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Sensory neurons in the airways are finely tuned to respond to reactive chemicals threatening airway function 
and integrity. Nasal trigeminal nerve endings are particularly sensitive to oxidants formed in polluted air and 
during oxidative stress as well as to chlorine, which is frequently released in industrial and domestic accidents. 
Oxidant activation of airway neurons induces respiratory depression, nasal obstruction, sneezing, cough, and 
pain. While normally protective, chemosensory airway reflexes can provoke severe complications in patients 
affected by inflammatory airway conditions like rhinitis and asthma. Here, we showed that both hypochlorite, 
the oxidizing mediator of chlorine, and hydrogen peroxide, a reactive oxygen species, activated Ca2+ influx and 
membrane currents in an oxidant-sensitive subpopulation of chemosensory neurons. These responses were 
absent in neurons from mice lacking TRPA1, an ion channel of the transient receptor potential (TRP) gene 
family. TRPA1 channels were strongly activated by hypochlorite and hydrogen peroxide in primary sensory 
neurons and heterologous cells. In tests of respiratory function, Trpa1–/– mice displayed profound deficiencies 
in hypochlorite- and hydrogen peroxide–induced respiratory depression as well as decreased oxidant-induced 
pain behavior. Our results indicate that TRPA1 is an oxidant sensor in sensory neurons, initiating neuronal 
excitation and subsequent physiological responses in vitro and in vivo.

Introduction
Chemosensory nerve endings in the airways constantly monitor 
the chemical composition of the inspired air (1). Airway nerve 
endings in the nasal passages and bronchi are particularly sensi-
tive to oxidizing chemicals, including peroxides, ozone, oxygen 
radicals, and chlorine, that pose potential threats to airway func-
tion and integrity. Oxidants such as hydrogen peroxide (H2O2), 
ozone, and other reactive oxygen species are among the princi-
pal components of photochemical smog, automobile exhaust, 
tobacco smoke, and smoke from fires (2, 3). They are responsible 
for many of the acute and chronic respiratory health effects of 
air pollution. Exposures to the oxidant gas chlorine and reactive 
chlorine products frequently occur in industrial or domestic acci-
dents and are the most common causes for respiratory irritation 
and injuries treated in the environmental and occupational health 
practices (4, 5). Unfortunately, chlorine was also used as a warfare 
agent and is viewed as a chemical terrorism threat (5, 6). Reactive 
oxygen species as well as hypochlorite (OCl–), the oxidizing media-
tor of chlorine, are also produced endogenously by macrophages 
and neutrophils during oxidative stress and as a consequence of 
inhalation of toxic particulates (7–9).

In conscious mice and rats, exposure to very low concentrations 
of chlorine gas (beginning at <1 part per million [ppm]) or OCl– 
aerosols elicits a rapid decline in respiratory rates (10–14). Chlorine 
also induces nasal obstruction, as shown by invasive measurements 
in the isolated murine upper respiratory tract (14). Similar nasal 
responses occur in humans, in which chlorine elicits rapid nasal 
congestion even at concentrations not consciously perceived as irri-

tating or painful (4, 11, 15–19). In both humans and rodents, nasal 
responses to chlorine are independent from cholinergic pathways 
affecting respiratory control and mechanics (14, 17). Injection of 
capsaicin, which leads to elimination or desensitization of sensory 
neuronal C-fibers, abolishes these effects, suggesting an important 
role of sensory neurons in the response to oxidants (14). At low 
exposure levels, chlorine is cleared with 97.5% efficiency from the air 
passing through the murine upper respiratory tract (14). Because 
rodents are obligatory nasal breathers, the chlorine concentration 
reaching the lower airways is minimal. Thus, respiratory depression 
is likely caused through interaction with trigeminal chemosensory 
nerve endings in the nose, and not through bronchoirritation and 
subsequent changes in lower airway mechanics (14). Similar to 
murine airways, chlorine is cleared with greater than 95% efficiency 
in the upper human airways during low-level exposure, with either 
nasal or oral breathing (20, 21). Other oxidants, including H2O2, 
elicit respiratory responses similar to those of chlorine, including 
respiratory rate depression (22, 23).

