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Contribution of Drosophila TRPA1-Expressing Neurons to
Circadian Locomotor Activity Patterns
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Abstract

In both vertebrates and invertebrates, Transient Receptor Potential (TRP) channels are expressed in sensory
neurons and mediate environmental stimuli such as light, sound, temperature, and taste. Some of these channels,
however, are expressed only in the brain and their functions remain incompletely understood. Using the GAL4/UAS
binary system with a line in which the GAL4 had been knocked into the frpA1 locus in Drosophila, we recently
reported new insights into TRPA1 localization and function, including its expression in approximately 15% of all
circadian neurons. TRPA1 is expressed in lateral posterior neurons (LPNs), which are known to be highly sensitive to
entrainment by temperature cycles. Here, | used the bacterial sodium channel, NaChBac, to examine the effects of
altering the electrical properties of frpA1 neurons on circadian rhythms. My results indicate that circadian activity of
the flies in the morning, daytime, and evening was affected in a temperature-dependent manner following TRPA1
neuronal activation. Remarkably, TRPA1 neuron activation in flies kept at 18°C impacted the morning peak of
circadian activity even though TRPA1 is not expressed in morning cells. Taken together, these results suggest that
the activation of TRPA1-expressing neurons may differentially coordinate light/dark circadian entrainment, depending
on the temperature.
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Introduction

Animals from flies to humans depend on circadian clocks to
synchronize their physiology and locomotor rhythms. Circadian
clocks are entrained by light and temperature changes, which
vary with the Earth’s rotation. These environmental cues are
directly perceived by sensory systems or clock cells in the
Drosophila brain [1-3]. Over the previous 3 decades, there has
been considerable progress towards understanding the
molecular mechanisms of the Drosophila clock. An internal
clock that counts on the circadian cycles of clock genes and
proteins such as period (Per) in the pacemaker neurons
controls changes in circadian activity. In standard laborary
conditions, Drosophila melanogaster displays bimordal
locomotor activity peaks at dawn and dusk. Once they are
entrained by the light cycles, Drosophila show anticipatory
behavior, which manifests itself as increased movement before
the onset and offset of light. Another feature of circadian
rhythm is that period length and rhythmic power are maintained
in constant darkness [4].
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Approximately 150 neurons in the Drosophila whole brain
show robust oscillation consistent with clock genes such as
period and timeless. These clock neurons are classified into 2
major groups based on their locations. The lateral neurons
(LNs) are located in the anterior cortex between the central
brain and the optic lobe, whereas the dorsal neurons (DNs) are
located in the cortex of the dorsal protocerebrum (DP). These 2
groups are both further divided into 3 subgroups. The LNs
include the small (s-LNv, 5 neurons) and large (I-LNv, 4
neurons) ventrolateral groups, and a dorsolateral group (LNd, 6
neurons) in each hemisphere. The DNs include the DN1, DN2,
and DN3 groups, which have a proximal to distal arrangement.
Another group of neurons, the lateral posterior neurons (LPNs),
contains 3 pacemaker neurons in each hemisphere that show
temperature entrainment [4-6]. These pacemaker neurons are
categorized into morning or evening subgroups based on two
peaks of daily locomotor activity [7-9]. The s-LNv are
associated with morning activity, while the LNd and DN1 are
associated with evening activity. These behavioral allocations
are not strict and can be affected by different environmental
conditions [10-12]. In addition, light sensation in the central
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brain requires the blue light photoreceptor cryptochrome (Cry),
which functions in subsets of pacemaker neurons [1,14].

