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Thermosensory Signaling by TRPM Is Processed by Brain
Serotonergic Neurons to Produce Planarian Thermotaxis

X Takeshi Inoue,* Taiga Yamashita,* and Kiyokazu Agata
Department of Biophysics, Graduate School of Science, Kyoto University, Kitashirakawa-Oiwake, Sakyo-ku, Kyoto 606-8502, Japan

For most organisms, sensitive recognition of even slight changes in environmental temperature is essential for adjusting their behavioral
strategies to ensure homeostasis and survival. However, much remains to be understood about the molecular and cellular processes that
regulate thermosensation and the corresponding behavioral responses. Planarians display clear thermotaxis, although they have a
relatively simple brain. Here, we devised a quantitative thermotaxis assay and unraveled a neural pathway involved in planarian ther-
motaxis by combinatory behavioral assays and RNAi analysis. We found that thermosensory neurons that expressed a planarian Dugesia
japonica homolog of the Transient Receptor Potential Melastatin family a (DjTRPMa) gene were required for the thermotaxis. Interest-
ingly, although these thermosensory neurons are distributed throughout their body, planarians with a dysfunctional brain due to
regeneration-dependent conditional gene knockdown (Readyknock) of the synaptotagmin gene completely lost their thermotactic be-
havior. These results suggest that brain function is required as a central processor for the thermosensory response. Therefore, we
investigated the type(s) of brain neurons involved in processing the thermal signals by gene knockdown of limiting enzymes for neu-
rotransmitter biosynthesis in the brain. We found that serotonergic neurons with dendrites that were elongated toward DjTRPMa-
expressing thermosensory neurons might be required for the processing of signals from thermosensory neurons that results in
thermotaxis. These results suggest that serotonergic neurons in the brain may interact with thermosensory neurons activated by TRPM
ion channels to produce thermotaxis in planarians.
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Introduction
The brain functions as an information-processing center in
which a variety of internal and external signals are decoded into
defined molecular and cellular functions that often result in dis-
tinct behaviors appropriate for the environment. Temperature
affects not only animal behaviors but also physiological functions
such as gene expression, energy usage, and cell growth in organ-
isms. Planarians are among the most responsive animals to
changes of temperature throughout their lives. For example, pla-
narians change their body size, fission rate, and conversion be-
tween sexual and asexual state and sustain their homeostasis
according to the environmental temperature (Curtis, 1902; Cole,
1926; Best et al., 1969; Vowinckel, 1970; Grasso and Benazzi,
1973). Furthermore, planarians belong to an evolutionarily early
group that acquired a CNS and show stereotypical behaviors in

response to environmental stimuli (Pearl, 1903) perceived
through sensory neurons projecting to an inverted U-shaped
brain (Agata et al., 1998; Okamoto et al., 2005). Despite its rela-
tively simple structure, the planarian brain is divided into several
functional and structural domains composed of several types of
neurons distinguished by their neurotransmitters and neural
modulators, such as glutamate, dopamine, serotonin, GABA,
acetylcholine, and neuropeptides, which are quite similar to
those used by mammals (Umesono and Agata, 2009; Collins et
al., 2010; Umesono et al., 2011).

Increasing knowledge has been gained recently about the
morphogenesis of the planarian brain and its robust regenerative
ability (Agata and Watanabe, 1999; Reddien and Sanchez Al-
varado, 2004; Shibata et al., 2010; Umesono et al., 2011; Umesono
et al., 2013). Moreover, tractable planarian behavioral assay sys-
tems that can be quantified for many variables, such as time spent
in a target zone, speed, and distance, and that can be used in
combination with RNAi of neuron-specific genes, have provided
molecular and cellular knowledge about the information-
processing machinery in the brain (Inoue et al., 2004; Takano et
al., 2007; Nishimura et al., 2008). Therefore, the planarian brain,
with its remarkable regenerative ability, may provide a unique
opportunity to examine molecular mechanisms underlying the
thermosensory system and its physiological and behavioral func-
tions in vivo.

Crucial advances in understanding the molecular mecha-
nisms of temperature sensing by the nervous system have been
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achieved by recent studies of transient re-
ceptor potential (TRP) ion channels that
are conserved across the animal king-
dom (Montell, 2005) and are involved
in a wide variety of sensory systems, in-
cluding thermosensation (Komatsu et
al., 1996; Harteneck et al., 2000; Caterina
and Montell, 2005; Rosenzweig et al.,
2005; Kahn-Kirby and Bargmann, 2006;
Tominaga, 2007; Talavera et al., 2008;
Xiao and Xu, 2011). Although the signal
transduction processes of the TRP family
receptors in response to temperature
stimulation have been studied extensively,
much remains to be understood about the
neural pathways in the brain that trans-
form the activation of TRP channels by
temperature stimulation into thermotac-
tic behavioral responses. Our findings in
this study suggest that serotonergic neu-
rons in the brain and TRP Melastatin
(TRPM) family channel activation in
thermosensory neurons in the body pe-
riphery may be required for thermotaxis
in planarians.

Materials and Methods
Animals. A clonal strain of planarian (Dugesia
japonica), SSP, was used in this study. Animals
were cultured at 23°C in tap water. For amputation, they were starved for
at least 1 week, anesthetized by chilling on ice, and then cut. Planarians
that were 7 mm in length were used for all experiments. All planarians
were maintained and manipulated according to a protocol approved by
the Animal Care and Use Committee of Kyoto University.

Thermotaxis behavior assay. All behavioral experiments were per-
formed in a dark room with only a red light, a wavelength which cannot
be sensed by planarians (Azuma et al., 1994; Azuma et al., 1999). Ther-
motaxis assays were performed for 180 s using a 6 cm Petri dish and a
2-cm-diameter vial containing frozen acetic acid or melting ice (11% of
the area of the total assay field). The vial containing 10 ml of frozen acetic
acid was removed from a refrigerator and kept at room temperature
(25°C) until the acetic acid started to melt. Then, an assay plate and the
vial were set as shown in Figure 2A and the surface of the plate was
covered with 5 ml of autoclaved tap water at room temperature (25°C).
The assay plate and the vial were left for 3 min in this state to allow
formation of a radial thermal gradient within the assay plate. The tem-
perature across the assay field was measured with a Thermo GEAR G100
infrared thermography camera (Nippon Avionics; see Fig. 2B). To assay
planarian behavior at various temperatures, the behavior was analyzed
using a temperature-controlled Thermo Plate (Tokai Hit) based on a
previously reported phototactic behavior assay system (Inoue et al.,
2004), the planarian thermotactic behavior was recorded using a video
camera (Sony), and the tracked data were analyzed as described previ-
ously (Inoue et al., 2004).

