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Nociceptive neural impulses originate in primary afferent neurons in 
dorsal root or trigeminal ganglia, which then activate neurons in the 
spinal cord and in specific nuclei in the brain to induce the perception 
of pain. Sensory transduction in DRG neurons is achieved through 
the activation of specific classes of ion channels1. These channels are 
molecular sensors that may detect innocuous and noxious stimuli 
and transduce them into electrical impulses. DRG neurons are het-
erogeneous in terms of size and response to various stimuli2. Small 
neurons respond specifically to noxious heat, chemical and mechani-
cal stimuli, and are therefore considered to be polymodal nociceptors. 
Numerous TRP channels are found in nociceptors3–5 and many are 
thermal sensors that detect a wide range of thermal stimuli from cold 
to noxious heat. Perhaps the best example of a heat sensor is TRPV1, 
which is activated by heat, acid and capsaicin, the pungent ingredi-
ent of hot peppers6,7. In fact, Trpv1−/− mice show reduced thermal 
hyperalgesia and inflammatory pain8,9. On the other hand, TRPV2 is 
activated by noxious heat over 53 °C and by 2-aminoethoxydiphenyl 
borate10,11. TRPA1 is expressed in nociceptors and responds to envi-
ronmental irritants, the pungent ingredients of wasabi, mustard oil 
and garlic12,13. TRPA1 is also known to respond to noxious cold12,14,15. 
Other thermoTRPs detect changes in temperature that are outside 
of the noxious range. Although there is no doubt that TRPV1 is a 
heat sensor, the presence of additional heat sensors is likely, mainly 
because avoidance behaviors to heat remain in mice lacking TRPV1 
and TRPV1-negative neurons respond to heat1,9,16.

Ca2+-activated chloride channels (CaCCs) are activated by intra
cellular Ca2+ and mediate numerous physiological functions, such as 

the epithelial movement of fluid17. In addition, endogenous CaCCs 
are known to regulate sensory transduction for vision, taste, smell 
and somatic sensations18. In terms of visual sensory transduction, 
CaCCs control Ca2+ currents and thereby modulate lateral inhibi-
tion in the retina19,20 or amplify odorant-evoked signals in olfactory 
sensory neurons21,22. ANO1 was recently identified and found to pos-
sess eight transmembrane domains and to conduct chloride currents 
activated by intracellular Ca2+ (refs. 23–25). Furthermore, ANO1 
has biophysical properties and a pharmacological profile similar to 
those of endogenous CaCCs25. Because ANO1 is expressed in DRG 
neurons25, it might reasonably be expected to participate in somato-
sensory transduction, but its role in somatosensation has not been 
addressed. Thus, we sought to determine ANO1’s role in somatosen-
sation and found that ANO1 was activated by heat. In conjunction 
with its expression in sensory neurons, ANO1 appears to function as 
a sensor that mediates or amplifies thermal nociception.

RESULTS
Activation of ANO1 by noxious heat
To determine whether changes in temperature activate ANO1, we 
recorded whole-cell currents in HEK 293T cells transfected with 
mouse ANO1 (ANO1-HEK cells) after applying heat ramps to bath 
solutions. Bath and pipette solutions contained 140 mM NMDG-Cl, 
which was introduced to ensure that Cl− was the sole charge car-
rier. Notably, raising the temperature above 44 °C resulted in robust 
inward Cl− currents at a holding potential of −60 mV in ANO1-
HEK cells (Fig. 1a), whereas heat ramp failed to activate currents in 
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Nociceptors are a subset of small primary afferent neurons that respond to noxious chemical, thermal and mechanical stimuli. 
Ion channels in nociceptors respond differently to noxious stimuli and generate electrical signals in different ways. Anoctamin 1  
(ANO1 also known as TMEM16A) is a Ca2+-activated chloride channel that is essential for numerous physiological functions. 
We found that ANO1 was activated by temperatures over 44 °C with steep heat sensitivity. ANO1 was expressed in small sensory 
neurons and was highly colocalized with nociceptor markers, which suggests that it may be involved in nociception. Application 
of heat ramps to dorsal root ganglion (DRG) neurons elicited robust ANO1-dependent depolarization. Furthermore, knockdown or 
deletion of ANO1 in DRG neurons substantially reduced nociceptive behavior in thermal pain models. These results indicate that 
ANO1 is a heat sensor that detects nociceptive thermal stimuli in sensory neurons and possibly mediates nociception.
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empty vector–transfected (Fig. 1a) and non-transfected cells (data 
not shown). However, temperature increases in the low-to-moderate 
range (23–42 °C) did not produce current responses in ANO1-HEK 
cells. Furthermore, the chelation of intracellular Ca2+ with 10 mM 
1,2-bis(2-amiphenoxy)ethane-N,N,N’,N’-tetraacetate (BAPTA) failed 
to block heat-induced ANO1 currents, ruling out the possibility that 
heat activates ANO1 indirectly via the release of intracellular Ca2+ 
(Supplementary Fig. 1a).