Using a GAL4 reporter which was knocked into the trpA1
locus, we recently showed that trpA7 is expressed in most
circadian neuron clusters, including 1 LNv, 3 LNds, 2-3 DN1s,
1 DN2, 1 DN3, and 3 LPNs [13]. We previously showed that at
least 2 TRPA1-positive (frpA1*) neurons do not overlap with the
3 Cry-positive LNds [14]. In addition, trpA1 temperature
entrainment defects driven by 29°C and 18°C can be rescued
by expression of the UAS-frpA1 transgene under the control of
tim-GAL4, but not cry-GAL4 [13]. These findings provide strong
evidence in favor of the model that distinct groups of central
neurons are responsible for light and temperature entrainment,
and that TRPA1 selectively regulates circadian activity patterns
during temperature cycles (TC).

More recently, another TRP channel, pyrexia (pyx), has been
reported to affect temperature synchronization to TCs in the
relatively low temperatures (16-20°C), but not at higher
temperatures (21-29°C) [15]. Pyrexia (Pyx) functions in
peripeheral sensory organs. Since the threshold for the thermal
activation of Pyx is ~40°C [16], these findings implicate a
signaling cascade, rather than direct thermal activation of Pyx,
in clock synchronization.

Here, | further analyzed the role of trpA71* CNS neurons in
circadian rhythms. | performed locomotor behavioral assays
with light/dark (LD) cycles at 3 temperatures (18°C, 25°C, and
29°C). The analyses of hyperexcited {rpA1* pacemaker
neurons indicate other neurons outside of LNv can also control
morning activity, especially at low temperatures and during
daytime.

Materials and Methods

Fly stocks

The trpA1¢4 flies are described in a previous report [17].
The following flies were obtained from the Bloomington Stock
Center: 1) UAS-NaChBac, 2) w''"8, and 3) UAS-mCD8::GFP.
The w''"'® strain was used as the “wild-type” control. The
trpA 144 and UAS-NaChBac strains were outcrossed at least 5
generations.

Immunohistochemistry

Antibody stains of larval and adult brains were performed as
previously described [18]. Briefly, dissected brains were placed
into 24-well cell culture plates (Costar Corp.) containing 940 pL
of fix buffer (0.1 M Pipes pH 6.9, 1 mM EGTA, 1% TritonX-100,
2 mM MgSO,, 150 mM NaCl) and 60 uL of 37% formaldehyde.
The plates were placed them on ice for 45 min. Subsequently,
the brains were washed 3 times (1x PBS, 0.2% saponin) and
blocked for 8 h at 4°C with 1 mL of blocking buffer (1x PBS,
0.2% saponin, 5 mg/mL BSA). The brains were incubated
overnight at 4°C with the primary antibodies, washed 3 times,
blocked for 15 min, incubated for 4 h at 4°C with the secondary
antibodies (Alexa 488 and Alexa 568; 1:200 Invitrogen-
Molecular Probes), and again washed 3 times. The brain was
transferred into 1.25x PDA Solution (37.5% glycerol, 187.5 mM
NaCl, 625 mM Tris pH 8.8) and viewed by confocal
microscopy (Carl Zeiss LSM510). Primary antibodies were
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used with the following dilutions: mouse anti-green
fluorescence protein (GFP; 1:1,000 Invitrogen-Molecular
Probes), rabbit anti-GFP (1:1,000 Santa Cruz), mouse anti-f3-
GAL (1:1,000 Promega), rabbit anti-tyrosine hydroxylase (TH;
1:200 Pel-Freez), mouse anti-PDF (1:100 Developmental
Studies Hybridoma Bank), rabbit anti-Per (1:1,000), and rabbit
anti-dILP2 (1:100).

