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            Abstract
Acute pain represents a crucial alarm signal to protect us from injury1. Whereas the nociceptive neurons that convey pain signals were described more than a century ago2, the molecular sensors that detect noxious thermal or mechanical insults have yet to be fully identified3,4,5,6. Here we show that acute noxious heat sensing in mice depends on a triad of transient receptor potential (TRP) ion channels: TRPM3, TRPV1, and TRPA1. We found that robust somatosensory heat responsiveness at the cellular and behavioural levels is observed only if at least one of these TRP channels is functional. However, combined genetic or pharmacological elimination of all three channels largely and selectively prevents heat responses in both isolated sensory neurons and rapidly firing C and AÎ´ sensory nerve fibres that innervate the skin. Strikingly, Trpv1âˆ’/âˆ’Trpm3âˆ’/âˆ’Trpa1âˆ’/âˆ’ triple knockout (TKO) mice lack the acute withdrawal response to noxious heat that is necessary to avoid burn injury, while showing normal nociceptive responses to cold or mechanical stimuli and a preserved preference for moderate temperatures. These findings indicate that the initiation of the acute heat-evoked pain response in sensory nerve endings relies on three functionally redundant TRP channels, representing a fault-tolerant mechanism to avoid burn injury.
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                    Figure 1: TRPA1 mediates TRPM3- and TRPV1-independent heat responses.[image: ]


Figure 2: Properties of TKO sensory neurons.[image: ]


Figure 3: Heat sensitivity of sensory fibres innervating the skin of TKO mice.[image: ]


Figure 4: Selective loss of acute heat nociception in TKO mice.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Heat sensitivity is preserved in Trpm3âˆ’/âˆ’Trpv1âˆ’/âˆ’ double knockout (DKOM3/V1) mice.
a, Percentages of wild-type (296 neurons from 6 mice) and DKOM3/V1 (1,353 neurons from 9 mice) trigeminal neurons responding to the indicated stimuli. b, Single-fibre nerve recording of a mechano- and heat-sensitive C fibre innervating the skin of a DKOM3/V1 mouse. c, Withdrawal latencies of wild-type (Nâ€‰=â€‰10) and DKOM3/V1 (Nâ€‰=â€‰7) mice in the tail-flick (at 57â€‰Â°C) and hot-plate (at 50â€‰Â°C) assays. Dotted lines indicate the cut-off time. Horizontal lines indicate mean. d, Venn diagram showing the level of functional coexpression of TRPM3, TRPV1 and TRPA1 in wild-type trigeminal neurons, based on responsiveness to PS, Caps and AITC (nâ€‰=â€‰662 neurons from 6 mice).


Extended Data Figure 2 TRPM8 expression and RNA-seq analysis of sensory neurons.
a, In situ hybridization using a TRPM8-specific probe in trigeminal ganglia of wild-type and TKO mice. b, Example of a sensory neuron from a TKO mouse responding to cold (15â€‰Â°C) and the TRPM8 agonists menthol (50â€‰Î¼M) and icilin (1â€‰Î¼M). Scale bar, 6s/100 nM. c, Percentages of cold-responding and menthol-responding neurons in wild-type (nâ€‰=â€‰225 from 3 mice) and TKO mice (nâ€‰=â€‰189 from 3 mice). **Pâ€‰=â€‰0.0089; Fisherâ€™s exact test. d, Transcriptome-wide comparison of mRNA expression between wild-type and TKO mice. Several ion channels that have been previously implicated in heat sensing are indicated. e, Heat map showing the differential expression levels in single, double and triple knockout mice of a set of about 200 genes implicated in somatosensation20. Expression levels are defined as the log2 fold change compared to the wild type. Except for Trpm3, Trpv1 and Trpa1, no genes showed more than 50% up- or downregulation of expression in TKO compared to wild-type mice.