We estimated the 10° temperature coefficient (Q10) of ANO1, 
which was used to assess its temperature sensitivity, from the linear 
fit of the log(I) versus 1/T plot26,27. When exposed to heat, ANO1 
exhibited a steep activation phase (Q10 = 19.4 ± 5.9, n = 9) and a  
shallower phase (Q10 = 1.19 ± 0.04, n = 9) (Fig. 1a). The thermal 
threshold (Th) estimated from the inflection point of these two 
phases was 44 °C (ref. 27).

The anoctamin family contains ten homologs, but only ANO1 and 
ANO2 were found to respond to heat (n = 9; Fig. 1b). Other ANO 
channels (ANO4 to ANO7 and ANO10) failed to respond to heat 
ramps (22–52 °C, n = 5–10; Fig. 1b). In addition, ANO1-expressing  
cells were also found to respond to endothelin-1, a physiological  
ligand that activates endogenous CaCCs via the phospholipase C/ 
inositol 1,4,5-triphosphate pathway (Fig. 1c).

Heat-evoked ANO1 currents in ANO1-HEK cells were outwardly 
rectifying and reversed at near zero mV (−5.0 mV, n = 5) under symmet-
ric 140 mM NMDG-Cl solution conditions (Supplementary Fig. 1b). 

To determine the relative permeabilities of heat-induced currents to 
monovalent anions, we used a pipette solution containing 140 mM  
NMDG-Cl (0 mM Ca2+ with no added EGTA) and a bath solution 
containing 140 mM NaCl. When NaCl in the bath was substituted 
with equimolar NaF, NaBr, NaI or NaNO3, the reversal potentials of 
heat-evoked currents in ANO1-HEK cells shifted from −9.85 ± 2.5 mV  
(n = 6) to +11.9 ± 4.0 (n = 6), −20.1 ± 1.1 (n = 5), −22.5 ± 1.5 (n = 6) or 
−27.0 ± 1.9 mV (n = 8), respectively (Supplementary Fig. 1c). Thus, 
the relative permeabilities of these monovalent anions in heat-induced 
currents of ANO1 followed the order NO3

− (1.97) > I− (1.65) > Br− 
(1.48) > Cl− (1.0) > F− (0.42), which is consistent with the permeabilities 
of endogenous Ca2+-activated currents18,28. Furthermore, heat-evoked 
ANO1 currents were inhibited by the Cl− channel blocker mefloquine 
(5 µM, 90.5 ± 4.4% reduction, n = 5, Student’s unpaired two-tailed  
t test, P < 0.001; Supplementary Fig. 1d,e). A second application of 
heat with the control bath solution resulted in weak tachyphylaxis, 
which elicited a moderate reduction in heat-evoked currents (38.8 ±  
6.5% reduction, n = 12). ANO1 was activated by heat in isolated 
membrane patches. Heat-evoked currents were observed in inside-
out patches excised from ANO1-transected HEK293 cells, but not 
from control HEK cells (Supplementary Fig. 2).

Heat has a synergistic effect on the Ca2+ response of ANO1
As with many other thermoTRPs whose activation is affected by 
temperature or voltage changes and by their ligands, ANO1 acti-

vation was affected by heat, voltage and its 
endogenous ligand, Ca2+. When the pipette 
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Figure 1  Heat activates ANO1. (a) A heat ramp from 22 to 48 °C was applied to HEK293T cells  
transfected with Ano1. Heat-evoked robust inward currents were induced in ANO1-HEK cells,  
but not in mock-transfected HEK293T cells (control). The bath solution consisted of 140 mM  
NMDG, 2 mM Mg2+ and 140 mM Cl− buffered with 10 mM HEPES, and the pipette solution  
consisted of 140 mM NMDG, 140 mM Cl−, 2 mM Mg2+, 2 mM ATP and 0.3 mM GTP buffered  
with 10 mM HEPES. Dashed lines represent zero current. Right, Arrhenius plot of heat-evoked  
ANO1 currents illustrating two thermal response phases. Q10 values were derived using linear  
data fits. (b) Heat ramps evoked inward currents in oocytes injected with Ano1 or Ano2 cRNAs,  
but not in oocytes injected with Ano4 or Ano5 cRNAs. (c) Heat or endothelin-1 (50 nM, ET-1)  
evoked inward currents in HEK cells transfected with Ano1 and endothelin receptor subtype A (ETAR, Ehold = − 60 mV). Right, summary of heat-induced  
and receptor-stimulated currents. Error bars represent s.e.m. The numbers of experiments are given in parentheses. 
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Figure 2  Synergistic effects of heat and Ca2+ 
on ANO1 activation. (a) Whole-cell currents of 
ANO1-HEK cells in response to various bath 
solution temperatures. Voltage pulses from  
−200 mV to +200 mV in 25-mV increments were  
used. The pipette solution contained 140 mM 
NMDG-Cl without Ca2+. (b) I-V curves of ANO1 
currents at bath solution temperatures of 25, 
35 and 45 °C. (c) Ca2+ lowered the temperature 
threshold of heat-induced currents and increased 
the magnitude of currents in ANO1-HEK cells. 
(d) Temperature thresholds of ANO1 currents 
applied at different Ca2+ concentrations  
(n = 4–5). (e) ANO1 currents activated by  
0.6 µM Ca2+ were increased by heat.
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solution contained 0 mM of Ca2+, ANO1 currents induced by  
voltage pulses (–200 to +200 mV) increased with bath temperature 
with a prominent outwardly rectifying current-voltage relationship 
(Fig. 2a,b). Increases in intracellular Ca2+ concentration ([Ca2+]i) 
markedly increased heat-induced current densities (Fig. 2c). 
Furthermore, increases in [Ca2+]i decreased the temperature thresh-
olds required for activating ANO1, such that ANO1 was activated at 
near body temperature when [Ca2+]i was increased above 0.1 µM, 
the [Ca2+]i present in the resting state (Fig. 2d). We also observed 
synergistic effects between heat and Ca2+, as we found much greater 
currents when heat and Ca2+ (0.6 µM) were applied than when Ca2+ 
was applied alone (0.28 ± 0.05 versus 0.09 ± 0.02 nA pF−1, n = 8, 
Student’s unpaired two-tailed t test, P < 0.01; Fig. 2e). Moreover, the 
ANO1 response activated by saturating Ca2+ (10 µM) was also poten-
tiated by heat (Supplementary Fig. 3). Thus, these results suggest that 
heat, voltage and Ca2+ synergistically sensitize each other’s effects on 
ANO1 and that temperatures lower than 44 °C can activate ANO1 at 
physiological membrane potentials because [Ca2+]i increases under 
pathological conditions such as inflammation.