Chemosensory respiratory reflexes triggered in the upper airways 
are thought to limit exposure of the lower airways to potentially 
damaging chemicals (15, 24–26). Neuronal activation also triggers 
airway pain, possibly to induce avoidance behavior, as well as mucus 
secretion, to buffer or inactivate oxidants. Neurogenic inflamma-
tion, mediated by neuropeptides released from airway nerve end-
ings, can further increase airway constriction and sensitize indi-
viduals to future oxidant exposures (27–29). When reaching the 
lower airways in high amounts, oxidants cause bronchoirritation, 
pain, and oxidative tissue injury, at least in part through activation 
of bronchial chemosensory nerve endings. While normally fulfill-
ing protective functions, chemosensory airway reflexes and neu-
rogenic inflammatory responses can exacerbate preexisting respi-
ratory conditions. Individuals affected by inflammatory airway 
conditions such as rhinitis and asthma are frequently sensitized 
to oxidant exposure (4, 30). In these individuals, even very small 
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amounts of inhaled oxidants can induce strong nasal irritation and 
obstruction, persistent sneezing, cough, and chest tightness as well 
as wheezing, dyspnea, and bronchospasm (4, 29–31). Sensitization 
to oxidants is likely caused by the activation of inflammatory sig-
naling pathways that increase neuronal excitability (26, 29).

In mice, capsaicin-induced ablation or desensitization of sensory 
C-fibers abolished chlorine- and H2O2-induced airway reflexes and 
nasal constriction (14, 22). These data suggest that nasal trigeminal 
C-fibers contain specific detection systems for oxidants. C-fibers 
express a large variety of chemosensory receptors responding to dif-
ferent physical and chemical sensory stimuli, including transient 
receptor potential (TRP) ion channels, acid-sensitive channels (32, 
33), purinergic receptors (34), and potassium and sodium channels 
(35). While activation of some of these receptors can induce chemo-
sensory airway reflexes, to our knowledge the molecular targets for 
reactive oxidants have not previously been identified.

In order to gain insight into the mechanism of neuronal oxidant 
detection, we investigated the effects of oxidants on cultured sen-
sory neurons by ratiometric fluorescent imaging and patch-clamp 
electrophysiology and in whole animals by studying respiratory 
responses and pain behavior. We found that OCl– and the reac-
tive oxygen species H2O2 activated Ca2+ influx and depolarization 

in an oxidant-sensitive subpopulation of sensory neurons. These 
responses were mediated by TRPA1, a chemosensory TRP ion chan-
nel involved in inflammatory pain signaling (36–39). Both cloned 
human and murine TRPA1 channels were strongly activated  
by chlorine and H2O2 in heterologous cells. In Trpa1–/– mice, the 
respiratory effects of OCl– and H2O2 exposure were dramatically 
diminished. In addition, Trpa1–/– mice exhibited greatly dimin-
ished pain responses to oxidant stimuli. Thus, we established 
TRPA1 as a major chemosensory receptor for reactive oxidants in 
sensory neurons in vitro and in vivo.

Results
OCl– induces Ca2+ influx into mustard oil–sensitive sensory neurons. To 
study the effects of oxidizing agents on sensory neurons, we first 
examined the physiological responses of cultured sensory neurons 
to OCl–, the oxidizing mediator of chlorine. Chlorine rapidly reacts 
with water to form hydrochloric acid (HCl) and hypochlorous acid 
(HOCl). In biological systems, the acidity generated by HCl is read-
ily buffered, which suggests that oxidizing HOCl and its reactive 
anion, OCl–, are the main mediators of chlorine’s irritancy. Indeed, 
studies comparing the acute respiratory irritancy of chlorine, HCl 
fumes, and aerosols containing chlorine bleach (sodium hypochlo-