Extended Data Figure 3 Modulation of heat responses by H2O2: the role of TRPA1.
a, Representative examples of responses to heat, in the absence and presence of H2O2, in an AITC-sensitive and an AITC-insensitive sensory neuron from DKOM3/V1 mice. b, Example of the suppression of heat responses in an AITC-sensitive DKOM3/V1 neuron by the TRPA1 antagonist HC030031 (100â€‰Î¼M). c, Heat-insensitive TKO sensory neurons are also insensitive to H2O2 (nâ€‰=â€‰147 from 4 mice). d, e, Heat responses in TKO sensory neurons (which occur in only about 2% of the total population) are neither potentiated by H2O2 (400â€‰Î¼M; nâ€‰=â€‰147 from 4 mice) nor inhibited by 2-APB (250â€‰Î¼M; nâ€‰=â€‰150 from 4 mice). Scale bars in aâ€“e, 60s/100 nM. f, Average heat-induced increases in intracellular calcium during the three consecutive heat responses in the protocol shown in aâ€“d, for the indicated subtypes of neurons. Number of tested trigeminal neurons for the data in f: DKOM3/V1, nâ€‰=â€‰308 from 6 mice; DKOM3/V1 + HC030031, nâ€‰=â€‰104 from 4 mice; TKO, nâ€‰=â€‰147 from 4 mice. Group data are represented as meanâ€‰Â±â€‰s.e.m.


Extended Data Figure 4 H2O2 potentiates heat responses in CHO cells expressing mTRPA1.
a, Representative examples of responses to heat (45â€‰Â°C), AITC (50â€‰Î¼M) and the ionophore ionomycin (2â€‰Î¼M) in CHO cells stably expressing mouse TRPA1. b, c, Potentiation of the heat response by H2O2 (100â€‰Î¼M) and inhibition by HC030031 (100â€‰Î¼M). d, Population analysis of all tested cells corresponding to the experiments in aâ€“c. Control, nâ€‰=â€‰394; H2O2, nâ€‰=â€‰560; H2O2 + HC030031, nâ€‰=â€‰103 cells. As a conservative estimate of TRPA1-dependent heat responses, cells with a heat response larger than 5 s.d. above the mean of responses in the presence of HC030031 (dotted red line) were counted. Corresponding percentages are indicated. The H2O2 group was significantly different from the two other groups (***Pâ€‰<â€‰0.00001; two-sided Mannâ€“Whitney test with Bonferroni correction).


Extended Data Figure 5 Bimodal distribution of peak heat-induced firing rates in C fibres.
Histogram showing the peak firing rate of all tested heat-sensitive C fibres. Solid line shows the sum of two Gaussians (dotted lines) fit to the data. On the basis of these data, fibres were classified as either low frequency (LF; peak firing rate <23 Hz) or high frequency (HF; peak firing rate >23 Hz).


Extended Data Figure 6 Nerve bundles in the skin.
a, PGP9.5 staining of the plantar hind paw skin, representative of wild-type (Nâ€‰=â€‰5) and TKO (Nâ€‰=â€‰5) mice. Scale bar, 20â€‰Î¼m. Black arrows indicate nerve bundles. b, For each mouse, the nerve bundle areas of 20 sections were evaluated with an average distance of 0.1â€‰mm between the cross sections. No significant difference was found between the two genotypes. Pâ€‰=â€‰0.08; two-sided Studentâ€™s t-test. Group data are represented as meanâ€‰Â±â€‰s.e.m.


Extended Data Figure 7 Acute heat sensing at different temperatures.
aâ€“d, Withdrawal latencies for male mice of different genotypes in the tail-immersion assay at the indicated temperatures. The cut-off (dashed line) was set at four times the mean withdrawal latency of wild-type mice. Number of tested animals: wild-type, Nâ€‰=â€‰10; DKOM3/A1, Nâ€‰=â€‰6; DKOV1/A1, Nâ€‰=â€‰9; DKOM3/V1, Nâ€‰=â€‰7; TKO, Nâ€‰=â€‰9. Horizontal lines indicate means. e, P values for pair-wise comparisons of the withdrawal latencies of the different genotypes. A two-way ANOVA was performed with genotype and bath temperature as factors. P values represent the result of Tukeyâ€™s post-hoc tests for the factor genotype, and thus quantify global statistical differences in latency over the five tested temperatures (45, 48, 50, 52 and 57â€‰Â°C). Similar results, yielding Pâ€‰<â€‰10âˆ’4 for the comparison of TKO mice with either wild-type mice or mice of the different DKO genotypes, were obtained with a second independent cohort of male mice (5â€“6 mice per genotype).