Treatment with a chemical antagonist. The TRPM8 channel inhibitor
N-(3-aminopropyl)-2-[(3-methylphenyl) methoxy]-N-(2-thienylm-
ethyl) benzamide hydrochloride (AMTB; Tocris Bioscience) (Lashinger
et al., 2008) was dissolved in dimethyl sulfoxide (DMSO) to 100 mM

concentration and used at the indicated concentration(s) for each exper-
iment. Planarian behaviors were analyzed in culture water supplemented
with the antagonist or DMSO alone.

Statistical evaluation. Data were analyzed by one-way ANOVA and the
statistical significance of differences between test results was determined by
Student’s t test; p values �0.05 were taken as not significant (ns).

Phylogenetic analysis. A phylogenetic tree was generated using Clust-
alW2 by aligning the transmembrane region of 81 TRP channel amino

acid sequences from planarian (D. japonica), mouse (Mus musculus),
human (Homo sapiens), rat (Rattus norvegicus), frog (Xenopus laevis),
zebrafish (Danio rerio), fruit fly (Drosophila melanogaster), and nema-
tode (Caenorhabditis elegans). The phylogenetic tree was drawn using
FigTree software.

Whole-mount in situ hybridization. The plasmids pBluescript SK(�)
containing the planarian DjTRP family genes were linearized using
BamHI. Using these linearized plasmids as templates, digoxigenin-
labeled antisense RNA probes were synthesized using T7 RNA polymer-
ase (Fermentas). Whole-mount in situ hybridization was performed as
described previously (Tasaki et al., 2011). Alkaline phosphatase enzyme
reactions for signal detection of in situ hybridization were performed
identically at room temperature, 26°C, to allow direct comparison be-
tween experimental animals and controls. Images were obtained using an
M205FA bright-field stereoscopic microscope (Leica). Images were pro-
cessed with LAS-AF, ImageJ, and Adobe Photoshop software. For quan-
tification of the number of expressing cells, images were processed with
ImageJ and the number of expressing cells was calculated using the static
ggplot2 R (Wickham, 2009).

Whole-mount immunohistochemistry. Whole-mount immunostaining
was performed as described previously (Inoue et al., 2007). Planarians
were stained using the following dilutions of mouse antibodies: 1/2000
mouse anti-planarian synaptotagmin (anti-DjSYT; Tazaki et al., 1999),
1/2000 mouse anti-planarian tryptophan hydroxylase (DjTPH; Nishimura
et al., 2007a), and 1/2000 rabbit anti-planarian glutamic acid decarboxylase
(DjGAD; Nishimura et al., 2008) in 10% goat serum in 0.1% of Triton
X-100-containing PBS (TPBS). After washing, the samples were incu-
bated with fluorescence-labeled goat secondary antibodies (Alexa Fluor
488-labeled anti-mouse IgG(H�L) antibody or Alexa Fluor 594-labeled
anti-rabbit IgG(H�L) antibody) and 10 �g/ml Hoechst 33342 (Life
Technologies) in TPBS containing 10% goat serum overnight at 4°C.
Fluorescence was detected with an FV10 confocal scanning microscope
[Olympus; 10�/0.4 numerical aperture (NA) or a 60�/1.34 NA oil-
immersion objective lens]. Images were processed with FV10-ASW
(Olympus). All images were obtained using the same photography con-
ditions to allow direct comparison between experimental animals and

Figure 1. Planarian behavior at various temperatures. A, Locomotor activity is shown as the speed of movement and total
distance moved during 90 s. B, Planarians soon after the temperature of their environment was changed and 1 h after. Low
temperature (below10°C) interfered with planarian motility. At high temperature (�30°C), planarians’ survival was decreased.
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controls. Fluorescence was quantified using the ImageJ program and
fluorescence intensity was expressed as the mean gray value.

Double fluorescent staining for immunohistochemistry and whole-mount
in situ hybridization. Planarians were examined by whole-mount in situ
hybridization using the method described above with a Tyramide Signal
Amplification (TSA) kit (Life Technologies). All peroxidase enzyme re-
actions for signal detection of the in situ hybridization using a TSA kit
were performed identically at room temperature (25°C) to allow direct
comparison between experimental animals and controls. The planarians
were postfixed with 4% paraformaldehyde and then rinsed with TPBS.
Immunohistochemical processing was performed as above.

RNAi Double-stranded RNA (dsRNA) was prepared as described pre-
viously (Shibata et al., 2012; Rouhana et al., 2013). Twenty-five microli-
ters of chicken liver solution, 5 �l of 2% agarose, and 5 �l of 2 �g/�l
dsRNA were mixed and presented to a group of 10 planarians. This food
solution was prepared in small aliquots (�30 �l) and stored frozen at
�30°C. Two successive feedings were conducted at 3 d intervals after the
first feeding. Control animals were fed dsRNA for GFP, a gene that is not
found in planarians. For Readyknock (Takano et al., 2007), dsRNA was

injected into the posterior intestinal duct of
planarians using a Drummond Scientific
Nanoject injector. Four hours after the injec-
tion, planarians were amputated posterior to
the auricles and the resulting regenerants were
used for the analysis at 7 d of regeneration.

Data deposition. The sequences of DjTRPAa,
DjTRPMa, DjTRPMb, DjTRPMLa, DjTRPPa,
DjTRPVa, and DjTRPVb reported here have
been deposited in the DNA Data Bank of Japan
(DDBJ) and the National Center for Biotechnol-
ogy Information (NCBI; Accession numbers
AB845354, AB845353, AB981783, AB981784,
AB981785, AB981786, and AB981787).

Results
Tractable assay for thermotactic
behavior analysis in planarians
To determine the optimal temperature
range for planarian, we analyzed behavior
and physiological reactions at several dif-
ferent temperatures. The results showed
that planarians showed normal behaviors
from 15°C to 25°C and they could move
freely for a distance of �100 mm during a
90 s duration (Fig. 1A), whereas planarian
locomotor activity was drastically sup-
pressed below 10°C and the total distance
moved during 90 s was also shorter below
10°C compared with above 15°C. Above
30°C, planarians lost their normal loco-
motor activities and coordinated behav-
ior. Planarians’ body crumpled and the
planarians lost their motility at low tem-
perature (5–10°C). Above 30°C, they
displayed hyperkinesia and thereafter be-
came lethargic or died within 1 h (Fig. 1B).
These observations indicated that the op-
timal temperature range for normal loco-
motion and survival of planarian was
between �15°C and 25°C.