Activation of ANO1 by heat depolarizes DRG neurons
ANO1 was found to be primarily expressed in small-diameter noci-
ceptive neurons. About 78% of ANO1-immunoreactive DRG neu-
rons (399 of 511 neurons) were also immunoreactive for TRPV1, a 
marker of nociceptors (Fig. 3). Moreover, 58.4% of ANO1-positive 
neurons also expressed isolectin B4, a marker of nonpeptidergic 
small sensory neurons. In addition, 31.6% of ANO1-expressing 
neurons were colocalized with calcitonin gene-related peptide 
(CGRP), a marker of peptidergic small sensory neurons. We also 
found ANO1 immunoreactivity in larger myelinated neurons, as 

25% of ANO1-positive neurons (77 of 311 neurons) also expressed 
neurofilament M, a marker of myelinated DRG neurons (Fig. 3).

We examined whether heat ramps could activate Cl− conductances in 
cultured DRG neurons. To measure just Cl− current, we used 140 mM 
NMDG-Cl in the pipette and bath solutions. In DRG neurons isolated 
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MergeFigure 3  ANO1 is expressed mainly in nociceptors of DRG neurons. 
Immunofluorescent images of mouse DRG neurons. Thin sections (10 µm) 
of mouse DRGs were double-stained with antibodies to mouse ANO1 (red), 
neurofilament M (NFM), TRPV1 (green), CGRP (green) and isolectin B4 
(IB4, green). Images are shown at 200× magnification. Scale bars represent 
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Figure 4  Heat-induced Cl- currents depolarize DRG  
neurons. (a) Heat stimulation evoked inward Cl− currents  
in cultured DRG neurons isolated from wild-type and Trpv1−/− mice.  
Right, summary of the heat-evoked currents of DRG neurons for both  
genotypes. Pipette solution contained either 140 mM NMDG-Cl or  
4 mM Cl− (low Cl−). Bath solution contained either 140 mM NMDG-Cl  
or Ringer’s solution. (b) Treatment with endothelin-1 (ET-1, 500 nM),  
carbachol (2 mM) or histamine (1 mM) evoked inward Cl− currents in DRG neurons isolated from mice. Right, summary of ligand-evoked currents.  
(c) Heat markedly depolarized DRG neurons from wild-type and Trpv1−/− mice. The TRPV1 agonist capsaicin (CAP) strongly depolarized DRG neurons 
from wild-type mice, but not those from Trpv1−/− mice. (d) Inhibition of heat-induced inward currents by a TRPV1 antagonist (10 µM capsazepine, CZP) 
and a CaCC blocker (100 µM mefloquine, MFQ) in the DRG neurons of wild-type mice. Right, summary of the inhibition of heat-induced inward currents 
by CZP or MFQ. **P < 0.01, ***P < 0.001 (one-way ANOVA followed by Tukey’s post hoc tests). Error bars represent ± s.e.m.
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from wild-type and Trpv1−/− mice, a heat ramp from 23 to 48 °C  
evoked inward Cl− currents (Fig. 4a). In addition, heat-induced 
inward currents were still observed after chelating intracellular Ca2+ 
with 10 mM BAPTA in the pipette solution (Fig. 4a). However, low-
ering intracellular chloride concentration (4 mM) with 140 mM of 
potassium aspartate pipette solution almost completely reduced the 
heat-induced inward currents (Fig. 4a). These heat-induced currents 
in DRG neurons from Trpv1−/− mice were also observed in physi-
ologically relevant Ringer’s solution (Fig. 4a). Furthermore, heat-
induced currents in DRG neurons isolated from Trpv1−/− mice had a  
temperature sensitivity and threshold similar to those of heterolo-
gously expressed ANO1 (steep phase Q10 = 24.4 ± 13.8, shallow phase 
Q10 = 1.3 ± 0.2; n = 6). The temperature threshold obtained from the 
intersection of the two phases was 44.1 °C.