Behavioral assays

| used a Drosophila Activity Monitor (DAM) system and
isogenic strains to examine circadian locomotor behavior. Flies
that were 3—7 days old were loaded into tubes that contained
1% agarose and 5% sucrose food at one end, and then were
entrained to LD cycles for 3 to 4 days before they were
transferred to free running in constant dark. Data analyses
were performed using ClockLab (TriKinetics) in conjunction
with MatLab. Data from a 6-day span (DD2 to DD7, free
running in constant dark) were examined for periodicity with a
Fast Fourier Transfer (FFT) analysis. Values obtained in the
FFT that were lower than 0.03 were considered arrhythmic.
Anticipation index values were determined for each genotype
as the largest 2-h increase in locomotor activity over the last 6-
h dark phase (morning anticipation index) or 6-h light phase
(evening anticipation index) with absolute locomotor activity
[19]. To determine the relative daytime activity, | calculated the
6-h mid-day activity over the 12-h daytime activity. To
determine the evening slope, | here calculated a ratio of the
last 1 h of locomotor activity over the last 3-h light phase. To
quantify the relative locomotor activity at cold phase, |
determined the last 6-h cold phase over the total locomotor
activity. For the statistical analysis, all data were analyzed
using ANOVA and Scheffe’s post-hoc tests. A p-value < 0.05
was considered statistically significant.

Results

Expression pattern of trpA1 in the Drosophila brain
Drosophila TRPA1 performs critical sensory functions in
chemosensory, photosensory, and thermosensory neurons
during both larval and adult stages [17,20-25]. To characterize
other neuronal populations that express TRPA1, | examined its
expression in trpA164t4, which was generated by a homologous
recombination that introduced the GAL4 gene at the translation
initiation codon site for TRPA1 [17]. To examine the spatial
distribution of the trpA1-GAL4 reporter in the brain, | introduced
a UAS-lacZ (detected by B-gal antibody) transgene into the
trpA144/+ background, and then used TH antibody to label
dopaminergic neurons as relative landmarks. | observed that 8-
GAL expression was not collocated with dopaminergic neuron
markers in larval brains, and therefore, TRPA1 expression in
the larval stage is similar to that described in a previous report
(Figure 1A-C) [21]. In addition, | observed a previously
undescribed cluster of cells composed of ~30 trpA71 neurons (n
=10, 31.8 + 0.60) in the adult posterior dorsal protocerebrum
(PDP cluster) of the adult, which did not overlap with insulin like
peptide 2 (dILP2) expression (Figure S1). In addition, 1 neuron
located above the antennal lobe projected symmetrically to the
fan-shaped body (FB; Figure 1D, E). | also observed that
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UAS-lacZ/+;trpA1GAL4

Figure 1. A GAL4 Knock-In into the trpA71 locus illustrates previously unknown expression pattern of trpA7 in the adult
brain. (A-C) Brains dissected and stained with anti-TH (A) and anti-B-GAL (B) from UAS-lacZ/+;trpA1¢A4/+ flies at the third instar
larval stage. Merged image (C) indicates no overlap between frpA71 reporter and dopaminergic neuronal marker. (D—E) Brains
dissected and stained with anti-B-GAL from UAS-lacZ/+;trpA164L4/+ (D) and UAS-lacZ/+;trpA 1644 (E) flies in the adult stage, which
indicates the broad expression of the trpA71 reporter and neural innervation of the fan-shaped body (FB) and the dorsal

protocerebrum (DP). Abbreviations: D, dorsal; V, ventral.
doi: 10.1371/journal.pone.0085189.g001

anterior cell (AC) neurons, which were previously reported to
play an important role in adult temperature sensation, projected
to DP (Figure 1D, E) [25]. Moreover, trpA1%4“ reporter
expression was similar between wild-type and trpA7-deficient
animals, indicating that trpA7 is not necessary for neuronal
survival.

Heavy synaptic arborization was detected in the DP and
subesophageal ganglion (SOG) by combining a trpA 1644 driver
and a membrane-tethered GFP (UAS-mCD8::GFP), while
UAS-mCD8::GFP by itself did not label adult brain cells
(Figures S2 and S3C). In these same flies, | examined whether
trpA1 was expressed in circadian neurons. | dissected the
brains at ZT 23 after 3 days of LD entrainment, when Per was
most abundant and localized to the nucleus, and labeled
circadian neurons in these brains with anti-Per. Similar to
previous reports, this revealed frpA1 expression in pacemaker
neurons, including 1 LNv, 3 LNds, 2-3 DN1s, 1 DN2, 1 DN3,
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and 3 LPNs (Figure S3) [13]. These 2 different reporters show
the same expression pattern of TRPA1 in circadian neurons,
indicating that anti-GFP and anti-B-GAL staining patterns were
not non-specific.