Next, to observe and quantify pla-
narian temperature-sensing behavior, a
tractable thermotaxis assay method was
developed based on a similar assay used to
study C. elegans (Hedgecock and Russell,
1975; Mori and Ohshima, 1995). For this
assay, a radial thermal gradient from 17°C

to room temperature (25°C), which is suitable for easily creating
a stable thermal gradient over the optimal temperature range for
planarian, was made by placing a vial of frozen acetic acid (melt-
ing point, 17°C) at the center of a round, water-filled assay plate
(Fig. 2A). Measurement of the temperature of the assay field with
an infrared thermography camera showed a radial thermal gra-
dient from 17°C to 25°C (Fig. 2B). Measurement of the time
course of the change of the temperature of the center region and
the edge region of the assay plate showed that the thermal gradi-
ent of this assay was stable for �20 min (Fig. 2C).

Planarians could move a distance of �100 mm during 90 s
(Fig. 1A) and most stopped moving after 180 s during the assay;
therefore, we decided to use a duration of 180 s to analyze pla-
narians’ thermotactic behavior. First, we tested the behavior of
intact planarians in a normal field (uniform-field plate at 25°C).
Figure 2D shows the averaged movements of 10 planarians to-

Figure 2. Planarian thermotaxis assay using thermal gradient from 17°C to 25°C. A, Schematic drawing of the assay system for
thermotaxis. A vial containing frozen acetic acid was set under the center of an assay plate (60 mm diameter). The diameter of the
bottom of the vial was 20 mm. A planarian was placed on the assay plate. S, Start area. B, Thermal image of a temperature gradient
measured using an infrared thermography camera. C, Time course of the temperature change of the thermal gradient field. D, Heat
map view of the average time spent at the indicated location by 10 each of intact planarians, headless body fragments, and
amputated headpieces (n � 10, t � 180 s). Planarians showed a preference for moving along the edge of the uniform-field dish.
In contrast, planarians gathered in the cool part of the thermal gradient dish. Headless planarians did not show thermotaxis,
whereas amputated headpieces of planarians showed thermotaxis. E, Percentage of time spent in the cool target area is shown as
mean � SEM of 10 independent animals. *p 	 0.05; **p 	 0.01. F, Locomotor activity is shown as the speed of movement. ns,
Not significant by one-way ANOVA followed by Tukey’s multiple-comparisons test.
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gether with a heat map (in which warmer
colors indicate locations where much
time was spent and cool colors indicate
locations where little time was spent) and
indicates that planarians showed a default
behavior of tending to move near the edge
of a dish in a uniform temperature field.
In contrast, planarians placed in a plate
with a thermal gradient showed a prefer-
ence to move from the 25°C region to the
17°C region (Fig. 2D, central circle). Al-
though the planarians had been cultured
at 23°C, they showed a preference to move
to the cooler (17°C) zone. In contrast, de-
capitated headless planarians did not
move to the 17°C region and instead
moved along the edge of the dish, like pla-
narians on the uniform field. Surprisingly,
even the amputated head piece moved to
the 17°C region, indicating that the head
region is necessary and sufficient for ther-
motaxis in planarian (Fig. 2D). Next, the
average time spent by the animals (n �
10) in the central 17°C region during a
180 s test interval (the “thermotaxis
score”) was measured to assess the ability
of animals to recognize the temperature
and move to the cooler region. The intact
animals spent a large fraction of their time
in the target zone after reaching it (per-
centage of time � SEM, 37.4 � 9.3%; Fig.
2E). In contrast, headless animals showed
a much lower thermotaxis score (4.4 �
2.0%; Fig. 1D). There was no difference in
the speed of movement of intact, headless,
or headpiece planarians on the thermal
gradient (1.19 � 0.16, 0.96 � 0.10, and
1.06 � 0.15 mm/s, respectively) or uniform field (1.07 � 0.08
mm/s) plate, indicating that the difference of thermotaxis be-
tween animals on a thermal gradient and a uniform field was
not the result of slowing of the locomotor activity by low
temperature at 17°C (Fig. 2F ). These results indicated that this
assay method is useful for analyzing planarian thermotactic
behavior and that planarians’ thermotaxis is dependent on
their head region.

Planarians prefer cooler temperature independent of their
culture temperature
To investigate whether planarians prefer 17°C specifically, or
even colder regions, frozen water was used instead of frozen ace-
tic acid to create a thermal gradient from 25°C to 0°C in the
thermotaxis assay. When planarians were placed in a thermal
gradient plate with a vial of ice water under the center of the plate,
they tended to go to the central region, the same as they did on a
thermal gradient from 25°C to 17°C (Fig. 3A). The trajectories of
the thermotactic movement of three individuals on the thermal
gradient using ice revealed that planarians grown at 23°C passed
through the 17°C zone without stopping and showed cryophilic
movement down the temperature gradient (called “negative
thermotaxis”), rather than heat-avoidance behavior (Fig. 3B).

When we examined the rate of movement of the animals as a
function of temperature, we noted that their movement was de-
creased by the 0°C ice compared with their movement on the

17°C to 25°C thermal gradient field (Figs. 1, 3C). Statistical anal-
ysis clearly indicated that planarians moving into the center (0°C)
region showed considerably slower movement (0.1 � 0.1 mm/s)
than those in outer (17°C to 25°C) regions (1.0 � 0.2 mm/s; Fig.
3D). In contrast, planarians’ locomotion in a 17°C center region
was not slower than that in the outer regions. Note that, although
coldness slowed planarians’ movement, planarians moved into
the region at �0°C, suggesting that they have a preference to
move toward a temperature much colder than 17°C even though
they lost their mobility at such a cold temperature. However, we
used a thermal gradient using frozen acetic acid in the subsequent
experiments because planarian movement was slowed and ani-
mals become immobilized by a field with a 0°C region.