Figure 1
NaOCl induces Ca2+ influx and ionic currents in mustard oil–responsive sensory neurons. (A) Activation of Ca2+ influx into cultured murine DRG, 
nodose (ND), and trigeminal (TG) neurons by NaOCl, as measured by fluorescent Fura-2 imaging, before and 70 s after challenge with NaOCl 
(24 ppm), followed by 100 μM mustard oil (MO) after 40 s. Pseudocolors denote 0–3 μM [Ca2+]i. Original magnification, ×10. (B) [Ca2+]i concen-
tration of DRG neurons activated by application of NaOCl followed by mustard oil, capsaicin (Cap), and 65 mM KCl. Thick and thin lines denote 
mean and ± SEM, respectively. Neurons (n = 300) were analyzed from 4 mice at ×10 magnification. (C) Kinetics of OCl–-activated cationic cur-
rents and ruthenium red–induced block in cultured murine DRG neurons. NaOCl was superfused after 20 s; after 60 s, ruthenium red (RuRed) 
was added to the NaOCl. Currents were measured using a ±80 mV voltage ramp protocol over 100 ms at 0.5-Hz intervals (0 mV holding potential 
throughout). Black and gray lines denote mean and ± SEM, respectively, of currents from 6 neurons at –80 and +80 mV plotted versus time. 
Intracellular Cs-based solution contained 10 mM EGTA. (D) Representative current-voltage relationship of a OCl–-sensitive DRG neuron before 
application of NaOCl (black), during maximal activation by NaOCl (24 ppm, green), and after application of 10 μM ruthenium red (red). Residual 
voltage gated currents observed are caused by incomplete inactivation of voltage-gated channels. Currents were measured as in C.
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rite, NaOCl) showed that the potency of chlorine is greater than  
33-fold that of HCl in causing respiratory depression, whereas 
NaOCl aerosol is at least as potent as chlorine (10, 14). Both mem-
brane-permeable HOCl and OCl– are present in biological tissues, 
because the pKa of HOCl, at 7.59, is close to physiological pH (40).

We examined the sensory neuronal response to chlorine by 
intracellular Ca2+ ([Ca2+]i) imaging and patch-clamp electrophysi-
ological recordings of cultured murine dorsal root ganglia (DRG) 
neurons superfused with NaOCl. Cultured neurons were initially 
exposed to NaOCl-containing physiological buffer. Unless other-
wise noted, the NaOCl content was adjusted to a level of 24 ppm 
total reactive chlorine, as determined photometrically following 
the standard methodology recommended by the Environmental 
Protection Agency (EPA) (41). This concentration is considered to 
make drinking water unpalatable and is about 5-fold the concen-
tration recommended for swimming pool water (41). Strikingly, 
NaOCl induced a robust increase in [Ca2+]i in a subpopulation of 
neurons (Figure 1, A and B). Cultured neurons from trigeminal 
ganglia, innervating the upper airways, and from nodose ganglia, 
innervating the bronchi and other parts of the airways, also dis-
played robust responses to NaOCl (Figure 1A). To further char-
acterize the neuronal samples, we applied 100 μM mustard oil 
(allyl isothiocyanate) and 5 μM capsaicin, C-fiber–specific sensory 
irritants activating the Ca2+-permeable ion channels TRPA1 and 
TRPV1, respectively (Figure 1, A and B) (37, 42, 43). As a final stim-