To further characterize the subset of LNv neurons that
express trpA1, | conducted double-labeling
immunohistochemistry studies on trpA1GAL4/UAS-nlacZ::GFP
flies with anti-3-GAL and anti-PDF. PDF labels 4 I-LNvs and 4
s-LNvs, but not 5" s-LNv [26]. This labeling failed to reveal an
overlap in expression between trpA71 and PDF, which indicates
the trpA1 expressed in the LNv is the 5" s-LNv (Figure S4)
[27-29]. Taken together, these results support the hypothesis
that trpA1 functions in central circadian neurons, but outside of
the known morning cells.
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free run

Figure 2. Activation of trpA71 neurons affects morning peak and evening slope. Averaged activity profiles during light/dark
(LD3) and free running at constant dark cycles at 18°C are shown in the following genotypes: (A) w'''®, (B) trpA1¢A4/+, (C) UAS-
NaChBac/+, (D) UAS-NaChBac/trpA1%t4, and (E) UAS-mCD8::GFP/trpA 144,

doi: 10.1371/journal.pone.0085189.g002

Activation of trpA1* neurons by NaChBac decreased
morning activity and delayed evening activity following
light entrainment at 18°C

Because trpA1 is expressed in only a subset of circadian
neurons, | asked whether altering the electrical activity of
trpA1* neurons could affect circadian behavior during light
entrainment. To answer this question, | used voltage-gated
sodium channel NaChBac to increase membrane excitability.
This halophilic bacterium channel is activated when the
membrane potential is near -60 mV, but is reversed when the
membrane potential nears 65 mV. Moreover, this channel
shows slower activation and inactivation kinetics compared
with most voltage-gated sodium channels [30]. | inserted these
membrane channels into trpA7 neurons by crossing trpA 7164t
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transgenic flies with UAS-NaChBac. The flies then were
loaded at 18°C to evaluate the activating effect of trpA1
neurons (Figure 2). The temperature threshold for TRPA1
activation, however, is 24°C [31]. Therefore, native TRPA1
remains inactive at 18°C. This approach prevented the TRPA1
channels in the wild-type animals from additionally contributing
to the activity of the neurons.

Next, wild-type and heterozygote control strains were
entrained by LD cycles (Figure 2A-C, Table 1). Following
entrainment, the flies showed 100% rhythmicity and a normal
period between 23.5 h and 24 h (Table 1). Although the MAI
and EAI of heterozygote controls were slightly reduced (MAI:
w''8.0.72 + 0.07; trpA1%44/+, 0.39 + 0.10; UAS-NaChBacl+,
0.45 £ 0.11, EAl: w'''®, 0.68 + 0.05; trpA1%4t/+, 0.54 + 0.04;
UAS-NaChBacl+, 0.54 + 0.04, not significant), the increasing

December 2013 | Volume 8 | Issue 12 | 85189



slopes of evening activity were similar (Figures 2A—C and 3P).
The trpA1GAL4/UAS-NaChBac flies, however, unexpectedly
showed reduced morning activity even though trpA71 was not
expressed in the morning cells, including the PDF*LNvs (Figure
2D, and Figure S4). These animals showed a significant
reduction in MAI compared to wild-type (p < 0.01) (w''%8, 0.72
0.07; trpA1GAL4/UAS-NaChBac, 0.14 + 0.10), but the EAI of
trpA1GAL4/UAS-NaChBac flies was comparable to controls
(w'8, 0.68 + 0.05; trpA1GAL4/UAS-NaChBac, 0.62 + 0.10). In
contrast, the evening slope of trpA1GAL4/UAS-NaChBac flies
was steeper than that for controls (Figures 2A-D, 3P). When
UAS-mCD8::GFP was expressed in trpA1 neurons instead of
UAS-NaChBac, the MAI, EAI, and evening slope were
comparable to controls (frpA1GAL4/UAS-mCD8::GFP, MAI:
0.38 + 0.22, EAI: 0.55 + 0.04, evening slope: 0.42 + 0.02;
Figure 2E).