Recovery of thermotaxis during head regeneration
Next, animals at different stages of head regeneration were sub-
jected to the thermotaxis assay to study the process of recovery of
thermotactic behavior during head regeneration. Figure 4A
shows the progressive development of head and brain neurons
during head regeneration visualized by in situ hybridization of
the pan-neural gene Djsyt and immunostaining of DjSYT to de-
tect neural cells (green) and neural axons (magenta), respectively.
In day 1 regenerants, DjSYT-positive nerves derived from the
cephalic blastema could not be detected. From day 2, newly de-
veloped neural cells and axons were detected. At day 4, the head
morphogenesis was complete, including regeneration of the eyes,

Figure 3. Thermal preference of planarians on a thermal gradient from 0°C to 25°C. A, Heat map of planarian thermotaxis from
17°C to 25°C and from 0°C to 25°C on a thermal gradient field that was created with a vial containing melting acetic acid or ice
water, respectively, under the center of an assay plate (60 mm diameter) filled with water at 25°C. Planarians showed a preference
for moving to cooler temperature. B, Top, Graph of the actual temperature on a thermal gradient field from 0°C to 25°C and a heat
map from 0°C to 25°C measured using an infrared thermography camera. Bottom, Representative trajectories of 3 planarians
starting from the circle on a thermal gradient plate using 0°C ice water at the center. Lines are shown in pseudocolor to represent
the time of movement. C, Velocity plot of planarians moving toward the coolest area. Top, Planarian velocity plot on thermal
gradient field from 0°C to 25°C. Bottom, Planarian velocity plot on thermal gradient field from 17°C to 25°C. Near the 0°C region,
animals’ motility was drastically inhibited. D, Statistical comparison of the planarian locomotor activity between a thermal gradi-
ent with coolest area at 17°C (black columns) and a thermal gradient with coolest area at 0°C (white columns). **p 	 0.01. ns, Not
significant.
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consistent with a previous report (Cebrià et al., 2002), although
the regenerated brain was small compared with the fully regen-
erated brain seen at day 7. After day 4 of regeneration, the newly
formed brain gradually continued to grow.

In contrast to the gradual morphological regeneration of the
neurons and brain, functional recovery of thermotaxis occurred
abruptly during head regeneration. Figure 4, B and C, shows the
planarian movements during head regeneration in a uniform
field and thermal gradient field, respectively. The thermotactic
response was still weak in 4 day regenerants, because most of
these animals did not reach the target zone within the 180 s du-
ration of the assay. Strong recovery of the thermotactic behavior,
however, was observed at 5 d after amputation (Fig. 4C), al-
though planarians on the uniform field plate preferred to move
around the edge of the dish or to move randomly around their
starting position (Fig. 4B). To further analyze the data, recovery
was quantified and plotted graphically (Fig. 4D). The average
time spent in the target zone during the 180 s test was measured to
determine the recovery of thermotaxis during head regeneration.
These analyses clearly indicated that, although the thermotaxis

was very weak at day 4 (1.5 � 1.0%, 3/10; percentage of time �
SEM, number that reached the target zone), which was similar to
the thermotaxis score with a uniform field (4.3 � 2.3%, 3/10), the
thermotactic response was abruptly upregulated 5 d after ampu-
tation (26.4 � 11.4%, 8/10). This result was consistent with the
process of recovery of negative phototaxis in planarian (Inoue et
al., 2004). Notably, we could not find any significant increase of
the speed of movement between day 4 and day 5 (Fig. 4E), sug-
gesting that the recovery of thermotaxis observed at day 5 was not
due to increased locomotor or other physical activity, but rather
was due to some other factor such as reestablishment of brain
function.

Planarian TRP family genes
To investigate possible genes and sensory neurons involved in
thermosensory behavior, we focused on the TRP superfamily be-
cause it is known that TRP family genes are required for various
kinds of sensing, including thermosensation and mechanosensa-
tion, in many metazoan species ranging from flies to mammals
(Severino et al., 2007; Talavera et al., 2008; Sokabe and Tominaga,

Figure 4. Process of recovery of thermotaxis during head regeneration. A, Time course of planarian head regeneration. Top, Head-amputated planarian regenerating a head. Bottom, Regener-
ating brain visualized by in situ hybridization for Djsyt mRNA in green (neural cell bodies) and visualized by immunostaining against DjSYT protein in magenta (axons). The dashed line indicates the
border between the newly formed region and old stump region. Arrows indicate eyes. Scale bar, 300 �m. B, Heat map of the averaged thermotaxis of 10 planarians assayed individually using a
uniform-field dish (n � 10, t � 180 s). C, Heat map of the average thermotaxis of 10 planarians assayed individually using a thermal gradient dish (n � 10, t � 180 s). D, The time spent in the cool
target area is shown as mean � SEM of 10 independent animals. White columns show the values on the uniform-field plate. Black columns show the values on the thermal gradient plates. *p 	
0.05. E, Locomotor activity calculated as the average speed of planarians in the uniform-field plate during head regeneration. ns, Not significantly different by one-way ANOVA followed by Tukey’s
multiple-comparisons test.
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2009). We found at least seven candidate genes with high homol-
ogy to known TRPs in our planarian EST database and named
them DjTRPAa, DjTRPMa, DjTRPMb, DjTRPMLa, DjTRPPa,
DjTRPVa, and DjTRPVb (Fig. 5A). We reasoned that, if these
genes function primarily in planarian thermosensation, then they
should be expressed predominantly in thermosensory neurons
located in the body periphery. To test this, the expression pat-
terns of the genes were analyzed by whole-mount in situ hybrid-
ization and the results revealed that DjTRPAa and DjTRPMa
were expressed in a scattered pattern throughout the body, im-
plying that the expressing cells might be sensory neurons (Fig.
5B,C), whereas DjTRPMb was expressed ubiquitously (Fig. 5D),
DjTRPMLa was expressed in the intestinal duct (Fig. 5E),
DjTRPPa was expressed in the dorsoventral boundary and dorsal
midline (Fig. 5F), and DjTRPVa and DjTRPVb were expressed in
mesenchymal cells (Fig. 5G,H). These various expression pat-
terns of planarian TRP family genes suggested that planarians
possess diverse functions of TRP family genes in multiple tissues.
Further careful observation of the expression patterns of
DjTRPAa and DjTRPMa revealed that both genes were expressed
more strongly in the head compared with the trunk region (Fig.
5 I, J). To verify this observation, the numbers of expressing cells
were counted. The results clearly showed that DjTRPMa and
DjTRPAa were expressed in cells located in the peripheral region
of the entire body and were especially highly expressed in the
head region (Fig. 5K,L). These results suggested that DjTRPAa
and DjTRPMa could be candidates as thermosensory-neuron-
specific genes.

