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Temperature Integration at the AC Thermosensory Neurons
in Drosophila
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Temperature sensation has a strong impact on animal behavior and is necessary for animals to avoid exposure to harmful temperatures.
It is now well known that thermoTRP (transient receptor potential) channels in thermosensory neurons detect a variable range of
temperature stimuli. However, little is known about how a range of temperature information is relayed and integrated in the neural
circuits. Here, we show novel temperature integration between two warm inputs via Drosophila TRPA channels, TRPAI and Pyrexia
(Pyx). The internal AC (anterior cell) thermosensory neurons, which express TRPA1, detect warm temperatures and mediate tempera-
ture preference behavior. We found that the AC neurons were activated twice when subjected to increasing temperatures. The first
response was at ~25°C via TRPA1 channel, which is expressed in the AC neurons. The second response was at ~27°C via the second
antennal segments, indicating that the second antennal segments are involved in the detection of warm temperatures. Further analysis
reveals that pyx-Gal4-expressing neurons have synapses on the AC neurons and that mutation of pyx eliminates the second response of
the AC neurons. These data suggest that AC neurons integrate both their own TRPA1-dependent temperature responses and a Pyx-
dependent temperature response from the second antennal segments. Our data reveal the first identification of temperature integration,
which combines warm temperature information from peripheral to central neurons and provides the possibility that temperature

integration is involved in the plasticity of behavioral outputs.

Introduction

Temperature affects our lifestyle, as it conveys information about
the environment and influences our comfort level. Animals need
to process a variety of temperature stimuli appropriately to ex-
hibita proper behavioral response. ThermoTRP (transient recep-
tor potential) channels, which are evolutionally conserved
temperature sensors (Patapoutian et al., 2003; Dhaka et al., 2006;
Venkatachalam and Montell, 2007), detect a wide range of tem-
peratures and contribute to behaviors in many animals, includ-
ing Drosophila (Tracey et al., 2003; Lee et al., 2005; Rosenzweig et
al., 2005, 2008; Hamada et al., 2008; Kwon et al., 2008; Garrity et
al., 2010; Gallio et al., 2011; Neely et al., 2011). ThermoTRP
channels are expressed in distinct subsets of thermosensory neu-
rons. However, it is unclear how a range of temperature informa-
tion is processed and integrated into neural circuits. Drosophila
exhibit a robust thermosensory response (Sayeed and Benzer,
1996; Hong et al., 2008; Dillon et al., 2009; Luo et al., 2010; Shen
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et al., 2011). We therefore used Drosophila to address this ques-
tion because they offer a relatively simple biological system cou-
pled with powerful genetic and physiological tools that can
provide the groundwork for the subsequent analysis of more
complex systems (Olsen and Wilson, 2008; Griffith, 2012).

The antenna, a peripheral organ, is recognized as a
temperature-sensing organ in many insects, including flies,
based on its anatomical features and on physiological evidence
(Altner et al., 1981; Altner and Loftus, 1985; Shanbhag et al.,
1995; Sayeed and Benzer, 1996; Zars, 2001). In flies, the TRPP
protein Brivido, which mediates cold detection, is expressed in
the third antennal segments (Gallio et al., 2011), and several ther-
moTRP channels are expressed in the second antennal segments
(Sun et al., 2009). However, it is unknown whether the second
antennal segments are involved in temperature sensing.

We previously described a set of thermosensory neurons, AC
(anterior cell) neurons, that are located in the brain and are re-
quired for the ability to select a preferred temperature (Hamada
etal.,2008). The Drosophila TRPA channel TRPAL1 is expressed in
the AC neurons and is activated by warm temperatures over
~25°C (Viswanath et al., 2003; Hamada et al., 2008). The iden-
tification of internal thermosensors was unexpected and there-
fore raised the question of why AC neurons would be located
internally. Interestingly, further anatomical studies revealed that
the soma of the AC neurons are located near the brain surface
where the antennal nerves enter the brain (see Fig. 4D, F). Based
on this anatomy, we hypothesized that peripheral thermosensory
neurons in the antenna may directly send temperature informa-
tion to the AC neurons to integrate temperature information.
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Figure 1. ACneurons receive temperature inputs from the antennae. 4, B, The warmth responses of AC neurons were moni-