The morning and evening activity peaks have distinct
anatomical requirements. Tissue-specific ablation and rescue
experiments were performed for the LNv, which are essential
for morning anticipation, and the LNd and DN1, which are
required for evening anticipation [7,32]. As previously noted,
trpA 1644 is only expressed in small groups of circadian neuron
clusters, except PDF*LNvs (Figures S3 and S4). Because
trpA1 mutant itself does not affect LD entrainment, these
effects at 18°C can not be fully accounted for by TRPA1
activity. Hence, the behavioral effect on the morning activity of
trpA1GAL4/UAS-NaChBac flies at lower temperatures
suggests that trpA7* neurons should not inhibit morning cells in
the low temperature condition. In addition, activation of trpA71*
neurons is not involved in evening anticipation, but delayed the
timing of the evening activity. These results suggest the
neuronal network between evening cells and morning cells is
required for fine tuning circadian behavior.

trpA16A4/UAS-NaChBac flies behave differently in a
temperature-dependent manner

To further evaluate the effects of trpA1GAL4/UAS-NaChBac,
behavioral locomotor activity was monitored at 3 constant
temperatures. First, as previously reported, wild-type and
controls have sharper morning and evening peaks with
reduced locomotor activity during daytime as the temperature
increases (Figure 3A-Il) [33]. Surprisingly, morning peaks for
trpA1GAL4/UAS-NaChBac are present at 25°C and 29°C,
although they were nearly absent at 18°C (Figure 3J-L).
Furthermore, the morning activity of these flies at 25°C and
29°C was sustained during daytime and the evening peaks
were sharply increased. To quantify these effects, the relative
locomotor activity was measured during daytime (Figure 30-P).
The daytime activity (mid-day 6-h activity from ZT3 to ZT9 over
12-h daytime activity) of wild-type and controls decreased as
the temperature increased (Figure 30). However, the
locomotor activity of trpA1GAL4/UAS-NaChBac during mid-day
also greatly increased (Figure 30). In addition, the evening
slopes (the last 1-h activity from ZT11 to ZT12 over the last 3-h
light phase) of trpAT1GAL4/UAS-NaChBac were significantly
sharper at 18°C and 25°C (p < 0.01), and the steepness was
saturated in controls at 29°C (Figure 3P). These results
suggest the morning peaks observed for trpA1GAL4/UAS-
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Table 1. Circadian rhythmicity, period, and Fast Fourier
Transfer (FFT) values after light/dark (LD) or temperature
cycles were analyzed during DD2-DD7 (+SEM).