Extended Data Figure 8 Acute heat sensing and burn injury.
a, Withdrawal latencies of female wild-type (Nâ€‰=â€‰10) and TKO (Nâ€‰=â€‰10) mice in the tail-immersion assay at the indicated temperatures. The cut-off (dashed line) was set at four times the mean withdrawal latency of wild-type mice. Indicated P values were obtained using a two-sided Studentâ€™s t-test. b, Withdrawal latencies of female wild-type (Nâ€‰=â€‰10) and TKO (Nâ€‰=â€‰10) mice in the hot-plate assay at the indicated temperatures. The cut-off (dashed line) was set at three times the mean withdrawal latency of wild-type mice. Indicated P values were obtained using two-sided Studentâ€™s t-tests. c, Sensitivity of female wild-type (Nâ€‰=â€‰10) and TKO (Nâ€‰=â€‰10) mice to calibrated von Frey hairs (Pâ€‰=â€‰0.86; two-sided Studentâ€™s t-test). d, e, Photograph of the tails of male mice of the indicated genotypes (d) and close-up of the tails of five TKO mice (e) taken 3 days after a 57â€‰Â°C tail-flick experiment. f, Percentage of mice of the indicated genotypes exhibiting visual signs of burn injury 3 days after a 57â€‰Â°C tail-flick experiment (five mice per genotype).

                          Source data
                        


Extended Data Figure 9 Thermal preference.
a, Preference index for the blue (<10â€‰Â°C) versus the red zone (>45â€‰Â°C) on the thermal gradient. Preference index was calculated as (tblue zone âˆ’ tred zone)/(tblue zone + tred zone). ***Pâ€‰=â€‰2.2â€‰Ã—â€‰10âˆ’6, **Pâ€‰=â€‰7.2â€‰Ã—â€‰10âˆ’5, *Pâ€‰=â€‰0.026, two-way ANOVA with Tukeyâ€™s post-hoc test for the factor genotype. Wild-type, Nâ€‰=â€‰13; DKOM3/A1, Nâ€‰=â€‰5; DKOV1/A1, Nâ€‰=â€‰7; DKOM3/V1, Nâ€‰=â€‰10; TKO, Nâ€‰=â€‰10. b, Duration of the longest uninterrupted visit to the test plate. ***Pâ€‰=â€‰7.7â€‰Ã—â€‰10âˆ’5, **Pâ€‰=â€‰0.0029, ##Pâ€‰=â€‰0.0013, *Pâ€‰=â€‰0.0072; one-way ANOVA with Tukeyâ€™s post-hoc test. c, Parameters describing thermal preference behaviour in the thermal gradient and two-plate preference tests. Number of tested animals: wild-type, Nâ€‰=â€‰9; DKOM3/A1, Nâ€‰=â€‰6; DKOV1/A1, Nâ€‰=â€‰6; DKOM3/V1, Nâ€‰=â€‰10; TKO, Nâ€‰=â€‰9.

                          Source data
                        


Extended Data Table 1 General properties of TKO miceFull size table
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        Editorial Summary
Trio of genes behind burn avoidance
Many ion channels, including several in the TRP family, are activated by heat, and yet mice lacking just one of the ion-channel genes show no or only mild deficits in acute heat sensing. Now Thomas Voets and colleagues demonstrate that triple-knockout mice, in which all three genes coding for TRPA1, TRPV1 and TRPM3 have been silenced, do not sense pain when exposed to harmful heat, yet remain sensitive to injurious cold or mechanical stimuli and have a normal preference for moderate temperatures. Double knockouts, however, retain the expected heat responses, suggesting that this pain sensory system has a high degree of redundancy, which ensures fault-tolerance in the avoidance of burn injury.
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