tored with antenna (n = 7 neurons) (4) and without antenna (n = 11 neurons) (B) in w’’" control flies. G-CaMP3.0 was
expressed in the AC neurons using TrpA1 *"Gal4. The AC neurons of the control flies were activated twice as the temperature
increased (4). The bar graph shows the mean percentage of fluorescence increase (AF/F) of the AC neurons during the first
response at ~25°C (white bar) and during the second response at ~27°C (black bar). The circles show the peak temperatures of
the experiments in each category. The number of circles represents the number of assays. Error bars are the SEM. The line graph
shows a representative experiment, comparing the fluorescence changes (AF/F) (blue line) and the temperature change (gray
line). The background fluorescence was subtracted from the mean fluorescent intensity of the ACneurons. The diagrams represent
the fly brains. AL, Antennal lobe. C, D, The comparison between the first (€) and second (D) responses of the AC neurons in the
wild-type with (n = 7 neurons) and without antenna (n = 11 neurons). The same bar graph data from A and B were used in Cand
D.The bar graph shows the mean percentage of fluorescence increase (AF/F) of the ACneurons during the first response at ~25°C
(white bar, €) and during the second response at ~27°C (black bar, D). Significance was determined using unpaired t test

compared with and without antenna; ***p << 0.001. Error bars are the SEM.

Here, we propose that novel warm temperature integration
occurs in the AC neurons. This initial identification of tempera-
ture integration may facilitate an understanding of the mecha-
nisms of not only temperature detection in the fly but also other
sensory integration. Because of the importance of TRP channels
for pain, touch, smell, taste, hearing, and vision (Damann et al.,
2008), our study of temperature integration may contribute to a
greater understanding of other sensory systems.

Materials and Methods

Fly strains. Unless specifically addressed, the fly strains used in this study
were received from Bloomington Drosophila Stock Center at Indiana
University. The following fly lines were used: TrpA15-Gal4 and TrpA 1™
(Hamada et al., 2008); pyx-Gal4 (Sun et al., 2009); UAS-G-CaMP3.0
(Tian et al., 2009); pain” (Tracey et al., 2003); pyx’ and pyx’;pyxGe (Lee et
al., 2005), which were used for the calcium imaging; and pyxj (back-
crossed to Canton-S) (Sun et al., 2009), which were used for the behav-
ioral experiments.

stage upright microscope (Axio Examiner.Z1;
Zeiss). During the experiments, the preparations
were continually perfused with modified stan-
dard solution F. The perfusion solution was
quickly heated to ~45°C using a CL-100 bipolar
temperature controller equipped with an SC-20
dual in-line solution heater/cooler (Warner In-
struments). The perfusion solution was added di-
rectly on one side of the brain sample to heat the
preparation. The brain sample was placed di-
rectly below the objective. Because it was impos-
sible to place the thermocouple very close to the
brain during the experiments, it was placed in the
bath on the opposite side from the entrance of the
perfusion solution. Therefore, the bath tempera-
ture was used as an index for the calcium imaging experiments.

Optical images of the preparation were acquired during the
temperature shift using a digital CCD camera (C10600-10B-H;
Hamamatsu) at 4 frames per second with 512 X 512 pixel resolution.
The data in each image were digitized and analyzed using AxonVision
4.8.1 (Zeiss). For analysis, the mean fluorescent intensity of the somas
of the AC neurons was calculated for each frame. Concurrently, the
background fluorescence (calculated from the average fluorescence of
two randomly chosen non-G-CaMP-expressing areas) was subtracted
from the mean fluorescent intensity of the regions of interest for each
frame. Background-subtracted values were then expressed as percent-
age AF/F, where F is the mean fluorescence intensity before stimula-
tion. The temperature of solution F was simultaneously recorded and
digitized using DI-158U and WinDAQ acquisition software (DataQ
Instruments).

Temperature preference assays. Temperature preference assays were
performed as described previously (Hamada et al., 2008). Each behav-
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ioral assay was performed for 30 min in an environmental room main-
tained at 25°C/65-70% relative humidity. The flies of either sex were
raised under LD (light 12 h/dark 12 h) conditions, and the behavioral
experiments were performed at zeitgeber time 7-9. The preferred tem-
perature was determined by examining the distribution of flies exhibiting
temperature preference behavior.