Entrain Entrain Free Rhy
Genotype condition Temp (C)run n (%) Period (h) FFT
23.77 + 0.18 £
wild-type LD 18° 18° 32 100
0.07 0.01
23.85+ 0.21+
trpA1GALY .+ LD 18° 18° 16 100
0.02 0.01
UAS- 2379 + 0.15+
LD 18° 18° 16 100
NaChBacl+ 0.05 0.01
trpA1GAL4/ 23.94 ¢ 017 £
LD 18° 18° 15 100
UAS-NaChBac 0.08 0.01
troA1GAL4/
23.83 + 0.20 +
UAS- LD 18° 18° 16 100
0.03 0.01
mCD8:GFP
23.93 ¢ 0.15¢
wild-type LD 25° 25° 77 95
0.03 0.01
23.83 + 021+
trpA1GALY 4 LD 25° 25° 16 100
0.02 0.02
UAS- 2379+ 0.15+
LD 25° 25° 15 100
NaChBac/+ 0.04 0.01
trpA1GAL4/ 23.67 + 0.14 £
LD 25° 25° 32 100
UAS-NaChBac 0.05 0.01
23.69 + 0.16 £
wild-type LD 29° 29° 16 100
0.06 0.01
23.68 + 0.14 +
trpA1CGALY 4 LD 29° 29° 15 100
0.03 0.01
UAS- 23.75+ 0.15¢
LD 29° 29° 16 100
NaChBacl+ 0.04 0.01
troA1GAL4/ 2372+ 0.07 £
LD 29° 29° 17 65
UAS-NaChBac 0.08 0.01*
2371 0.20 +
trpA1GALY 4 TC 25°/16° 25° 16 100
0.06 0.02
UAS- 23.77 + 0.16 £
TC 25°/16° 25° 15 93
NaChBacl+ 0.06 0.01
troA1GAL4/ 23.67 £ 0.14 £
TC 25°/16° 25° 27 96
UAS-NaChBac 0.09 0.01

The asterisk indicates a significant difference from the wild-type (p < 0.05), as
determined with an ANOVA and Scheffe’s post-hoc tests.
doi: 10.1371/journal.pone.0085189.t001

NaChBac at different temperatures result from fine-tuning by
trpA1* neurons, but the sharp evening peaks and increased
daytime activity of trpA1GAL4/UAS-NaChBac were relatively
consistent regardless of temperature. Furthermore, 35% of
trpA1GAL4/UAS-NaChBac flies showed arrhythmic behavior,
whereas the remaining flies showed low rhythmic power at
29°C (Table 1). To quantify differences between rhythmic and
arrhythmic flies at 29°C during LD entrainment, the locomotor
activity was separated (Figure 3Q, R). Although the daytime
activity was comparable (rhythmic: 0.32 + 0.06, arrhythmic:
0.39 = 0.10), the evening slope was significantly different
(rhythmic: 0.94 + 0.03, arrhythmic: 0.65 £ 0.13, p < 0.01). In
conclusion, this finding provides evidence that trpA7* neurons
may be important for regulating rhythmicity and circadian
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Figure 3
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Figure 3. Activation of trpA1 neurons at different temperatures. Averaged activity profiles during light/dark (LD3) and the first
dark cycle (DD1) at 18°/25°/29°C are shown in the following genotypes: (A—-C) w'''®, (D-F) trpA1¢A“/+, (G-I) UAS-NaChBac/+, (J—
L) UAS-NaChBacltrpA1644, Left, middle, and right panels show the locomotor activity at 18°C, 25°C, and 29°C, respectively. The
white, black, and grey bars represent day, night, and subjective day, respectively. (O—P) The daytime activities (O) and the evening
slope (P) were computed. For the statistical analysis, the data were analyzed using ANOVA and Scheffe’s post-hoc tests (** p-value
< 0.01). The p-values are relative to wild-type. (Q-R) The locomotor activity of rhythmic (Q) and arrhythmic flies (R) at 29°C.

doi: 10.1371/journal.pone.0085189.g003
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Figure 4
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Figure 4. TRPA1 is required for circadian entrainment by temperature. (A—C) Average actograms of flies that were entrained
to 12-h:12-h LD cycles for 3 days at 25°C followed by 6 days of DD and 12-h:12-h temperature (25°C/16°C) cycles in which warm
and cold phase were in antiphase to the previous light/dark (LD) cycle. After temperature entrainment, the flies were kept at 25°C for
free running. Each genotype was denoted on the double plot. Asterisks indicate ectopic peaks that were not detected in controls.
Blue and red bars indicate cryophase and thermophase, respectively. (D) Relative locomotor activity during the last 6-h cold phase.
The p-values are relative to wild-type (** p-value < 0.01, * p-value < 0.05).

doi: 10.1371/journal.pone.0085189.g004

power at higher temperatures, but not at low and intermediate
temperatures. This interpretation does, however, depend on
the assumption that the trpA1GAL4/UAS-NaChBac phenotypes
reflect native functions of trpA1* neurons.