ulus, 65 mM potassium chloride (KCl) was added to depolarize all 
neurons, thus activating voltage-gated Ca2+ channels. Mustard oil 
increased Ca2+ concentrations in neurons previously challenged 
with NaOCl. However, mustard oil failed to activate any additional 
neurons. The OCl–- and mustard oil–responsive cellular popula-
tion was 96% ± 4% identical (as tested in 5 fields of DRG neurons, 
dissociated from 4 different mice). When the sequence of agonists 
was reversed (100 μM mustard oil followed by NaOCl), NaOCl 
failed to activate Ca2+ influx into additional neurons (95% ± 5% 
identical; Supplemental Figure 1A; supplemental material avail-
able online with this article; doi:10.1172/JCI34192DS1). Neurons 
initially activated by a nonsaturating dose of mustard oil (33 μM) 
showed further increases in [Ca2+]i when superfused with a satu-
rating dose of NaOCl (Supplemental Figure 1B). However, not all 
C-fiber neurons were sensitive to NaOCl or mustard oil, because 
capsaicin activated further [Ca2+]i influx into preactivated cells and 
activated additional cells that were unresponsive to NaOCl (Figure 
1B). The NaOCl-induced rise in [Ca2+]i was likely caused by influx 
of extracellular Ca2+ into the neuronal cells, because application of 
NaOCl in Ca2+-free buffer (containing 10 mM EGTA) failed to acti-
vate a rise in [Ca2+]i (Supplemental Figure 1C). To further examine 
the nature of the neuronal NaOCl-activated Ca2+ influx pathway, 
we measured the effects of NaOCl on neuronal membrane con-
ductance using whole-cell patch-clamp electrophysiology. NaOCl 
induced a sizable current in 30% (6 of 20) of recorded sensory 

Figure 2
NaOCl activation of cloned TRPA1 channels in HEK293t cells. (A) Activation of Ca2+ influx into hTRPA1-transfected HEK293t cells by NaOCl 
(24 ppm) and 100 μM mustard oil. Pre, unstimulated. Pseudocolors denote 0–3 μM [Ca2+]i. (B) Dose-response relationship of NaOCl-activated 
Ca2+ influx into cultured DRG neurons (black; n = 25 ± 1 cells/dose), mTRPA1-expressing (green; n = 23 ± 5 cells/dose), and hTRPA1-express-
ing HEK293t cells (red; n = 38 ± 8 cells/dose). Cells were activated with the indicated concentrations of NaOCl, then with 100 μM mustard oil. 
Baseline [Ca2+]i level was subtracted for each cell. Error bars denote SEM. (C) Kinetics of NaOCl-induced currents through hTRPA1 channels 
expressed in HEK293t cells. NaOCl was added to the bath solution after 40 s. Currents were measured using a ±80 mV voltage ramp protocol 
over 100 ms at 0.5-Hz intervals (0 mV holding potential throughout). Black and gray lines denote mean and ± SEM, respectively, of current 
amplitudes at –80 and +80 mV plotted versus time (n = 4). Intracellular Cs-based solution contained 10 mM EGTA. (D) Current-voltage relation-
ship of a representative hTRPA1-transfected HEK293t cell before activation (black), during maximal NaOCl activation (24 ppm; green), and at 
the end of the inactivation phase (red). (E) Chemical structure of chloramine-T. (F) Activation of Ca2+ influx into hTRPA1-transfected HEK293t 
cells by 100 μM chloramine-T and 100 μM mustard oil. Pseudocolors denote 0–3 μM [Ca2+]i.
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neurons (Figure 1, C and D). We characterized this current fur-
ther by using pharmacological blockers of known chemosensory  
receptors. When we tested the effects of 10 μM ruthenium red, a 
blocker of certain TRP channels including the sensory receptors 
TRPA1 and TRPV1 (37, 38, 43), we observed robust inhibition of 
the NaOCl-activated currents (Figure 1, C and D). Ruthenium red 
also blocked NaOCl-activated Ca2+ influx into neurons in imag-
ing experiments (Supplemental Figure 1D). Therefore, we found 
a significant cellular overlap between mustard oil sensitivity and 
NaOCl responsiveness in sensory neurons. We concluded that 
NaOCl-induced neuronal depolarization and Ca2+ influx is pos-
sibly mediated by a TRP channel–like activity.