Results

AC neurons receive temperature signals from the antennae
To assess the functional interactions between the AC neurons and
the antennae, we first determined whether the AC neurons re-
ceive temperature information from the antennae. We used a
calcium indicator, G-CaMP3.0, to record the activity of the AC
neurons as they were subjected to increasing temperatures (Tian
et al., 2009). G-CaMP3.0 was expressed in the AC neurons via
TrpAl-Gal4 (Hamada et al., 2008), and changes in the fluores-
cence of the AC neurons were measured. Brain samples were
isolated from the peripheral tissues, but the antennae were left
connected to the brain when the effects of the antennae on AC
neurons were analyzed (Fig. 1).

When the brain samples included intact antennae, the
G-CaMP3.0 fluorescence in the AC neurons peaked at both 25°C
and 27°C as the temperature increased (Fig. 1A). This result in-
dicates that AC neurons exhibit two warmth responses when the
antennae are intact. For the rest of the study, we refer to the first
peak in fluorescence at the lower temperature (~25°C) as the
“first response” of the AC neurons and to the second peak at the
higher temperature (~27°C) as the “second response.” Interest-
ingly, when the antennae were removed, the second response of
the AC neurons was almost abolished (Fig. 1B), with the second
response of the flies with antenna being significantly higher than
the flies without antenna (Fig. 1D; t;5) = 6.263, p < 10 *). In
contrast, the first response of the AC neurons (~25°C) was not
significantly different (¢, = 0.5155, p = 0.6133) regardless of
whether the antennae remained connected (Fig. 1C). The data
suggest that the second response (~27°C) of the AC neurons is
dependent on the antennae.

To further support the assertion that the second response is
an antennal response to ~27°C and not a delayed response of
the AC neurons to antennal neurons activated by ~25°C, we
analyzed the correlation between the time intervals between
the first and second responses and the rate of temperature
increase (data not shown). We found that the time interval
between the first and second response changes with the rate of
temperature increase; when the rise in temperature is faster,
the interval between the first and second peaks shortens. This
result suggests that AC neurons and antennae are indeed de-
tecting distinct temperatures.

We previously showed that TRPA1 is responsible for detecting
warm temperatures in the AC neurons (Hamada et al., 2008).
However, because we used brain samples in which the antennae
were removed, it remains unclear whether TRPA1 is required for
the first or second response of the AC neurons. To settle this
point, we used TrpAI™ mutant brains with intact antennae (Fig.
2). We found that the first responses in the TrpA1™ mutants with
antennae (p = 0.0137) and without antennae (p = 0.0014) were
significantly smaller than that of WT (Fig. 24; F5 35 = 8.22, p =
0.0002). In the second responses, TrpA1"™* mutants with antennae
were not significantly different from those of WT (p = 0.1569).
When the antennae of the TrpAZi”s mutants were removed, the sec-
ond responses of the AC neurons were abolished (p = 0.0017),
which was consistent with WT (Fig. 2B; F(5 55) = 15.41,p < 10 ).
Therefore, we conclude that the first response of the AC neu-
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Figure 2.  TRPAT is necessary for the first response but not the second response of the AC
neurons. A, B, G-CaMP3.0 was expressed in the AC neurons using TrpAT **Gal4 in the WT and
TrpA1™ background. Warmth responses of AC neurons were monitored with antenna in WT
(n = 7 neurons), without antennae in WT (n = 11 neurons), with antenna in TrpA 1 (n =10
neurons), and without antennae in TrpA 7™ (n = 14 neurons). The same WT data from Figure 1
were used in Figure 2. The bar graph shows the mean percentage of fluorescence increase
(AF/F) of the AC neurons during the first response at ~25°C (white bar, A) and during the
second response at ~27°C (black bar, B). One-way ANOVA with the Tukey's post hoc test was
used to determine pairwise differences between groups; *p << 0.05, **p < 0.01, and ***p <
0.001. Error bars are the SEM.
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Figure3. Thesecond response of the ACneurons arises from the second antennal segments.
A, B, G-CaMP3.0 was expressed in the AC neurons using TrpA7 *#Gal4 in the WT background.
The fly antenna is composed of three segments, as depicted in the diagrams (a, intact antenna,
n = 7 neurons; b, third antenna removal, n = 7 neurons; ¢, second and third antennae removal,
n = 7neurons; d, no antenna, n = 11 neurons). The bar graph shows the mean percentage of
fluorescence increase (AF/F) of the AC neurons during the first response at ~25°C (white bar,
A) and during the second response at ~27°C (black bar, B). Each response was compared with
the other responses of flies with various antenna ablations. One-way ANOVA with the Tukey's
post hoc test was used to determine pairwise differences between groups; *p << 0.05 and
**p << 0.01. Error bars are the SEM.

rons is TRPA1 dependent and that the second response is
antenna dependent.