The trpA1* neurons play essential roles in temperature
cycle (TC) entrainment through circadian control or
clock-independent temperature control of locomotor
activity

Next, | examined whether the activation of trpA71* neurons
can affect temperature entrainment. To evaluate the effect of
trpA1* neuronal activation in temperature entrainment, | used
TCs (25°C/16°C) in an antiphase paradigm. First, | entrained
the flies with an LD cycle at 25°C, and then initiated the first
cryophase when the light cycle would have initiated [13,34].
Control flies displayed a robust single peak in the middle of the
thermophase, and the single peak persisted for many days
during the free running period at 25°C (Figure 4A, B). The
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robust single peak in controls was much sharper in trpA1GAL4/
UAS-NaChBac, reflecting the sharpened evening peaks during
LD entrainment (Figures 2D, 3J-L, and 4C). Furthermore,
these flies show additional prolonged peaks during cryophase
for several days (Figure 4C). The activity peaks during
cryophase (the last 6-h cold phase over total activity) were
larger than those observed in the middle of the thermophase in
trpA1GAL4/UAS-NaChBac (Figure 4D). This finding suggests
that the cold phase during TC entrainment should block
activation of morning activity in the LD cycle. Nevertheless, the
trpA1GAL4/UAS-NaChBac flies consistently exhibited activated
warm neurons during the cold phase. Once the morning activity
was activated in trpATGAL4/UAS-NaChBac, the evening
activity was decreased (Figure 4C). After day 3, trpAT1GAL4/
UAS-NaChBac showed locomotor activity that matched the
level of controls. Taken together, these findings suggest trpA1*
neurons play a role in TC entrainment through circadian control
or clock-independent temperature control of locomotor activity.
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Discussion

Temperature entrainment of the central clock depends in part
on peripheral sensory neurons [35]. Here, | provide evidence
that a subset of central pacemaker neurons expressing TRPA1
upon hyperexcitation also functions in temperature
synchronization of circadian rhythms. Recently, we proposed
that TRPA1 is functionally important in 2 classes of pacemaker
neurons, LPNs and 3 LNds, because TRPA1 was expressed in
all 3 LPNs and 2 Cry-negative LNds [13]. In this study, | found
that only one s-LNv, which does not express PDF, is trpA1*
(Figure S4). Tissue-specific ablation and rescue experiments
have shown that PDF*LNv neurons are required for morning
activity, whereas LNd and DN1 neurons are required for
evening activity [7,32]. These findings suggest that the TRPA1
expressing central pacemaker neurons might contribute to
evening activity rather than morning activity. However, multiple
aspects of my current findings contradict this idea. First, when
TRPA1 neurons are activated by NaChBac, the morning peaks
are strongly suppressed when the experiments were performed
at 18°C, and evening peaks were always much sharper than
those for controls, regardless of temperature (Figure 3). This
suggests that morning activity and evening activity may be
controlled in different ways, but they are controlled in a
temperature-dependent manner. At cold temperatures (18°C),
cold sensing neurons may dominantly suppress morning
activity, which explains why constitutively activated TRPA1
neurons cannot activate morning activity at colder
temperatures. At warm or hot temperatures (25°C or 29°C),
warm sensing neurons may dominantly activate morning
activity. For evening activity, heat sensing neurons may
dominantly suppress the initiation of evening activity,
regardless of constant temperature conditions. This might
explain why the trpAT1GAL4/UAS-NaChBac flies always
showed sharp slopes of evening activity compared to controls.