These inward Cl− currents in DRG neurons were activated by 
inflammatory mediators, such as endothelin-1, carbachol or hista-
mine, which are known to excite DRG neurons and thereby evoke pain 
or itch29,30 (Fig. 4b). Furthermore, these ligands are also known to 
stimulate endogenous CaCCs via the phospholipase C/inositol 1,4,5-
triphosphate pathway28,31. Thus, these results suggest that heat and 
endogenous mediators can evoke Cl− currents in DRG neurons.

Because ANO1 is a Cl− channel, it is questionable whether its acti-
vation excites sensory neurons. An increase in Cl− conductance can 
lead to the depolarization or hyperpolarization of cells depending on 
the intracellular Cl− concentration. Direct measurements of Cl− con-
centration in DRG neurons indicate that its concentration is ≥~30 mM  
(refs. 32,33). Thus, the pipette solution was set at 30 mM Cl− and 
the bath solution at 140 mM NaCl. In these salt conditions, current-
clamp recordings of DRG neurons of wild-type mice exhibited robust 
depolarization (33.7 ± 3.2 mV, n = 5) by the heat ramp from the rest-
ing membrane potential (–53.6 ± 1.1 mV, n = 5) (Fig. 4c). Capsaicin, 
a TRPV1 agonist, also evoked depolarizations in the DRG neurons 
of wild-type mice. However, although the heat ramp produced com-
parable depolarization in the DRG neurons of mice lacking TRPV1 
(27.24 ± 3.11 mV, n = 5), capsaicin had no effect (wild type, 38.1 ± 
2.2 mV; Trpv1−/−, 5.0 ± 0.6 mV; n = 5, Student’s unpaired two-tailed  
t test, P < 0.001; Fig. 4c). These results indicate that the opening of  
Cl− channels via heat ramps can depolarize DRG neurons. However, 
there was no difference in the membrane potential (Vm) change evoked 

by heat between the two genotypes. There was a clear difference in the 
spiking frequency evoked by the heat ramp, such that the frequency 
of action potential spikes of DRG neurons from wild-type mice was 
significantly greater than those of DRG neurons from Trpv1−/− mice 
(wild type, 28.4 ± 3.2 spikes per s; Trpv1−/−, 12 ± 2.5 spikes per s;  
n = 7–10, Student’s unpaired two-tailed t test, P < 0.01; Fig. 4c), 
which suggests that TRPV1 contributes to action potential genera-
tion. The relative contributions of TRPV1 and ANO1 were also exam-
ined by treating DRG neurons with inhibitors specific for TRPV1 
and ANO1 under physiological solution conditions. A competitive 
TRPV1 antagonist, capsazepine (10 µM), substantially blocked heat-
induced currents (Fig. 4d). Co-treatment with capsazepine and  
100 µM mefloquine, an antagonist of endogenous CaCCs, almost 
completely inhibited heat-induced currents. Consistent with this, 
heat-evoked currents in DRG cells from Trpv1−/− mice were blocked 
by mefloquine (Supplementary Fig. 4a). In contrast, mefloquine 
treatment alone failed to block heat-evoked currents in HEK cells 
transfected with TRPV1 (Supplementary Fig. 4b).

We found that ANO2 was also activated by heat (Fig. 1b). Thus, 
ANO2 could also contribute to the Cl− currents induced by heat 
in DRG neurons. However, ANO1 is largely responsible for the 
heat-induced Cl− currents in DRG neurons, as the transcript level 
of Ano2 in DRG cells was about tenfold lower than that of ANO1 
(Supplementary Fig. 5).

Thermal nociception of ANO1 siRNA-treated mice 
The activation of ANO1 in the noxious temperature range and its 
expression in small DRG neurons suggest its involvement in nocicep-
tion. We therefore used behavioral assays to investigate whether ANO1 
mediates heat-induced nociception. First, we examined whether the 
pharmacological inhibition of ANO1 has an anti-nocifensive effect 
on noxious thermal stimuli. The administration of mefloquine  
(40 mg per kg of body weight) significantly increased tail-withdrawal 
latency from radiant heat as compared with saline-treated control 
rats (saline, 4.2 ± 0.5 s; mefloquine, 9.5 ± 2.1 s; n = 6–7, P < 0.05, 
Student’s unpaired two-tailed t test). When hindpaw inflammation 
was induced by intraplantar injections of carrageenan, the hindpaw 
withdrawal latency from radiant heat was significantly decreased  
(Fig. 5a). However, animals pretreated with mefloquine failed to 
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demonstrate the heat-induced hyperalgesia. On the other hand, the 
analgesic effect of mefloquine was not observed in mechanical pain 
tests. In particular, mefloquine failed to block inflammation-induced 
mechanical allodynia or hyperalgesia in the Von Frey hair or Randal 
Selitto test (Supplementary Fig. 6).

