-turning fre-
quency behaviors. In dopamine-deficient cat-2 mutants, the
dwelling state was increased in males and decreased in hermaph-
rodites. This suggests that dopamine plays a major role in gener-
ating the sex differences in the behavioral states by having the
opposite effects in males and hermaphrodites. Given that there
remained some sex differences in the cat-2 mutants, dopamine
does not account for all of the sex differences in the behavioral
states. Therefore, other factors may be involved in generating
these differences.

Dopamine plays a role in some aspects of male mating behav-
ior, including postcoital lethargy where males become inactive
after mating with hermaphrodites, ensuring that enough sperms
are available for the next mating (LeBoeuf et al., 2014). Postcoital
lethargy is not the cause of an increased dwelling state in cat-2
mutants because dopamine promotes postcoital lethargy. More-
over, in our experiments, males were grown separately from her-
maphrodites and were prohibited from mating. cat-2 mutant
males sometimes ejaculate outside of the vulva during mating

Figure 9. Masculinization of the SIA neurons. A, B, Calcium imaging of hermaphrodites not
carrying (	 ceh-17::fem-3) and carrying ceh-17::fem-3 (
 ceh-17::fem-3). Top, Representa-
tive graphs of fluorescence change recorded from a single animal. Shaded areas represent the
presence of octopamine. Bottom, Heatmap graphs of fluorescence change with each row rep-
resenting individual animals. C, Length of time in which �F/F was �3. Boxes represent the
lower and upper quartile values. Middle lines indicate the medians. Crosses represent the
means. Whiskers represent the most extreme values within 1.5 times the interquartile range.
Circles represent outliers. Numbers in the graph indicate the numbers of animals tested. Wil-
coxon Rank Sum test: ns, not significant, W�56.5, p�0.609. D, Time spent in each behavioral
class for WT and cat-2(e1112) background hermaphrodites carrying (
 ceh-17::fem-3) and not
carrying (ctrl) ceh-17::fem-3. E, Time spent in each behavioral class for WT and cat-2(e1112)
background hermaphrodites carrying (
 rab-3::fem-3) and not carrying (ctrl) rab-3::fem-3.
Numbers in the bars indicate the numbers of animals tested. Error bars indicate SEM. Wilcoxon
Rank Sum test with Bonferroni correction: ***p � 0.001; ns, not significant, p � 0.05. wt ctrl
versus wt 
 ceh-17::fem-3: W � 1962.5, p � 1.00. cat-2 ctrl versus cat-2 
 ceh-17::fem-3:
W � 1831.5, p � 1.00. wt 
 ceh-17::fem-3 versus cat-2 
 ceh-17::fem-3: W � 2904.5, p �
1.72 � 10 	6. wt ctrl versus wt 
 rab-3::fem-3: W � 816.5, p � 1.39 � 10 	5. cat-2 ctrl
versus cat-2 
 rab-3::fem-3: W � 447, p � 1.00. wt 
 rab-3::fem-3 versus cat-2 
 rab-3::
fem-3: W � 341.5, p � 0.671.
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because they have abnormal spicule protraction and vulva sens-
ing (LeBoeuf et al., 2014). Although it is unknown whether cat-2
males ejaculate abnormally in the absence of hermaphrodites, it
was possible that this affected their behavior, as males with re-
duced sperm quantity have reduced sex drive (Lipton et al.,
2004). However, because sperm-deficient spe-26 and glp-1 mu-
tants did not suppress cat-2 in the regulation of the behavioral
states, it is unlikely that dopamine affects the states through
changing the sperm level.

For the same neurotransmitter, dopamine, to regulate the
same behavior in opposite directions in different sexes, there
need to be two separate mechanisms of regulation: one for males
and another for hermaphrodites. In addition, there should be
mechanisms to inactivate male-specific regulation in hermaph-
rodites and vice versa. The mechanisms by which dopamine reg-
ulates behavioral states in males and hermaphrodites should be
distinct because the timing for dopamine requirement is differ-
ent. In hermaphrodites, exogenous dopamine had an immediate
effect on the behavior of cat-2 mutants, which suggested that
suppression of octopamine signaling by dopamine immediately
results in suppression of the high locomotor activity state. In
males, it required a few hours for dopamine to work on cat-2
mutants and the effect persisted for hours. Because dopamine
had effects on adult cat-2 mutants, dopamine works at least in
part independently of male development. The reason for the de-
lay and persistence is unknown, but dopamine may be regulating
states through slow signaling, such as induction of gene expres-
sion. The CREB homolog CRH-1 may play a role in such signal-
ing, as crh-1 loss of function partially suppressed the effect of
cat-2 on behavioral states in males.

The genes working in the dopaminergic regulation, including
the receptors, were also different in males and hermaphrodites.
For suppression of the dwelling state in males, dopamine acts in
the same pathway as the polycystic kidney disease-related genes,
lov-1 and pkd-2. lov-1 and pkd-2 work in the same pathway for the
regulation of male mating behavior and are expressed exclusively
in male-specific sensory neurons (Barr and Sternberg, 1999; Barr
et al., 2001). Therefore, the dopaminergic pathway for behavioral
state regulation in males may involve the male-specific sensory
neurons. The fact that these neurons do not exist in hermaphro-
dites and are not fully developed in L4 males (Sulston et al., 1980)
is consistent with the results showing that the male-specific reg-
ulation does not work in hermaphrodites and L4 males. Involve-
ment of sex-specific neurons may be one of the mechanisms for
the sexually dimorphic regulation of behavioral states.

