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            Abstract
Circadian clocks are endogenous timers adjusting behaviour and physiology with the solar day1. Synchronized circadian clocks improve fitness2 and are crucial for our physical and mental well-being3. Visual and non-visual photoreceptors are responsible for synchronizing circadian clocks to light4,5, but clock-resetting is also achieved by alternating day and night temperatures with only 2â€“4â€‰Â°C difference6,7,8. This temperature sensitivity is remarkable considering that the circadian clock period (~24â€‰h) is largely independent of surrounding ambient temperatures1,8. Here we show that Drosophila Ionotropic Receptor 25a (IR25a) is required for behavioural synchronization to low-amplitude temperature cycles. This channel is expressed in sensory neurons of internal stretch receptors previously implicated in temperature synchronization of the circadian clock9. IR25a is required for temperature-synchronized clock protein oscillations in subsets of central clock neurons. Extracellular leg nerve recordings reveal temperature- and IR25a-dependent sensory responses, and IR25a misexpression confers temperature-dependent firing of heterologous neurons. We propose that IR25a is part of an input pathway to the circadian clock that detects small temperature differences. This pathway operates in the absence of known â€˜hotâ€™ and â€˜coldâ€™ sensors in the Drosophila antenna10,11, revealing the existence of novel periphery-to-brain temperature signalling channels.
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                    Figure 1: IR25a is expressed in ChO neurons.[image: ]


Figure 2: IR25a is required for temperature synchronization to low-amplitude temperature cycles.[image: ]


Figure 3: IR25a is required for clock protein oscillations in central clock neurons.[image: ]


Figure 4: IR25a is required for temperature-induced leg nerve responses and confers temperature sensitivity to l-LNv.[image: ]
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Extended data figures and tables

Extended Data Figure 1 IR25a and Nocte physically interact in vivo and are expressed in femur and antennal ChO neurons.
a, In vivo co-immunoprecipitation experiments using protein extracts from fly heads. Head lysates were immunoprecipitated using anti-Flag antibody. The immunoprecipitates were examined by western blotting using anti-Flag and anti-IR25a antibody. Input represents 30% of cell lysates used in the pull-down experiment. The genotypes of the flies used were: timâ€‰>â€‰IR25a: UAS-GFP/UAS-IR25a; tim-gal4:67/+. timâ€‰>â€‰IR25a+FLAG-NOCTE: UAS-FSNH/UAS-IR25a; tim-gal4:67/+. The bracket indicates that NOCTEâ€“Flag runs as a double band on western blots. For uncropped gel images, see Supplementary Fig. 1. b, Overview of the antennal and femur ChO adapted from refs 13, 42. c, d, Labelling of the JO neurons by IR25a-gal4 (c) and F-gal4 (d) driven membrane bound mCD8â€“GFP and nuclear-localized DsRed expression. Note that IR25a is expressed in only a subset of JO neurons. e, f, Same flies as in c, d analysed for IR25a expression in the femoral ChO. Again, only subsets of the ChO neurons express IR25a. Arrows in c, e point to ChO neuron nuclei. g, Labelling of the ChO neurons in JO and femur by nocte-gal4-driven membrane-bound GFP and nuclear DsRed expression9. Scale bar, 20â€‰Î¼m.