We used small interfering RNA (siRNA) specific for Ano1 to 
investigate whether ANO1 knockdown has an anti-nociceptive 
effect. Significant increases in tail-withdrawal latency from 50–54 °C  
water were observed in mice treated intrathecally with ANO1  
siRNA (Fig. 5b), whereas intrathecal scrambled siRNA did not alter 
tail-withdrawal latency. Similarly, in the Hargreaves test, intrathecal 
ANO1 siRNA–treated in mice also elicited a significant increase in 
withdrawal latency from radiant heat with the higher of the two inten-
sities tested (IR90; Fig. 5c). We examined ANO1 activity in dissoci-
ated sensory neurons from siRNA-treated mice. Heat ramps evoked 
significantly smaller currents in DRG neurons isolated from mice 
treated with ANO1 siRNA than those treated with scrambled siRNA 
(Supplementary Fig. 7; P < 0.01). To exclude the thermal response 
mediated by TRPV1, we performed identical behavioral assays using 
Trpv1−/− mice. ANO1 siRNA treatment in Trpv1−/− mice induced 
a significant increase in tail-withdrawal latency from hot water  
(50–54 °C; Fig. 5d). In the Hargreaves test, intrathecal ANO1 siRNA in 
Trpv1−/− mice also induced significant increases in withdrawal latency 
from radiant heat at both intensities (Fig. 5e). Immunofluorescence 
staining revealed that ANO1 expression was markedly reduced in 
DRG neurons of mice treated with ANO1 siRNA (Fig. 5f ). Taken 
together, these results suggest that ANO1 contributes to heat-evoked 
nociception and inflammation-induced thermal hyperalgesia.

Thermal nociception in ANO1 conditional knockout mice 
Complete deletion of ANO1 causes severe respiratory problems  
and poor growth, resulting in death in early neonatal period34.  
Thus, tissue-specific ANO1 disruption is needed to study the functional 

role of ANO1 in thermal pain sensation. For this, we generated Ano1 
conditional knockout mice using mice that express Cre recombinase 
under the control of the Avil (advillin) promoter (Avilcre). Advillin is 
a member of the gelsolin superfamily of actin-binding proteins and 
is expressed exclusively in trigeminal and DRG neurons35,36. Thus, 
Avilcre is a suitable tool for examining ANO1 function in all primary 
afferent neurons. To make an ANO1 conditional knockout (CKO) in 
DRG neurons, we generated Ano1loxP/+ mice by flanking exon 8 of 
Ano1 with loxP sites using homologous recombination in embryonic 
stem cells (Online Methods and Fig. 6a). To ablate ANO1 specifically 
in DRG neurons, we crossed Ano1loxP/+ mice with Avilcre and obtained 
ANO1 CKO (Avilcre; Ano1loxP/loxP) mice and littermate controls (Avilcre; 
Ano1+/+). Ano1 transcript levels in DRGs isolated from ANO1 CKO 
mice were markedly reduced compared with those of control mice. 
However, there was no difference in Trpv1 transcript levels between 
control mice and ANO1 CKO mice (Fig. 6b). Furthermore, ANO1-
containing neurons were visible in DRGs isolated from control mice, 
whereas very few cells to none were visible in DRG isolated from 
ANO1 CKO mice (Fig. 6c). We found no differences in balance, motor 
coordination and locomotion between control and ANO1 CKO mice 
(Supplementary Fig. 8).

If ANO1 is a functional heat sensor, its removal from DRG neu-
rons should lead to a reduction in heat-sensitive Cl− currents. 
Indeed, a heat ramp from 23 to 48 °C evoked an inward Cl− cur-
rent in DRG neurons isolated from control mice. However, the heat-
evoked inward Cl− current was markedly decreased in ANO1 CKO 
mice (control, 0.21 ± 0.02 nA; ANO1 CKO, 0.04 ± 0.01 nA; n = 6–7,  
P < 0.01, Student’s unpaired two-tailed t test; Fig. 6d). Furthermore, 
as observed in Ano1 siRNA treatments, ANO1 CKO mice exhibited 
a pronounced analgesic effect in response to heat, but not mechani-
cal, stimuli. Ablation of ANO1 in DRG neurons resulted in a marked 
increase in tail-withdrawal latency compared with control mice when 
tails were submerged in 50–54 °C water (Fig. 6e). In the Hargreaves 
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test, ANO1 CKO mice also elicited a significant increase in with-
drawal latency from radiant heat with the higher of the two intensi-
ties tested (IR60; Fig. 6f). In contrast, when tested by Von Frey hairs, 
mechanical sensitivities were not different between the two genotypes 
(0.36 ± 0.1 g control versus 0.39 ± 0.15 g CKO, n = 7–13, P < 0.839, 
Student’s unpaired two-tailed t test).