The results shown in this study demonstrate that, in hermaph-
rodites, dopamine decreases locomotor activity through the sup-
pression of octopamine signaling in the SIA neurons. Serotonin
also regulates the behavioral states in hermaphrodites through
octopamine signaling in the SIA neurons (Churgin et al., 2017).
Furthermore, cat-2 and tph-1 mutants had similar percentage of
dwelling, and cat-2 did not further decrease percentage of dwell-
ing of tph-1. Therefore, it is likely that dopamine and serotonin
signaling converge on suppression of octopamine signaling.

The SIA neurons are sex-shared neurons, existing in males
and hermaphrodites (White et al., 1986). Through calcium im-
aging of the SIA neurons, we showed that the SIA neurons of
hermaphrodites respond to octopamine by evoking calcium os-
cillation in a manner that requires the octopamine receptors. In
contrast, the calcium response to octopamine was severely re-
duced in the SIA neurons of males. This result suggests that the
SIA neurons of males have reduced responsiveness to octo-
pamine compared with those of hermaphrodites. Therefore, in

Figure 10. Dopamine regulates exploration inside and outside of a bacterial lawn. Control
and cat-2(e1112) animals were placed on bacterial lawns, and the behavior was recorded for 15
min. A, Representative traces left by animals. Four traces each are shown. Scale bar, 5 mm. B,
The percentages of the lawn area covered by the traces of animals per 15 min are shown. C,
Mate-searching behavior of control and cat-2(e1112) males. D, Mate-searching behavior of
cat-2(e1112) males carrying (
 cat-2 gene) and not carrying (ctrl) the WT cat-2 gene. Fraction
of animals that has not dispersed were plotted. The data were fitted to an exponential para-
metric survival model (dotted lines). E, Control and cat-2(e1112), cat-2(n4547), and cat-
2(tm2261) mutant animals were placed on bacterial lawns and were recorded for 1 h. Numbers
of times animals left the lawns per 1 h were determined. F, Numbers of times animals left the
lawn per hour for cat-2(e1112) mutants carrying (
 cat-2 gene) and not carrying (ctrl) the WT
cat-2 gene. Boxes represent the lower and upper quartile values. Middle lines indicate the
medians. Crosses represent the means. Whiskers represent the most extreme values within 1.5
times the interquartile range. Circles represent outliers. Numbers in the graphs indicate the
numbers of animals tested. Wilcoxon Rank Sum test with Bonferroni correction: ***p � 0.001;
**p�0.01; *p�0.05; ns, not significant, p�0.05. p values are listed in Figure 10-1 (available
at https://doi.org/10.1523/JNEUROSCI.2985-18.2019.f10-1).
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males, dopaminergic regulation of octopamine signaling would
have less of an effect on the behavioral states. Such a sex difference
in the responsiveness of the sex-shared neurons is likely another
mechanism for the sexually dimorphic regulation of behav-
ioral states. As masculinization of the SIA neurons by itself did
not alter octopamine response or behavioral states of her-
maphrodites, it is unlikely that the sex differences in bioamine
signaling were determined by the sex of the SIA neurons, and
other neurons may be involved. Further studies are required to
elucidate the neural circuit that gives rise to the sexually di-
morphic signaling.

Males spending more time in the high locomotor activity state
may be beneficial for finding mates. Indeed, males explored a
larger area of the bacteria lawn than hermaphrodites, and dopa-
mine was responsible for a part of this sex difference. For her-
maphrodites, it may be more beneficial to be less active as it
allows them to stay with food and potentially conserve energy.
The observation that sexually immature L4 males spent most of
the time in the inactive dwelling state, similarly to hermaphro-
dites, is consistent with this idea. Male-female species also had sex
differences in locomotor activity. Although females require males
for reproduction, this may be explained by the fact that females
have higher reproductive costs than males since they bear eggs.
Recent simulation studies offer an alternative explanation for the
sex difference in locomotor activity. Mizumoto et al. (2017)
showed that sex differences in locomotion allow for a higher rate
of encounter for 2 individuals of different sexes. In particular, if
one sex is sending an attracting signal and is moving slower than
signal receivers, it improves the chance of mating encounters
(Mizumoto and Dobata, 2018). As C. elegans males are attracted
to pheromones from hermaphrodites (Simon and Sternberg,
2002), the lower locomotor activity of hermaphrodites may help
males find them. In addition to how they move within bacterial
lawn, whether to leave the lawn impacts the chance of finding
mates. Males leave a lawn at a much higher rate than hermaph-
rodites in the absence of mates. This difference is believed to be
beneficial to males for finding a mate and helps hermaphrodites
to stay with food. We found that dopamine also contributes to
generating the sex differences in food-leaving by increasing food-
leaving in males and decreasing it in hermaphrodites. These
results suggest that dopamine is important for behavioral differ-
entiation and promotes adaptive behaviors for each sex.

For tuning sex-shared behaviors to suit reproductive strategy
of each sex, neuromodulator signaling that controls these behav-
iors needs to be altered in a sexually dimorphic manner. Our
results show that a neurotransmitter, dopamine, controls the
same behavior in the opposite way using different molecular
mechanisms in different sexes, illustrating that animals can vary
their behavior in a way that is adaptive to their sex without chang-
ing the associated neurotransmitter.
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