Extended Data Figure 2 Spatial and quantitative IR25a mRNA and protein expression in CNS and PNS tissues and efficiency of RNAi-mediated knockdown.
a, Analysis of IR25a-gal4 and IR25a in the third segment of the antenna reveals expression in coeloconic sensilla16. Schematic adapted from15. b, c, Determination of IR25a and nocte mRNA levels in femur and retinal tissues by semiquantitative RTâ€“PCR; rp49 was used as control. For uncropped gel data, see Supplementary Fig. 1. d, e, qPCR analysis of IR25a mRNA levels in whole heads (d), or dissected body parts (as indicated) (e) from flies of the genotypes indicated. Pan-neuronal elav-gal4 knockdown (d) decreased IR25a mRNAâ€‰>75% or >90%, using one or two different RNAi lines combined, respectively. ****Pâ€‰<â€‰0.0001, ***Pâ€‰<â€‰0.001, *Pâ€‰<â€‰0.05, one-way ANOVA followed by Bonferroni correction. f, IR25a is not expressed in the central brain and clock neurons. Left, IR25a immunolabelling of a Canton S brain reveals no signals. Middle, same brain labelled with anti-TIM reveals expression in clock neurons. Right, merge. Brains were dissected in LD at ZT20. Scale bar, 10 Î¼m. g, IR25a-gal4 is not expressed in clock neurons and largely absent from the brain. Left, nuclear DsRed driven by IR25a-gal4. Second from left, anti-PDF staining showing LNv and their projections. Middle, anti-PER (diluted 1:5,000)43 showing all clock neurons. Second from right, merge, showing two IR25a-gal4 positive cell in the antennal lobe, not co-localized with any of the clock neurons. These cells were observed in 4/8 hemispheres and always on the same side of the brain. Right, magnified view of circled area in the merged image. Scale bar, 30â€‰Î¼m.


Extended Data Figure 3 IR25a is required for temperature synchronization to low-amplitude temperature cycles but not for high-amplitude temperature cycles.
a, Canton S, IR25aâˆ’/âˆ’, and nocte1 flies were exposed to LD at 20â€‰Â°C for 5 days (left) or LL at 25â€‰Â°C for 2 days (right), followed by exposure to a 12 h:12 h 20â€‰Â°C:29â€‰Â°C (left) or 16â€‰Â°C:25â€‰Â°C (right) temperature cycles in LL, which after 6â€“7 days was delayed or advanced by 6â€‰h, respectively. Warmer temperature indicated by red and orange shading, respectively. b, Actograms and daily averages of Canton S and IR25aâˆ’/âˆ’, and IR25aâˆ’/âˆ’ flies containing a genomic IR25a rescue construct (rescue) exposed to 18â€‰Â°C:20â€‰Â°C temperature cycles in LL (left) and 21â€‰Â°C:23â€‰Â°C temperature cycles in LL (right). Warm phase in actograms indicated by orange shading. Histogram colour coding as in Fig. 2. For quantification see Fig. 2e.


Extended Data Figure 4 IR25a is not required for temperature synchronization to high- but to low-amplitude temperature cycles and IR25aâˆ’/âˆ’ flies show normal LD and DD behaviour.
a, Canton S and IR25aâˆ’/âˆ’ flies were exposed to LL at 25â€‰Â°C for 2â€“3 days, followed by exposure to high-amplitude 12â€‰h:12â€‰h temperature cycles in LL, which after 5â€“6 days were delayed by 6â€‰h. Double plotted average actograms depicting the daily activity levels and environmental conditions during the entire experiment are shown. Actual temperatures are colour coded and indicated below the entrainment index calculations. Numbers (n) indicated in the bars. b, As in a but flies were initially kept in LD and DD for 2 days each (left) or LD (right), before being exposed to two phase delayed (left) or advanced (right) temperature cycles in DD at the temperatures indicated. n.s., not significant. c, Behaviour of IR25aâˆ’/âˆ’ and rescue flies during DD and 25â€‰Â°C:27â€‰Â°C temperature cycles with 8â€‰h delay and during DD and 21â€‰Â°C:23â€‰Â°C temperature cycles with a 8â€‰h advance compared to the previous LD cycle (at 25â€‰Â°C). Warm phase is indicated by orange shading. d, Canton S and IR25aâˆ’/âˆ’ flies during LD and DD conditions at 25â€‰Â°C (see Extended Data Table 2 for period calculations).