DISCUSSION
Nociceptors express many different channels that confer sensitivity 
to mechanical stimuli, heat, cold and chemicals1,3,4. Because they 
express channels of multiple modes, nociceptors are often referred 
to as being polymodal. The differential expression of these chan-
nels in primary afferent neurons results in a rich repertoire of pain 
sensations. Since the discovery of the TRP channel family, great 
progress has been made in the understanding of some of the molecu-
lar mechanisms of thermosensation3–5. Many thermoTRPs respond 
to diverse thermal stimuli and are probably the molecular sensors 
responsible for the detection of different temperatures. Of these, 
TRPV1 is the best known for detecting noxious heat6,8, although 
the presence of additional heat sensors has been suggested1,16.  
We found that ANO1 becomes activated at temperatures exceeding 
44 °C. ANO1 was largely expressed in nociceptors, and pharmaco-
logical block or deletion of Ano1 markedly attenuated nocifensive 
behaviors in response to heat. Thus, ANO1 appears to be a candidate 
heat sensor in nociceptors.

Because ANO1 is a Cl− channel, the opening of ANO1 can lead to 
the hyperpolarization or depolarization of neurons in an intracellu-
lar chloride concentration ([Cl−]i)-dependent manner. [Cl−]i in DRG 
neurons is regulated primarily by the sodium-potassium-chloride 
co-transporter 1 (NKCC1), which accumulates Cl− in cells37. Thus, 
unlike neurons in the CNS, DRG neurons maintain higher [Cl−]i  
levels than are present during electrochemical equilibrium because 
of elevated NKCC1 expression and activity38. The equilibrium poten-
tial of Cl− is far more positive (–27 mV) than the resting membrane 
potential (–60 to −55 mV) in DRG neurons32,33,38; thus, the activation 
of Cl− channels in DRG neurons leads to depolarization. The most 
well-known example of this phenomenon is the depolarization of the 
central terminals of DRG neurons by GABAA receptor activation, 
which causes primary afferent depolarization of nociceptive afferent 
fibers, a classical type of presynaptic inhibition of dorsal horn neurons 
in the spinal cord by large primary afferent fibers38,39. Depolarization 
by GABA is not confined to the central terminals of DRG neurons, 
but is also found in cell bodies and in peripheral terminals40. Notably, 
the activation of endogenous CaCCs by an increase in [Cl−]i is known 
to depolarize sensory neurons17,18,41. We found that pain- or itch- 
causing substances, such as carbachol, endothelin 1 and histamine, 
which are known to increase intracellular Ca2+, evoked Cl−-based 
inward currents. Furthermore, NKCC1 blockers have been reported 
to reduce histamine-induced itch and flare in humans42. These find-
ings suggest that ANO1 is an important element that generates or 
controls nociceptive signal transduction in sensory neurons.

Recently, two other heat-sensitive molecules have been described 
as additional noxious heat sensors43,44. One is the TRPM3 channel, 
a member of the melastatin subfamily of TRP channels. TRPM3 is 
widely expressed in neuronal and non-neuronal tissues, and is poten-
tially activated by pregnenolone sulfate. It was recently reported that 
TRPM3 responds to thermal stimuli (>40 °C). In addition, TRPM3-
deficient mice exhibit impaired responses to noxious heat43. STIM1 
is an endoplasmic reticulum Ca2+ sensor that rapidly translocates 
to couple with Ca2+-permeable Orai1 channels following Ca2+ store 
depletion45. A recent study found that STIM1 is also activated by 

changes in temperature without store depletion, leading to Orai1-
mediated Ca2+ influx44. Heat causes clustering of STIM1 and leads 
to Orai1-mediated influx as a heat-off response (cooling after heat). 
Although these two proteins are heat sensitive, it is less likely that the 
ANO1 activation by heat is mediated by STIM1 or TRPM3, as the level 
of Trpm3 transcripts was undetectable in GFP- and ANO1-transfected 
HEK cells and the level of Stim1 transcripts was not changed by ANO1 
transfection (Supplementary Fig. 9). In addition, ANO1 was acti-
vated by heat in excised membrane patches where the endoplasmic 
reticulum was removed (Supplementary Fig. 2). Thus, activation of 
ANO1 by heat cannot be dependent on STIM1. Together, these results 
suggest that activation of ANO1 by heat is not dependent on activa-
tion of TRPM3 or STIM1.

In conclusion, we found ANO1 to be sensitive to noxious heat and 
to be expressed preferentially in nociceptors. Heat-induced opening of 
ANO1 depolarized DRG neurons. In addition, pharmacological block 
or deletion of Ano1 was found to reduce thermal hyperalgesia. ANO1 
agonists are considered to be useful for treating cystic fibrosis. Our 
results suggest that consideration should be made for the possibility 
that ANO1 agonists may induce painful side effects when developed 
for the treatment of cystic fibrosis.