The second antennal segments are responsible for the second
response of the AC neurons

In a Drosophila antenna, two structures in the third antennal
segments, the arista and the sacculus, are responsible for de-
tecting temperatures (Shanbhag et al., 1995; Gallio et al.,
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Figure 4.

Mechanosensory
neurons (F-Gal4)

ACneurons receive projections from pyx-Gal4-expressing neurons. 4, B, The flies were stained with anti-GFP (green) and anti-TRPA1 (red). AC neurons (arrowhead) were

specifically labeled using anti-TRPA1 antisera. Orco-Gal4::UAS-m(D:GFP labels olfactory neurons (A) and F-Gal4::UAS-m(D:GFP labels mechanosensory neurons (B), but neither of these
overlapped with the somas of the AC neurons. C, D, The flies showed overlapping of membrane RFP (green) or synaptic GFP (green) with AC neurons (red). C, c755-Gal4::UAS-SyteGFP
(synaptic GFP) with anti-GFP (green) and anti-TRPA1 (red) (D) pyx-Gal4:: UAS-mCD:RFP with anti-RFP (green) and anti-TRPA1 (red), (D2) pyx-Gal4:: UAS-syteGFP with anti-GFP (green)
and anti-TRPA1 (red). E, pain-Gal4:: UAS-m(D:GFP with anti-GFP (green) did not overlap with ACneurons (red), but overlapped with the cells right next to the ACneurons. F, A schematic
of the fly brain and antennae. The ACneurons are shown in blue. The soma belongs to neither mechanosensory neurons (F-Gal4) nor olfactory neurons (Orco-Gal4). AL, Antennal lobe;
AN, antennal nerve; JO, Johnston’s organ; AMMC, antennal mechanosensory and motor center.

2011). The arista has both heat- and cold-responsive cells,
whereas the sacculus senses cold temperatures via a TRPP
protein, Brivido (Gallio et al., 2011). To determine whether
these structures are responsible for the second response of the
AC neurons, we surgically ablated the third antennal segments
and measured the second response (Fig. 3). As a control
experiment, the first response of the AC neurons was not signif-
icantly altered by any antennal ablation preparation, regardless of
the antennae’s existence (Fig. 3A; F(5 55, = 0.4883, p = 0.6932).
Interestingly, removal of the third segment of the antenna did not
reduce the amplitude of the second response (Fig. 3B, b; p =
0.9946), suggesting that the third antennal segments are not re-
sponsible for the second response of the AC neurons.

To identify which antennal segments are responsible for the sec-
ond response, we further removed each segment of the antennae and
tested the activity of the AC neurons. When we removed the second
antennal segments, we found that the second response of the AC
neurons decreased significantly (Fig. 3B, ¢; p = 0.0148), suggesting
that the second antennal segments are necessary for the second re-
sponse. When we removed all three segments of the antennae, the
second response of the AC neurons decreased significantly (Fig. 3B,
d; p = 0.0046). However, it did not cause a further decrease in the
second response of the AC neurons compared with removing both
the second and third segments (p = 0.9993). Therefore, we con-
firmed that the second antennal segments are responsible for the
second response (Fig. 3B; F 3 ,5) = 8.931, p = 0.0011).
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in adult flies (Tracey et al., 2003; Lee et g g

al., 2005). In addition, iav is necessary 2 2 101

for larval thermostatic behavior (Kwon

et al., 2010). However, it is unknown
whether the second antennal segments
are involved in temperature detection.

To determine which, if any, of these TRP
channels is responsible for the second re-
sponse of the AC neurons, we first tried to
monitor the direct temperature responses
in the second antennal segments using
G-CaMP3.0. Unfortunately, the surfaces of
the second antennal segments exhibit strong
autofluorescence that disturbed the moni-
toring of the G-CaMP fluorescence change
(data not shown). We therefore used ana-
tomical approaches to determine whether
TRP channel-expressing neurons project to AC neurons.