Extended Data Figure 5 Antennal IR25a expression is not necessary for synchronization of locomotor activity rhythms to temperature cycles.
Ablation of antennae as indicated. a, IR25aâˆ’/âˆ’ and rescue flies were exposed to the same condition used in Fig. 2. Actograms and daily averages as described before. b, Quantification of behaviour as described in Fig. 2. The data of IR25aâˆ’/âˆ’ with normal antennae was taken from Fig. 2a. n.s., not significant.


Extended Data Figure 6 Knocking down IR25a expression via RNA interference disrupts synchronization of locomotor activity rhythms to temperature cycles (25â€‰Â°C:27â€‰Â°C in LL).
a, b, Behaviour of flies with spatially restricted IR25a knockdown mediated by IR25a-gal4 (a), ChO specific F-gal4, and nompC-gal4 (b) driven IR25-RNAi expression, respectively. Control flies are UAS-dicer2/Y; IR25-gal4/+ (a), and UAS-dicer2/Y;+/+; F-gal4/+ or UAS-dicer2/Y;+/+; nompC-gal4/+ (b). Test flies carry the same transgenes, but in addition one or two copies of the IR25a-RNAi line indicated. Actograms and daily averages as described for Fig. 2a. c, Progeny of the respective UAS-IR25a-RNAi lines crossed to y w (left three columns) and flies from (a, b) and the other gal4 drivers indicated, were exposed to the same LL and temperature cycle conditions used in Fig. 2a. As controls, UAS-dicer, gal4 driver lines were crossed to y w and F1 males containing UAS-dicer/Y and the respective gal4/+ were tested. Numbers of analysed individuals (n) are indicated above each column. Entrainment was quantified as in Fig. 2c. ****Pâ€‰<â€‰0.0001, one-way ANOVA followed by Bonferroni correction.


Extended Data Figure 7 Rescue of TIM oscillations in clock neurons during low-amplitude temperature cycles and normal TIM oscillations during LD and high-amplitude temperature cycles.
a, b, TIM levels in clock neurons during LL 25â€‰Â°C:27â€‰Â°C temperature cycles at the indicated time points (ZT) in the genotypes indicated. At least 8 brain hemispheres per time point were analysed for each genotype. Scale bars, 10 Âµm. Data in b are meanâ€‰Â±â€‰s.e.m. c, Quantification of TIM levels in clock neurons during LD (25â€‰Â°C) in Canton S and IR25aâˆ’/âˆ’ mutant brains. d, TIM oscillations in different clock-neuronal groups in IR25aâˆ’/âˆ’ are restored in 25â€‰Â°C:29â€‰Â°C temperature cycles in LL. At least 8 brain hemispheres per time point were analysed for each genotype and condition. Error bars indicate s.e.m.


Extended Data Figure 8 Ectopic expression and heat responses of TRPA1 and IR8a in l-LNv clock neurons.
a, Whole-cell current clamp recordings of Pdf-gal4/UAS-TrpA1; Pdf-RFP (top trace, red) and Pdf-gal4/UAS-IR8a-RFP (bottom trace, black) brains exposed to a temperature ramp from 18â€‰Â°C to 30â€‰Â°C and back to 18â€‰Â°C. Note the additional depolarization of the TrpA1 neuron at higher temperatures. b, Compared to control (Fig. 4), recordings from TrpA1-expressing neurons show a large increase in firing rate with temperature which the IR8a expressing neurons do not. c, d, In comparison to control neurons (data taken from Fig. 4) the membrane potential of TrpA1 expressing neurons is more positive at 30â€‰Â°C (open bars) and the input resistance is also significantly reduced in TrpA1 at 18â€‰Â°C. e, f, The firing rate at 18â€‰Â°C is higher for IR8a neurons but only the Q10 of TrpA1 is different to control. Bars are means and whiskers s.e.m., n indicated in bars, *Pâ€‰<â€‰0.05, ***Pâ€‰<â€‰0.001, ANOVA followed by Tukey test.
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