TRPM family gene might be required for the thermotactic
behavior in planarian
To investigate the functions of DjTRPAa and DjTRPMa, we pre-
pared gene knockdown planarians by RNAi treatment and ana-
lyzed their thermotactic behavior. The results revealed that
DjTRPMa(RNAi) animals showed a defect in thermotaxis,
whereas DjTRPAa(RNAi) animals showed normal thermotactic
behavior (Fig. 6A). qRT-PCR analysis showed that RNAi caused
specific gene knockdown (Fig. 6B), suggesting that DjTRPMa
might be required for the thermotaxis. Quantitative analysis of
time spent in the coolest (center) area of the assay plate performed
(Fig. 6C) by measuring the time spent resting (moving at 	0.1
mm/s) in the cool center zone showed that DjTRPMa(RNAi) pla-
narians never rested in the coolest center area, whereas control and
DjTRPAa(RNAi) planarians spent a large fraction of their time in
the coolest center area (Fig. 6D). This suggested that DjTRP-
Ma(RNAi) planarians could not recognize the temperature, re-
sulting in their random movement in the assay field. There was
no difference in locomotor activity among the control and two

different RNAi animals (Fig. 6E), suggesting that loss of either of
these two genes did not affect movement itself.

To further investigate whether DjTRPMa functions in ther-
motaxis, we performed the thermotaxis assay in the presence of
AMTB, which specifically antagonizes the TRPM8 channel,
which is known to be a thermosensitive TRPM family protein
(Lashinger et al., 2008). AMTB treatment drastically interfered
with the thermotactic behavior (Fig. 6F). The decrease of time
spent in the coolest center area clearly demonstrated that AMTB
treatment inhibited planarian thermotaxis in a dose-dependent
manner (Fig. 6F). In addition, when we performed thermotactic
behavior analysis of DjTRPMa(RNAi) planarians in the presence
and absence of AMTB, we could not find additive effects of
AMTB and DjTRPMa(RNAi) treatment, suggesting that AMTB
might specifically inhibit DjTRPMa, although we could not di-
rectly investigate the specific target of AMTB (Fig. 6C,F). Mea-
surement of the time spent resting in the cool center zone showed
that planarians in the thermal gradient field containing AMTB
never rested in the coolest center area (Fig. 6G), although AMTB
did not affect the locomotor activity of planarians (Fig. 6H).
DjTRPMa(RNAi) and TRPM8 channel antagonist treatment
caused quite similar behavioral patterns, although we could not
find any orthologous relationship between mammalian TRPM8
and DjTRPMa. Together, these results suggested that DjTRPMa
might be required for thermotaxis, and DjTRPMa-expressing
cells might act as thermosensory neurons.

Next, we performed the thermotaxis assay on a 0°C to 25°C
thermal gradient field to investigate whether DjTRPMa functions
in a particular temperature range, such as from 15°C to 25°C (in
which planarian showed normal locomotor activity). Intrigu-
ingly, DjTRPMa(RNAi) animals did not enter the 0°C region and
they tended to move around the edge of the dish (the same as the
behaviors on a 17°C to 25°C thermal gradient field; Fig. 6 I, J),
suggesting that DjTRPMa might function in thermosensing over
a relatively wide range of (at least) low temperatures.

Analysis of the brain neurons involved in thermotaxis using
Readyknock of synaptotagmin
To determine whether the expression of DjTRPMa during head
regeneration might be the cause of the reestablishment of ther-
motactic behavior at day 5 (Fig. 4C,D), we analyzed the expres-
sion of DjTRPMa during head regeneration. Unexpectedly, the
expression of DjTRPMa and differentiation of DjTRPMa-
expressing thermosensory neurons were detected in day 2 regen-
erants (Fig. 7A), suggesting that the recovery of thermotaxis
might not depend solely on the regeneration of thermosensory
neurons.

A previous study demonstrated that dsRNA-induced
knockdown affects protein expression more severely in the
differentiating cells in the regeneration blastema than in the
preexisting terminally differentiated cells. Such knockdown is
called Regeneration-dependent conditional gene knockdown
(Readyknock; Takano et al., 2007). Immunohistochemical anal-
ysis revealed that Readyknock using Djsyt RNAi treatment caused
severe reduction of the level of DjSYT protein, which is involved
in synaptic transmission (Tazaki et al., 1999), only within the
newly formed brain in the head at day 7 of regeneration, although
strong signals of the DjSYT protein were still detected in the
preexisting ventral nerve cords (VNCs) in the trunk region (Fig.
7B). Measurement of the fluorescence intensity clearly indicated
that the amount of DjSYT protein in the newly regenerated head
region of the Djsyt(RNAi) planarians was drastically decreased
(Fig. 7C). When Djsyt(RNAi) planarians were exposed to light or

4

Figure 5. Planarian TRP family genes. A, Phylogenetic tree of representative TRP channels
generated in ClustalX2 by aligning the transmembrane domains of 81 TRP channels from vari-
ous species. Ce, C. elegans; Dm, D. melanogaster; Dr, D. rerio; Hs, H. sapiens; Mm, M. musculus;
Rn, R. norvegicus; Xl, X. laevis. The scale bar indicates substitutions per site. B–H, Expression
pattern of planarian TRP family genes: DjTRPAa (B), DjTRPMa (C), DjTRPMb (D), DjTRPMLa (E),
DjTRPPa (F), DjTRPVa (G), and DjTRPVb (H). Scale bar, 300 �m. e, Eyes; ph, pharynx; a, anterior;
p, posterior, d, dorsal; and v, ventral. F
, Transverse section at the F
 level in F. Arrowheads
indicate the gene-expressing dorsoventral boundary cells and dorsomedial cells. I, J, Magnified
views of the head regions of the planarians indicated by boxes in B and C, respectively. Scale bar,
100 �m. K, L, Averaged heat map view of 2D density plot (left) and histogram along antero-
posterior axis of the number of cells expressing genes DjTRPAa (K) and DjTRPMa (L) (n � 4).
Although both DjTRPAa and DjTRPMa were predominantly expressed in the head, both of them
were also expressed throughout the body.
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Figure 6. Thermotaxis assay of DjTRPAa(RNAi) and DjTRPMa(RNAi) planarians. A, Heat map of RNAi-treated (DjTRPMa or DjTRPAa) planarians using thermal gradient assay plate. Planarians fed
dsRNA of GFP were used as a negative control (n � 10, t � 180 s). B, qRT-PCR analysis shows the specific reduction of genes of control, DjTRPMa(RNAi), and (Figure legend continues.)