Methods
Methods and any associated references are available in the online 
version of the paper.

Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS
Heterologous expression of ANO1. To induce ANO1 expression in HEK293 
cells, we transfected cells with mouse Ano1 cDNA mixed with FuGene HD 
(Roche Diagnostics) transfection reagent. Transfected cells were plated onto glass 
coverslips. Their current responses were recorded 24 to 48 h after transfection.

siRNA. The sets of Ano1 siRNAs and scrambled siRNA have been previously 
described25. Briefly, to reduce transfection toxicity and efficiently deliver 
siRNAs to DRGs in vivo, we mixed Ano1 siRNAs with Invivofectamine rea-
gent (Invitrogen) according to the manufacturer’s instructions. siRNAs and 
Invivofectamine (5 µg of the siRNA mixture in 20 µl of 5% (wt/vol) glucose 
solution) were injected into the L4-L5 lumbar region of 8–10-week-old male 
C57BL/6J mice under anesthesia. siRNAs were injected with 24-h intervals for 3 
consecutive days. We performed behavioral tests 1 d after the last siRNA injection. 
Gene knockdown in DRGs were confirmed by immunofluorescence of ANO1 
staining in DRG neurons.

Reverse-transcription PCR. Total RNAs were isolated by Easy-spin 
(iNtRON, Biotech) kit from DRGs of ANO1 CKO and wild-type mice. 
First-strand cDNAs were transcribed by Transcriptor First Strand cDNA 
Synthesis Kits (Roche Diagnostics) using oligo(dT)18 primer. Reverse- 
transcription PCR was performed using Ano1 exon 8–specific amplifying  
primers (mANO1_CKO_F, TACTCAGCTGCATACCCTCT; mANO1_ 
CKO_R, GGCCATAAACACAGAGAAGA).

Generation of ANO1 CKO mice. The Ano1 targeting construct was built by 
conventional cloning. In the construct, exon 8 was flanked by loxP sites followed 
by a FRT-flanked neo cassette. The targeting vector was linearized and inserted 
into embryonic stem cells (Sv129/R1) with electroporation. Neomycin-resistant 
cells were selected with geneticin (G418). The positive clones were confirmed by 
Southern blot analysis using a probe after digestion with sacl. Cloned embryonic 
stem cells were injected to blastocysts of C57BL/6 mice, which produced a large 
number of chimeric mice. To generate heterozygous mice carrying one loxP-
flanked allele (Ano1loxP/+), we bred these chimeric mice with C57BL/6 mice. The 
neo cassette was removed by crossing Ano1loxP/+ mice with Deleter-FlpE mice 
(Jackson Laboratory, stock 003800). Ano1loxP/+ mice without a neo cassette were 
then crossed with Avilcre mice to produce Avilcre; Ano1loxP/+ mice. The Avilcre; 
Ano1loxP/+ mice were crossed with Ano1loxP/+ mice to generate ANO1-deficient 
mice (Avilcre; Ano1loxP/loxP).

Primary DRG neuron cultures. Primary cell cultures of DRG neurons were 
conducted as previously described46. Thoracic and lumbar DRGs were dissected 
from wild-type, Trpv1−/− and CKO mice, and collected in cold culture medium  
(4 °C) containing a mixture of DMEM and F-12 solution, 10% (vol/vol) fetal bovine 
serum (Gibco BRL), 1 mM sodium pyruvate, 50–100 ng ml−1 nerve growth factor 
(Alomon) and 100 units per ml of penicillin/streptomycin. Ganglia were washed 
with culture medium and incubated for 30 min in a warm (37 °C) DMEM/F-12 
mixture containing 1 mg ml−1 collagenase (Type II, Worthington Biomedical). 
DRGs were then washed three times with Mg2+- and Ca2+-free Hank’s solution, 
and incubated with gentle shaking in Hank’s solution containing 2.5 mg ml−1 of 
trypsin (Roche Diagnostics) for 30 min at 37 °C. The trypsin-containing solution 
was then centrifuged at 100 g for 10 min. The pellets so obtained were washed 
gently two to three times with culture medium, suspended in culture medium, 
gently triturated with a fire-polished Pasteur pipette and plated onto round 
glass coverslips (Fisher), which had been previously treated with poly-l-lysine  
(0.5 mg ml−1), in small Petri dishes (35 × 12 mm). Cells were then placed in a 37 °C 
incubator in a 95% air/5% CO2 atmosphere. Cells were used 2–4 d after plating.

Behavioral tests. Adult male Sprague-Dawley rats (180–230 g, 7–8 weeks) and 
C57BL/6J mice (18–23 g, 8–10 weeks) (Orient Bio) were used for behavioral 
pain tests. These animals were housed in a controlled environment, on a 12-h 
light/dark cycle, with free access to food and water. Experiments were carried out 
in accordance with the Ethical Guidelines of the International Association for the 
Study of Pain. Carrageenan (2% (wt/vol), 50–100 µl) was injected intradermally 
into the plantar surfaces of right hindpaws. Vehicle or mefloquine (40 mg per kg) 
were administered intraperitoneally 1 h before the tail-flick test or the Hargreaves 
test. All behavioral tests were conducted blinded to genotype and treatment.