Second, daytime activity is highly dependent on the TRPA1
neurons. Indeed, a small peak during daytime activity was
noticeable at 18°C (Figure 2D). In addition, morning activity for
the trpA1GAL4/UAS-NaChBac flies at 25°C and 29°C was
much broader than that for controls (Figure 3K, L). This
phenomenon may be explained by sustained morning peak
activity during the daytime. In a previous report, we showed
that trpA1 mutants have an effect on TC entrainment, but not
LD entrainment. Here, | show the trpA1GAL4/UAS-NaChBac
flies have defects in LD entrainment. These new findings
suggest that the trpA1+ neurons are activated by pathways
independent of TRPA1. In addition, trpA1 mutants have defects
on the period length following TC entrainment, but the
trpA1GAL4/UAS-NaChBac flies show normal period in LD and
TC except LD at higher temperature such as 29°C (Table 1).
Thus, there is a difference between trpA71 mutants and the
trpA1GAL4/UAS-NaChBac flies.

TRPA1 neurons may also contribute to the functions of the
central pacemaker neurons because TRPA1 is expressed in 1—
3 neurons in each cluster. Furthermore, TRPA1 might function
as a temperature sensor and modulate the activity of all the
neurons within a cluster. For example, LNds play at least 2
roles for sensing environmental changes. Three Cry*LNds can
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sense blue light and control downstream neurons, which allows
other Cry- neurons to be synchronized. TRPA1*LNds also
might control downstream neurons, which participates in
synchronization with temperature changes. Recently, it was
shown that dorsally located pacemaker neurons mediate
synchronization at relatively high TCs (29°C:20°C), whereas
ventral pacemaker neurons mediate synchronization at low
TCs (25°C:16°C) [36]. Because trpA1 is expressed in dorsal
neurons and not ventral neurons, and the activation threshold
of TRPA1 is 27°C in vivo [25], it would be interesting to learn
whether the trpA1°4t4 expression could rescue high TC cycles.
In addition, circadian rhythms for temperature preference are
mediated by DN2 [37], and 1 of 2 DN2s also expresses
TRPA1. These recent reports support the functions of trpA1*
neurons described in the current study.

Furthermore, we still do not know how to manipulate most
DNs because the sizes and functions of DN1s and DN3s are
heterogeneous. The trpA1¢44 driver provides a new tool to
examine the roles of DN1s and DN3s as a marker. A limitation
of my current study is that it does not rule out a possible role
for TRPA1 in non-circadian neurons including the PDP
clusters. Nevertheless, this study raises the possibility that
mammalian thermoTRP channels, including TRPA1, might play
similar roles in central pacemaker neurons. It will be interesting
to discover other roles for TRPA1 in FB and PDP clusters.

Supporting Information

Figure S1. TRPA1 expression does not overlap with dILP2
expression in the pars intercerebralis. A—F, Colabelling with
anti-dILP2 (red, A and D) and anti-GFP (green, B and E) from
UAS-mCD8::GFP/+;trpA1%A4/+ flies, which shows no overlap
between PDP cluster of TRPA1 and insulin-producing cells in
the pars intercerebralis. C and F are merged images.

(TIF)

Figure S2. The undriven UAS-mCD8::GFP brain does not
show any GFP signal. No anti-GFP signal is detected in the
absence of trpA1¢4t4 reporter.

(TIF)

Figure S3. TRPA1 is expressed in pacemaker neurons in
the brain. A-L, Colabelling with anti-Per (red) and anti-GFP
(green) from UAS-mCD8::GFP/+;trpA1644/+ flies, which shows
overlap in some dorsal (D-F), lateral dorsal (G-l) and lateral
ventral (J-L) pacemaker neurons. Note the dense synaptic
arborization in the dorsal protocerebrum (DP), fan-shaped body
(FB), and subesophageal ganglion (SOG). C, F, I, and L are
merged images.

(TIF)

Figure S4. TRPA1 is not expressed in PDF* LNvs in the
brain. A—C, Frontal view of colabelling with anti-PDF (red, J)
and anti-GFP (green, K) from UAS-nlacZ::GFP/+;trpA16A4/+
flies. Note that PDF*LNvs do not express TRPA1.

(TIF)
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