15708 • J. Neurosci., November 19, 2014 • 34(47):15701–15714 Inoue, Yamashita et al. • Neural Pathway for Thermotaxis in Planarian



chemical stimuli, they could not distinguish the direction of the
light or chemicals and moved randomly (Inoue et al., 2004; Ta-
kano et al., 2007). To investigate the brain functions involved in
thermotaxis, the thermotactic behavioral assay was performed
after Readyknock of Djsyt and revealed that Djsyt(RNAi) planar-
ians did not preferentially move toward the cool temperature, but
instead showed random movements in the assay plate (Fig. 7D).
Quantitative analysis of time spent in the coolest center area
clearly demonstrated that loss of the DjSYT in the brain inhibited
planarian thermotaxis (Fig. 7E) without causing any defect of
locomotor activity (Fig. 7F). These results strongly suggest that
neural activity in the brain is required for planarian thermotactic
behavior and that the thermotaxis assay system is useful for ana-
lyzing the function of the planarian brain and nervous system–
related genes.

Readyknock of neural genes to identify the type(s) of neurons
involved in processing of temperature signals in the brain
Next, to unravel the information-processing neural pathway and
mechanism, we performed RNAi of various genes specifically
expressed in the CNS. Previous RNAi studies revealed that the
genes encoding rate-limiting enzymes for the synthesis of neu-
rotransmitters are involved in various behaviors in planarian
(Nishimura et al., 2007b, 2010). DjTPH is expressed in the brain
and in the VNCs, including in sensory cells (Nishimura et al.,
2007a; Fig. 8A), whereas GABAergic neurons are distributed only
in the brain (Nishimura et al., 2008; Fig. 8A). In addition,
planarian serotonergic neurons are involved in several kinds
of behavioral functions, including locomotion using motile
cilia distributed throughout the body (Currie and Pearson, 2013;
März et al., 2013). Utilizing Readyknock, we attempted to dem-
onstrate that knockdown of serotonergic neurons in the brain
inhibits activities in the brain specifically without causing loco-
motor defects due to a defect of cilia motility. Immunofluores-
cence analysis using antibody against DjTPH in DjTPH(RNAi)
planarians at 7 d of head regeneration revealed a drastic reduction
of DjTPH protein specifically in the newly regenerated head re-
gion despite otherwise normal brain regeneration (Fig. 8B,C).
The thermotaxis assay using DjTPH(RNAi) planarians revealed
that they did not show normal thermotaxis (Fig. 8D). In contrast,
Readyknock of the gene encoding planarian glutamic acid decar-
boxylase (DjGAD), a rate-limiting enzyme for GABA synthesis,
did not cause a defect in thermotaxis (Fig. 8D). Figure 8E shows
the time spent in the coolest center region of the thermotaxis
assay and indicates that DjTPH(RNAi) planarians had a severe
defect of thermotaxis, in contrast to the normal thermotaxis of

DjGAD(RNAi) planarians. We did not find any defect of locomo-
tor activity in either of these RNAi planarians (Fig. 8F). In addi-
tion, we could not find any differences in DjTPH(RNAi)
planarian behaviors between 17°C and 25°C and in the 0°C to 25°C
thermal gradient fields (Fig. 8G). In contrast, DjTPH(RNAi) planar-
ians showed normal negative phototactic behavior as a control,
whereas DjGAD(RNAi) planarians lost their photosensing ability,
consistent with a previous report (Fig. 8H; Nishimura et al., 2008).

Double staining of DjTRPMa and DjTPH
The above data showed that DjTRPMa-expressing sensory neu-
rons and DjTPH-expressing serotonergic neurons in the brain
are involved in thermotaxis in planarian, suggesting that the ther-
mosensory neurons might interact with serotonergic neurons in
the brain to produce thermotactic behavior. To determine the
localization of the temperature-sensing neurons (presumably
DjTRPMa-expressing neurons) and serotonergic neurons
(DjTPH-expressing neurons), double staining for DjTRPMa-
expression and DjTPH was performed. A previous study demon-
strated that our anti-DjTPH antibody could recognize the cell
bodies as well as axons and dendrites of neurons (Nishimura et
al., 2007a), so this antibody was a good tool for analyzing the
colocalization of DjTPH protein and expression of the DjTRPMa
gene. Such analysis did not reveal any DjTPH-positive neurons
that expressed DjTRPMa (Fig. 9A). However, dendritic projec-
tions of DjTPH-positive serotonergic neurons were observed to
elongate toward neurons expressing DjTRPMa (Fig. 9A). These
results suggest that temperature signals are received by
DjTRPMa-expressing thermosensory neurons and then these
signals are transduced to serotonergic neurons in the brain as part
of the neural pathway to produce thermotactic behavior.

Discussion
Thermotaxis in planarian
Thermosensing and appropriate responses to environmental
temperature are among the most important primary functions of
organisms (Ramot et al., 2008; Garrity et al., 2010; Luo et al.,
2010; Wetsel, 2011). The relatively simple planarian brain is nev-
ertheless highly organized, and improved molecular tools and
methods for analyzing gene and cellular functions make it possi-
ble now to unravel the mechanisms of planarian brain functions
and the physiology linking neural differentiation and animal be-
havior (Inoue et al., 2004; Takano et al., 2007). Here, we estab-
lished a new behavioral analysis system for thermotaxis and used
it to quantify the movements of planarians on a thermal gradient
field, including time spent in the target zone and speed of loco-
motion (Fig. 2). Interestingly, planarians showed a preference for
cooler temperatures and tended to stay in the coolest area in the
thermal gradient assay dish (which was either 17°C or 0°C in
the present experiments) independent of their culture tempera-
ture (Figs. 2, 3), although cold interfered with their movement
(Figs. 1, 3). In contrast, after nematodes have been cultured in the
presence of food at a certain temperature, they actively move
toward that temperature on a thermal gradient (Mori, 1999). In
addition, C. elegans move along isothermal lines when they are
near their experience-dependent preferred temperature on a
thermal gradient (Hedgecock and Russell, 1975), but planarians
do not show such isothermal behavior. Larval and adult flies
show a strong temperature preference, peaking at 24°C, indepen-
dent of prior adaptation (Sayeed and Benzer, 1996; Lee et al.,
2005). These results indicate that planarian thermotaxis (lacking
preference for a specific temperature) has a unique character that
is different from that of the thermotaxis in other animals studied