For the Hargreaves test, a radiant heat stimulus was applied to the plantar surface 
and paw withdrawal latency was measured using a standard apparatus (Ugo Basile 
Biological Research Apparatus). For the tail-flick test, we measured tail reflex times 
to infrared heating using a Tail Flick Analgesy Meter (Ugo Basile Biological Research 
Apparatus). A cut-off time of 20 s was used to avoid tissue damage. For tail immer-
sion, we measured the times taken for mice to remove their tails from a hot water 
bath (50–54 °C). A cut-off time of 1 min was used to avoid tissue damage. For the 
Randall Selitto test, a blunt conical probe was applied to the dorsal surface of the 
affected hindpaw of rats using an Analgesimeter (Ugo Basile Biological Research 
Apparatus). Probe pressure was continuously increased at 32 g s−1 until vocaliza-
tion or a withdrawal reflex occurred. Probe pressures that elicited responses were 
measured in grams. For the Von Frey test, rats or mice were placed individually in 
a transparent plastic box with a mesh floor. Affected hindpaws were contacted with 
Von Frey filaments (Stoelting). Each filament was applied five times to the plantar 
surface of the right hind paw in an ascending order of force. The withdrawal reflex 
of at least three of the five applications was defined as a positive response.

Immunofluorescent staining. Immunofluorescent staining of DRGs for ANO1, 
TRPV1, NFM, IB4 or CGRP was performed as previously described25. Briefly, 
dissected mouse DRGs from wild-type, systemic knockout, CKO and siRNA-
treated mice were sectioned on a cryostat at 10 µm and fixed in methanol. 
Sections were washed, incubated with blocking buffer (4% (wt/vol) bovine 
serum albumin in phosphate buffered saline with Twin 20) for 30 min, and with 
either monoclonal rabbit antibody to mouse ANO1 (ab64085, Abcam, 1:50) or 
polyclonal guinea pig antibody to TRPV1 (AB5566, Millipore, 1:500 in blocking 
solution) overnight at 4 °C. Samples were then washed and incubated with Alexa 
Fluor 594–conjugated donkey antibody to rabbit (A21207, Molecular Probes, 
1:400) or FITC-conjugated donkey antibody to guinea pig (AP193F, Millipore,  
1:400) at room temperature for 1 h. Labeled DRG sections were imaged using 
Leica TCS confocal system (Leica Microsystems). Goat antibody to CGRP  
(sc-8856, Santa Cruz), and monoclonal mouse antibodies to NFM (sc-51683, Santa 
Cruz) and IB4 (I21411, Invitrogen) were diluted 1:50–200 in blocking solution.

Whole-cell and single-channel current recordings. Whole-cell current and single-
channel current recordings were obtained using either a voltage-clamp or a current-
clamp technique with an Axopatch 200B amplifier (Molecular Devices). Whole cells 
were formed after breaking the plasma membrane under the pipette tips. Resistance 
of glass pipettes was about 3 mΩ. Junctional potentials were canceled to zero. Unless 
otherwise stated, bath and pipette solutions contained 140 mM NMDG-Cl, 2 mM 
MgCl2 and 10 mM HEPES, adjusted to pH 7.2. For anion selectivity experiments, the 
NMDG-Cl in the control bath solution was replaced with equimolar concentration 
of NaCl, NaI, NaBr, NaNO3 or NaF. Whole-cell currents were amplified and stored 
in a personal computer after digitization using Digidata 1440 (Molecular Devices). 
The perfusion solution was heated using a Warner TC-344B heater (Harvard 
Instruments). Temperatures were increased at the rate of 1–2 °C s−1.

Determination of Q10 and activation energy. Q10 and the activation energy 
(Ea) were used to characterize the temperature dependence of ANO1 channel  
current. Q10 is a measure of relative change in a parameter for every 10° increase in 
temperature. An Arrhenius plot was obtained by plotting the common logarithm 
of the currents against reciprocal of the absolute temperature. Ea was expressed 

using the slope of regression line: − =
−
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, where I2 and I1 are 

the current magnitudes at higher (T2) and lower (T1) temperatures, respectively, 
and R is the gas constant (8.314 J K−1 mol−1). Q10 values were determined using 

Q
E

RT T10
1 2

10= exp a  (refs. 26,27).

Statistical analysis. All data are expressed as means ± s.e.m. Analyses were per-
formed with GraphPad Prism version 4.03.software. To compare the differences 
in more than two groups, one-way ANOVA was used, followed by Tukey’s post hoc 
test. Two groups were tested for statistical significance using a Student’s unpaired 
two-tailed t-test. Statistical significance was accepted for P < 0.05.

46.	Koo, J.Y. et al. Hydroxy-alpha-sanshool activates TRPV1 and TRPA1 in sensory 
neurons. Eur. J. Neurosci. 26, 1139–1147 (2007).
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