The sensory neuronal ion channel TRPA1 is gated by OCl– and the chlorine 
donor chloramine-T. Mustard oil–sensitive neurons give rise to a sub-
group of peripheral chemosensory C-fibers expressing the mustard 

oil–activated ion channel TRPA1. TRPA1 is expressed in neurons 
of all major sensory ganglia, including DRG, trigeminal ganglia, 
and nodose ganglia (38, 44). TRP channels are widely expressed 
in sensory systems, with a subset of genes expressed specifically in 
peripheral sensory neurons. In addition to TRPA1, these include the 
capsaicin receptor, TRPV1, and the cold/menthol receptor TRPM8 
(45–47). These ion channels play a crucial role as primary sensors of 
noxious and innocuous thermal and chemical stimuli. In addition 
to mustard oil, TRPA1 is activated by other electrophilic chemicals 
including cinnamic aldehyde, a compound found in cinnamon, alli-
cin, a pungent ingredient in garlic, and acrolein, an environmental 
toxicant (36, 42, 48, 49). However, it is not known whether oxidants 
such as chlorine can activate TRPA1 in vitro or in vivo.

The potential role of TRPA1 in the neuronal response to chlo-
rine was therefore examined by testing the effects of NaOCl on 

Figure 3
Lack of NaOCl-induced Ca2+ influx in sensory neurons and respiratory insensitivity to NaOCl aerosol in Trpa1–/– mice. (A) Responses of cul-
tured DRG neurons from littermate Trpa1+/+ and Trpa1–/– mice to NaOCl (24 ppm) followed by 5 μM capsaicin, as measured by Fura-2 imaging. 
Trpa1–/– neurons showed no [Ca2+]i increase after NaOCl exposure, but were activated by capsaicin. Pseudocolors denote 0–3 μM [Ca2+]i. (B) 
Activation of Ca2+ influx into DRG neurons plotted against time. Average [Ca2+]i concentration of neurons activated by application of NaOCl fol-
lowed by mustard oil, capsaicin, and 65 mM KCl. Thick and thin lines denote mean and ± SEM, respectively. Neurons (n = 300 [Trpa1+/+]; 263 
[Trpa1–/–]) cultured from 4 mice per group were analyzed at ×10 magnification. (C) Effects of exposure to NaOCl aerosol on respiratory frequen-
cies, as measured by unrestrained plethysmography. Mice were exposed to vehicle aerosol (10 min), room air flush (2 min), NaOCl aerosol 
(15 min), and then air (8 min). Values denote percentage of baseline (initial vehicle exposure). Respiratory frequency was slightly affected in 
Trpa1–/– mice, but dramatically declined in Trpa1+/+ mice during NaOCl exposure and when NaOCl aerosol was replaced by air. Error bars denote 
SEM. P < 0.00005 between groups; P < 0.000001 over time (repeated-measures ANOVA). n = 11 per group. (D) EEP duration during exposure 
to NaOCl aerosol. Data were collected from the experiment described in C. Unlike Trpa1–/– mice, Trpa1+/+ mice responded to NaOCl aerosol 
with an approximately 3-fold increase in EEP duration, which remained elevated 8 min after the end of NaOCl exposure. P < 0.000001 between 
groups, over time, and for the interaction of genotype and time (repeated-measures ANOVA). Single asterisks denote significant differences 
(Bonferroni post-hoc analysis; α = 0.05) for individual time points.
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cloned human and mouse TRPA1 channels expressed in cultured 
HEK293t cells by fluorescent Ca2+ imaging and patch-clamp elec-
trophysiology. Indeed, NaOCl induced rapid influx of Ca2+ into 
transiently transfected cells expressing human TRPA1 (hTRPA1; 
Figure 2A). Untransfected cells, as well as cells expressing TRPV1, 
were unresponsive to NaOCl exposure (data not shown). NaOCl 
activated Ca2+ influx through hTRPA1 into HEK293t cells with 
an EC50 of 11 ± 1 ppm total chlorine (Figure 2B). Murine TRPA1 
(mTRPA1) channels were activated at a similar EC50 of 7 ± 1 ppm 
(Figure 2B). NaOCl-activated Ca2+ influx into murine sensory neu-
rons within a nearly identical range of concentrations, with an EC50 
of 10 ± 1 ppm total chlorine (Figure 2B). NaOCl induced sizable 
currents in hTRPA1-transfected HEK293t cells that desensitized 
in the continuous presence of the agonist (Figure 2, C and D). Cur-
rents and their kinetic properties were very similar to those of pre-
viously reported hTRPA1 currents recorded with other agonists in 
the presence of Ca2+ (50, 51). TRPA1-mediated Ca2+ influx was also 
activated by chloramine-T (N-chloro-sodium-p-toluenesulphena-
mide), a chlorine-releasing chemical widely used as a disinfectant 
(EC50, 11 ± 1 μM; Figure 2, E and F). Chloramine-T is a strong 
respiratory irritant and can induce reactive airway conditions 
(52). Interestingly, the range of chlorine concentrations required 
for activation of TRPA1 and neurons by chlorine was close to the 
concentrations required to induce respiratory depression. The 
measured RD50, the airborne concentration reducing respiratory 
frequency by 50%, for chlorine in mice varies between 2.3 ppm and 
9.3 ppm, depending on strain and other factors (10, 13, 14).