4

(Figure legend continued.) DjTRPAa(RNAi) planarians. C, Percentage of time spent in the cool
target area is shown as mean � SEM of 10 independent animals. *p 	 0.05. D, Percentage
resting (speed of movement �0.1 mm/s) time in the cool zone (center area) is shown as
mean � SEM **p 	 0.01. E, Locomotor activity was determined by measuring the speed. ns,
Not significantly different by one-way ANOVA followed by Tukey’s multiple-comparisons test.
F, The percentage time spent in the cool target area is shown as mean�SEM of 10 independent
animals using a thermal gradient assay plate with 10 or 100 �M AMTB with or without DjTRP-
Ma(RNAi) treatment. 0.1% DMSO plus GFP-dsRNA injection was used as a negative control (n �
10, t � 180 s). *p 	 0.05; ***p 	 0.005. ns, Not significantly different. G, Percentage resting
(speed of movement �0.1 mm/s) time in the cool zone (center area) is shown as mean � SEM.
***p 	 0.005. ns, Not significantly different. H, Locomotor activity was not affected by AMTB
treatment or by both DjTRPMa(RNAi) and AMTB treatment. ns, Not significantly different by
one-way ANOVA followed by Tukey’s multiple-comparisons test. I, DjTRPMa(RNAi) planarians
did not move toward 0°C. J, The percentage time spent in the 0°C target area (n � 10, t �
180 s). ***p 	 0.005.
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previously, and that we speculate might be adaptive in the wild. It
is generally said that poikilotherms must obtain moderate heat
from their environment to sustain physiological processes such as
metabolism by instinctively moving to places with warm temper-
ature. The cryophilic behavior of planarians suggests that this
behavior may also have some biological function(s), such as
changing of the reproduction system from the asexual to sexual
state, changing the size at which they undergo fission, or reducing
their energy usage by lowering their metabolic rate by cooling
their body (Cole, 1926; Vowinckel, 1970; Gillooly et al., 2001).

The process of the recovery of planarian thermosensing and
thermotaxis during head regeneration was also analyzed. Robust
recovery of thermotaxis was only observed from day 5 of head
regeneration (Fig. 4). We found that both DjTRPMa-expressing
thermosensory neurons and serotonergic neurons regenerated at
2 d after amputation (Fig. 7A) and projections of dendrites of
serotonergic neurons toward DjTRPMa-expressing neurons
were observed during head regeneration at 3 d after amputation

(data not shown), suggesting that the recovery of thermotaxis
might not depend solely on the regeneration of thermosensory
neurons or signal-processing serotonergic neurons. Consistent
with this, recovery of phototaxis in planarians also occurs at
day 5 during head regeneration, after the axons of visual neu-
rons have completely projected to the visual center in the
brain, and this recovery is dependent on secreted neuropep-
tides specifically expressed starting at day 5 in the visual center
neurons to which the visual neurons project (Inoue et al.,
2004). These results suggest that functional restoration of the
regulatory systems of various signal-sensing systems in the
brain might occur in a coordinated manner.

Thermosensory neurons express DjTRPMa
Recently, several members of the TRP family of ion channels have
been found to act as temperature-responsive ion channels (Baez-
Nieto et al., 2011; Brauchi and Orio, 2011; Harteneck et al., 2011;
Planells-Cases et al., 2011; Vay et al., 2012). Based on amino acid

Figure 7. Brain neural activity is required for thermotaxis. A, Expression pattern of DjTRPMa during head regeneration. The dashed line indicates the border between the newly formed region and
old stump region. Arrowheads indicate newly regenerated DjTRPMa-expressing cells. Scale bar, 300 �m. B, Readyknock of Djsyt. Left, Immunohistochemical detection of DjSYT protein shown in
green in control (top) and in Readyknock (bottom) animals 7 d after decapitation. Samples were stained with Hoechst 33342 (for nuclei, shown in blue) to visualize planarian tissues, including brain.
The dashed line indicates the border between the newly formed region and old stump region. ph, pharynx; a, anterior; p, posterior. Scale bar, 200 �m. C, Graphs show fluorescence intensity of DjSYT
and Hoechst staining corresponding to yellow-boxed areas in B. D, Heat map of control and Djsyt(RNAi) planarians at 7 d of head regeneration using a thermal gradient dish (n � 10, t � 180 s). E,
The time spent in the cool target area is shown as mean � SEM of 10 independent animals. Synaptic transmission in brain-defective planarians produced by Djsyt(RNAi) did not result in normal
thermotaxis. ***p 	 0.005. F, Locomotor activity was not affected by Djsyt(RNAi). ns, Not significantly different.
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sequence comparisons, these channels are subdivided into five
groups, TRPA, TRPC, TRPM, TRPN, and TRPV, and into two other
subgroups, TRPML and TRPP, and are conserved across the animal
kingdom (Montell, 2005). Therefore, we searched for planarian TRP
family genes as tools to identify the thermosensory neurons and
thereby obtained partial sequences of seven DjTRP family
genes, the deduced amino acid sequences of which contain
transmembrane regions highly homologous with those of
other animals’ TRPs (Fig. 5A).

Combinatory RNAi or chemical inhibitor treatment and ther-
motactic behavior analysis revealed that DjTRPMa might be
required for thermotaxis in planarian (Fig. 6). Gene expression
analysis suggested that DjTRPMa-expressing cells located
throughout the body may be thermosensory neurons (Fig.

5C, J,L) and Readyknock analysis of DjTRPMa (data not shown)
indicated that temperature signals may be sensed throughout the
body and may be sent to the brain to produce appropriate behav-
ioral responses. DjTRPAa did not appear to contribute to ther-
mosensation of cool temperatures (Fig. 5B). Almost all animal
sensing machineries, not only those for thermosensation, depend
on TRPs (Christensen and Corey, 2007; Talavera et al., 2008), so
it is possible that DjTRPAa may be important for some other
sensory system(s) such as taste, smell, or various forms of mecha-
nosensation. The establishment of assay methods for various be-
haviors will be essential for discovering the mechanisms and
functions of genes involved in these sensory systems.