The antennal nerves are composed mainly of two different
sensory bundles (Fig. 4F): one from the olfactory neurons in the
third antennal segments and the other from Johnston’s organ in
the second antennal segments (Kamikouchi et al., 2006). These
neurons were labeled with Orco-Gal4 (olfactory neurons) (Fig.
4A) and F-Gal4 (mechanosensory neurons), respectively (Fig. 4B). To
determine whether these neural bundles overlap with the somas of the
AC neurons, we used these Gal4s driving either membrane-targeted
GFP (UAS-mCD:GFP), membrane-targeted RFP (UAS-mCD:RFP), or
GFP-tagged synaptic marker (UAS-syteGFP) and performed immuno-
staining with anti-TRPA1 to label the AC neurons (Fig. 44, B). How-
ever, neither Orco-Gal4 nor F-Gal4 neurons overlapped with the
somas of the AC neurons (Fig. 4F), despite the fact that F-Gal4
labeled most of the neurons in Johnston’s organ (Kamikouchi et
al., 2006). Interestingly, we found that only c155-Gal4 (pan-
neuronal Gal4 ) and pyx-Gal4 neurons overlapped with the somas
of the AC neurons (Fig. 4C,D), but the other TRP channels Gal4s:
painless-Gal4 (Fig. 4E), iav-Gal4, and nompC-Gal4 (data not
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The second warmth response in AC neuron is Pyrexia dependent. A, B, Warmth responses of AC neurons were
monitored in pyx’ mutants (n = 8 neurons) (A) and pain’ mutants (n = 8 neurons) (B). G-CaMP3.0 was expressed in the AC
neurons using TrpA1-Gal4. The bar graph shows the mean percentage of fluorescence increase (AF/F ) of the ACneurons during the
first response at ~25°C (white bar) and during the second response at ~27°C (black bar). The circles show the peak temperatures
of the experiments in each category and the number of circles represents the number of assays. The line graph shows a represen-
tative experiment, comparing the fluorescence changes (AF/F) (black line) and the temperature change (gray line). €, D, The
comparison of the first (€) and second (D) responses of the AC neurons in wild-type (n = 7 neurons), pyx® (n = 8 neurons),
pyx*/DFBLIED20T (n = 9 neurons), pyx’;pyxGe (pyx minigene with pyx’, n = 8 neurons), and pain’ (n = 8 neurons) flies.
One-way ANOVA with the Tukey's post hoc test was used to determine pairwise differences between groups; *p << 0.05 and
*¥%1) <0.001. Error bars are the SEM.

shown) did not. This result suggests that pyx-Gal4-expressing
neurons project to and synapse on the AC neurons.

The second warmth response in AC neuron is

Pyrexia dependent

To determine whether Pyx contributes to the second response of
the AC neurons, we analyzed the activity of the AC neurons in
null mutants, pyx’ (Lee et al., 2005) (Fig. 5A,C) and pyx’/
Df(3L)ED201 flies (Fig. 5C). In these mutant flies, the AC neu-
rons exhibited only the first responses (Fig. 5C; F 4 35, = 0.4669,
p = 0.7595), whereas the second responses of AC neurons in pyx’
(p <10~* and pyx’/ Df(3L)ED201 (p < 10 ~*) flies were signif-
icantly smaller than those of WT (Fig. 5D; F(, 55 = 11.13, p <
10 ), suggesting that Pyx is important for the second response.
To determine whether Pyx expression is sufficient to rescue the
pyx’ phenotype, we used genomic pyx rescue fly lines (pyx’;
pyxGe) to test the second response of the AC neurons (Fig. 5D).
These flies exhibited the significant fluorescence increase of the
second response of the AC neurons (~20%) comparing pyx’
(p = 0.0120) and pyx’/ Df(3L)ED201 (p = 0.0393). Therefore,
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Figure 6.  Disruption of pyrexia did not change temperature preference behavior. 4, Mean
preferred temperatures of wild-type (cs) (7 = 11 independent assays), pyx’/+ (n = 5 inde-
pendent assays), pyx’ (1 = 6 independent assays), pyx’/Df(3L)ED207 (n = 7 independent
assays), pyx’/DFf(3L)Exel6084 (n = 6 independent assays), and TrpA1™ mutant flies (n = 11
independent assays). pyx’ flies were backcrossed to Canton-S (cs). TrpAT™ mutant flies pre-
ferred a significantly higher temperature compared with wild type. Significance was deter-
mined using unpaired t test compared WT and TrpA 7™ mutants, ***p << 0.001. Error bars are
the SEM. The mean preferred temperatures of pyx® mutant flies and two pyx’/Df flies were not
significantly different compared with wild-type and pyx’/+ flies. One-way ANOVA with the
Tukey's post hoc test was used to determine pairwise differences between groups. B, TNT ex-
pression driven by pyx-Gal4 (n = 6 independent assays) did not cause a significant change of
the preferred temperature compared with two control flies pyx-Gal4/+ (n = 14 independent
assays) and UAS-TNT/+ (n = 8 independent assays). One-way ANOVA was used, p = 0.1259.