Temperature sensitivity is remarkably diverse depending on
the TRP molecule(s) involved (Patapoutian et al., 2003). For

Figure 8. Serotonergic neurons may be required for thermosensing in the brain. A, Planarian brain visualized by DjSYT (top), serotonergic neurons visualized by DjTPH (middle), and GABAergic neurons
visualized by DjGAD (bottom) immunostaining. The dashed line indicates planarian head. Scale bar, 150 �m. B, Readyknock of DjTPH. Left, Immunohistochemical detection of DjTPH protein (green) in control
(top) and in RNAi (bottom) animals 7 d after decapitation. Samples were stained with Hoechst 33342 (for nuclei, shown in blue) to visualize planarian tissues, including brain. The dashed line indicates border
between the newly formed region and old stump region. ph, pharynx; a, anterior; p, posterior. Scale bar, 200 �m. C, Graphs show fluorescence intensity of DjTPH and Hoechst staining corresponding to
yellow-boxed areas in B. D, Heat map of the Readyknock (DjTPH and DjGAD)–treated planarians at day 7 of head regeneration using thermal gradient dish (n � 10, t � 180 s). E, Time spent in the cool target
area is shown as mean � SEM of 10 independent animals. ***p 	 0.005. ns, Not significantly different. Serotonergic neuron-defective planarians did not show normal thermotaxis, whereas DjGAD(RNAi)
planarians showed normal thermotaxis. F, Locomotor activity was not affected by DjTPH RNAi or DjGAD RNAi. ns, Not significantly different by one-way ANOVA followed by Tukey’s multiple-comparisons test. G,
DjTPH(RNAi) planarians did not move toward 0°C. H, Negative phototaxis indicated by heat map of the Readyknock (DjTPH and DjGAD)–treated planarians at day 7 of head regeneration (n � 10, t � 60 s).
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example, TRPV1– 4 are activated at a rel-
atively warm temperature range, whereas
TRPM8 and TRPA1 are activated by cold
stimuli (Patapoutian et al., 2003; Tomi-
naga, 2007; Vay et al., 2012). Because pla-
narians commonly live at temperatures
	25°C in nature and in the laboratory,
the function of planarian DjTRPMa may
thus be consistent with the functions of
TRPMs in other organisms. This would
indicate that the evolutionarily early
group Lophotrochozoa might have al-
ready acquired thermoregulatory mecha-
nisms used in common by Ecdysozoa and
Vertebrata, including humans. Interest-
ingly, DjTRPMa(RNAi) disturbed ther-
motaxis toward 0°C as well as 17°C (Fig.
6), suggesting that DjTRPMa proteins
might possibly function in thermotaxis to
cool temperature over a wide range of
temperature (from 0°C to 25°C), although
mammals sense cool temperature with
two TRP channels, TRPA1 and TRPM8
(Patapoutian et al., 2003; Tominaga,
2007; Vay et al., 2012).

Serotonergic neurons in the brain
process temperature signals from
thermosensory neurons
The extraordinary regenerative potential
of planarians makes them very useful for
analyzing phenotypes during the pro-
cesses of brain formation and function in
vivo. Removal of the head or loss of syn-
aptotagmin function in the brain caused complete loss of ther-
motaxis even though planarians have thermosensory neurons
along their entire anteroposterior body axis (Figs. 2, 5, 7). This
clearly indicated that temperature stimuli received by sensory
neurons are processed in the brain. To identify the neural cir-
cuit(s) regulating thermotaxis, we investigated the types of neu-
rons in such circuits in the brain using the thermotaxis behavioral
assay and RNAi. Importantly, previous reports indicated that
individual neurotransmitters were used by discrete cells in pla-
narian, suggesting that inhibition of the gene encoding the rate-
limiting enzyme for synthesis of one neurotransmitter(s) might
lead to inhibition of the corresponding neural function
(Nishimura et al., 2007b; Nishimura et al., 2008). Before trying to
identify such neurons, we first examined the neurotransmitters
used by thermosensory neurons. Although we tried to identify
the neural type(s) by immunohistochemical staining to deter-
mine whether the thermosensory neurons expressing the
DjTRPMa gene were GABAergic, dopaminergic, serotonergic, or
octopaminergic neurons, we have not yet been able to identify the
neurotransmitter used by the DjTRPMa-expressing thermosensory
neurons. However, we did succeed in showing that DjTPH-positive
serotonergic neurons are required for thermotaxis (Fig. 8D,E).

As shown in Figure 9A, the thermosensory neurons were not
serotonergic neurons, but projections from DjTPH-positive neu-
rons with many branched dendrites were elongated toward
DjTRPMa-positive neurons. This suggests that serotonergic neu-
rons in the brain might be involved in processing the information
from thermosensory neurons activated by DjTRPMa channels to
produce thermotactic behavior (Fig. 9B). Unfortunately, we

could not visualize the axons of the sensory neurons to analyze
whether DjTRPMa-positive thermosensory neurons connect to
serotonergic neurons directly, so we could not exclude the possi-
bility that in addition to DjTRPMa-expressing neurons, seroto-
nergic neurons, and/or neurons expressing other TRP family
proteins in the peripheral nerves in the head play a role as sensory
neurons.

Planarians receive many kinds of external signals via indepen-
dent sensory neurons such as visual neurons of the eyes, chemo-
sensory neurons of the auricles, and thermosensory neurons in
the body periphery, and these signals are then processed by neu-
rons in the brain. We previously demonstrated that loss of
DjGAD gene expression caused a defect in planarians’ negative
phototaxis, and further analysis revealed that GABAergic neu-
rons are necessary for processing the signals from visual neurons
(Fig. 8H; Nishimura et al., 2008). Furthermore, studies on the
gene encoding planarian tyrosine hydroxylase demonstrated that
dopaminergic neurons, together with motor neurons regulated
by cholinergic neurons, coordinate the muscular locomotion in
planarian (Fig. 9B; Nishimura et al., 2007b; Nishimura et al.,
2010). In this study, we have identified some elements of the
neural pathway for thermosensory responses in planarians, in-
cluding thermosensory neurons in the periphery of the body and
information-processing neurons in the brain that presumably
receive the signals from those thermosensory neurons. Further
investigation of the mechanisms underlying the coordination of
neural pathways and neural physiology in planarians should provide
insights into how this neural-information-processing machinery
produces the behavioral responses to complex environmental cues.

Figure 9. Neural pathway involved in thermotaxis in planarian. A, Pattern of distribution of DjTRPMa-expressing cells visualized
by in situ hybridization and serotonergic neurons visualized by immunohistochemistry using anti-DjTPH antibody. Dendrites of
serotonergic neurons elongated toward DjTRPMa-expressing sensory neurons. The region of higher-magnification views is indi-
cated by the square box in the schematic view. Scale bar, 100 �m. B, Neural network controlling planarian behavior. The DjTRPMa-
expressing neurons act as thermosensory neurons and serotonergic neurons in the brain are required for the thermotactic behavior
observed in this study.
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