Pyx expression is sufficient for the second response of the AC
neurons.

Furthermore, because Pain is activated by warm temperatures
(Sokabe et al., 2008), we tested the first and second responses of
the AC neurons using pain’ mutants as a control (Fig. 5B)
(Traceyetal., 2003). We found that the fluorescent increase of the
second responses in pain’ mutants was not significantly different
from that of the responses observed either in WT (p = 0.0648) or
in pyx’;pyxGe (p = 0.9967) flies (Fig. 5D). Therefore, we con-
cluded that Pain does not affect the second response. Together,
our data show that the second warmth response in AC neurons is
Pyx dependent.

pyrexia is not responsible for temperature preference
behavior

We previously showed that the AC neurons are responsible for
temperature preference behavior (Hamada et al., 2008). We
therefore tested whether pyx might play a role in temperature
preference behavior (Fig. 6A). Although we used the pyx’ flies
that backcrossed to Canton-S (cs), we failed to see a significant
difference in the temperature preference behavior between cs,
pyx’/+, pyx’, pyx’/ Df(3L)ED201, and pyx’/ Df(3L)Exel 6084 flies
(F430) = 2.608, p = 0.0554). The preferred temperature of
TrpAI"™ mutant flies, however, was significantly higher than that
of WT (#59) = 10.36, p < 10 ~*) as previously reported (Hamada
et al., 2008). Notably, pyx’ mutants have been reported to expe-
rience a more rapid paralysis over 40°C (Lee et al., 2005), but they
do not exhibit a significantly different temperature preference.
We further used flies that expressed TNT, a tetanus toxin, which
inhibits synaptic transmission in pyx-expressing neurons and
tested temperature preference behavior. However, pyx-Gal4/
UAS-TNT flies did not prefer a significantly different tempera-
ture compared with the control pyx-Gal4/+ and UAS-TNT/+.
(Fig. 6B; F(, 55) = 2.254, p = 0.1259). These data suggest that pyx
is not responsible for temperature preference behavior.
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Figure7. Temperature neural circuits from antennae to brain. Schematic of the temperature
neural circuits based on this manuscript and on other studies (Hamada et al., 2008; Sun et al.,
2009; Gallio et al., 2011). Based on the Gal4 expression data, Pyx is expressed in the second
antennal segments, and Brv is expressed in the third antennal segments.

Discussion

Understanding mechanisms of sensory integration is an important
concept in neuroscience because animals need to change their be-
havioral response depending on environmental stimuli (Ramot et
al.,2008; Luo etal., 2010; Neely et al., 2010; Beverly et al., 2011; Lahiri
etal, 2011; Shen et al., 2011; Sugi et al.,, 2011). It is well known that
thermoTRP channels in thermosensory neurons detect temperature
stimuli (Patapoutian et al., 2003; Caterina, 2007). However, little is
known about the mechanisms that control how a range of temper-
ature information is relayed by the neural circuitry. We now show
that internal AC thermosensory neurons integrate two different
warm temperature inputs: their own TRPA1 temperature response
(Hamada et al., 2008) and one from the second antennal segments
(Figs. 1-3). The temperature inputs from the second antennal seg-
ments may modulate the activity of AC neurons, which affect the
overall temperature neural circuits (Bargmann, 2012). Given the
prevailing view that sensory neurons do not normally receive inputs
from other neurons, we have identified a unique feature of AC ther-
MOSeNnsory neurons.

We and others previously described the temperature neural
circuit from the antennae to the brain (Hamada et al., 2008;
Gallio et al., 2011). Both hot and cold sensory neurons from the
third antennal segments project to the PAP (proximal-antennal-
protocerebrum), whereas the AC neurons project to both the
PAP and the SLPR (superior lateral protocerebrum) (Fig. 7). We
demonstrated that the AC neurons receive Pyx-dependent tem-
perature inputs (Fig. 5) from the second antennal segments (Fig.
3) and that pyx-Gal4-expressing neurons synapse on the AC neu-
rons (Fig. 4D). Therefore, our data suggest the possibility that
Pyx-expressing neurons in the second antennal segments detect
warm temperatures and directly convey warmth information to
the AC neurons. However, because endogenous Pyx expression
has not been clearly identified, it is important to observe whether
endogenous Pyx-expressing neurons in the second antennal seg-
ment directly respond to warm temperatures. Additionally, we
do not exclude the possibility that the Pyx neurons synapses on
the AC neurons may come from the second and third antennal
segments because pyx-Gal4 appears not only in ~50 cells of the
Johnston’s organ in the second antennal segments but also in
some cells of the third antennal segments (Sun et al., 2009).
Nonetheless, our data clearly indicate that the second antennal
segments and Pyx are responsible for warm temperature detec-
tion and that this information is transmitted to the AC neurons.
Therefore, we suggest a foundation of the temperature neural
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circuits through the addition of a Pyx-dependent warmth sensing
circuit from the second antennal segments (Fig. 7).

Although Pyx channels are activated at more than ~38°C (Lee
et al., 2005), our data indicate that the Pyx-dependent tempera-
ture response is observed at more than ~27°C, when we used the
bath temperature as an index for the calcium imaging (Fig. 5) (see
the Materials and Methods). To determine the difference in tem-
peratures between the actual brain and the bath, a thermometer
was placed directly below the objective where the brain was nor-
mally placed. When we observed bath temperatures of more than
~27°C, the temperature directly below the objective would have
already reached ~33°C (data not shown). Therefore, the temper-
ature at which the second responses of the AC neurons were
observed was close to the Pyx-activating temperatures observed
in vitro.

What is the function of Pyx neurons in the second antennal
segments? The function of Pyx remains unclear because pyx mu-
tants show normal temperature preference behavior (Fig. 6) (Lee
etal., 2005) and normal noxious heat avoidance behavior (Neely
et al., 2011). Drosophila are ectotherms and therefore rapidly
change their body temperature by adapting to the ambient tem-
perature. When flies encounter high temperatures, they need to
avoid them as soon as possible, before their internal body tem-
peratures increase to a harmful level. To prevent this danger, a
redundant defense system may be necessary. Because Pyx neu-
rons are located in the second antennal segments, which are easily
influenced by ambient temperatures, we suspect that Pyx neu-
rons may modulate activity of the AC neurons (Narayan et al.,
2011; Bargmann, 2012) or may function as a “prewarning” mech-
anism to avoid harmful high-temperature environments.

The thermosensory neurons may not only function to detect
dangerous stimuli but also affect one of the homeostatic regula-
tions of the animal, such as its circadian rhythm. Ambient tem-
perature fluctuations can entrain the peripheral clocks in
mammals (Brown et al., 2002; Buhr et al., 2010) and both the
peripheral and central clocks in flies (Glaser and Stanewsky, 2005;
Yoshii et al., 2005; Busza et al., 2007; Miyasako et al., 2007; Zhang
etal., 2010). However, it remains unclear how temperature infor-
mation is transmitted to the clock cells. In Drosophila, the gene
nocte is expressed in the chordotonal organs and has been found
to be critical for temperature entrainment of the circadian clock
(Sehadova et al., 2009). Although the involvement of the chor-
dotonal organ in the second antennal regions is not firmly estab-
lished, the presence of pyx-Gal4 in the chordotonal organ of the
second antennal segment may raise the possibility that Pyx plays
arole in temperature entrainment of the circadian clock.

Animals coordinate their behavior based on variable temper-
ature inputs. The function of thermoTRP channels is critical for
temperature sensation and behavioral plasticity, as is proper tem-
perature integration into neural circuits. This work will help es-
tablish a foundation for temperature processing and may
facilitate the identification of mechanisms involved in other sen-
sory integration systems, such as multimodal sensory integration.
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