Trpa1–/– mice lack neuronal responses to OCl– and fail to show OCl–-
induced respiratory depression. By comparing the effects of NaOCl on 
cultured neurons from Trpa1+/+ and Trpa1–/– mice, we examined 
whether TRPA1 is essential for the action of chlorine on sensory 
neurons (Figure 3, A and B). Strikingly, NaOCl-induced Ca2+ influx 
was completely absent in neurons cultured from Trpa1–/– mice (Fig-
ure 3, A and B). As already described in the present study, neurons 
dissociated from Trpa1+/+ mice showed robust responses to NaOCl. 
Trpa1–/– neurons responded well to 5 μM capsaicin, indicating that 
C-fiber neurons are intact (Figure 3, A and B). These data show 
that TRPA1 is essential for the cellular response of sensory neu-
rons to NaOCl in vitro.

Next, we sought to determine whether TRPA1 is also essential 
for sensory neuronal activation by chlorine in vivo. We compared 
the respiratory responses of Trpa1+/+ and Trpa1–/– mice to NaOCl 
aerosol exposure by barometric plethysmography, a method used 
extensively in the study of sensory irritation by chlorine and other 
irritants (14, 53, 54). Earlier studies using this method showed that 
mice respond to low-level chlorine or NaOCl aerosol exposure with 

a rapid decline in respiratory frequency (14). In addition, 
significant increases in end expiratory pause (EEP; the 
period of end expiratory flow) were observed (14). Respira-
tory rate depression and increased EEP are characteristic 
for nasal irritant responses, as shown by studies examin-
ing the effects of chlorine and numerous other sensory 
irritants (54–59). These changes in respiratory rate and 
waveform appeared to be induced by upper airway reflexes  
following activation of nasal trigeminal sensory nerve 
endings by OCl– (14).

To closely mimic exposure situations, we exposed con-
scious mice to NaOCl aerosol in unrestrained plethys-
mography chambers. As a control, we first exposed the 
mice to vehicle buffer aerosol (pH 7.3, without NaOCl) 

to measure aerosol exposure effects and determine baseline values. 
Both Trpa1+/+ and Trpa1–/– mice responded with a similar decline 
in respiratory frequency when exposed to the vehicle aerosol after 
breathing room air (Figure 3C). Similar effects of saline aerosol 
exposure have been described in previous studies (24). Respiratory 
frequencies stabilized within 2–3 min and fluctuated minimally 
until the end of the 10-min control exposure. The exposure system 
was then flushed with room air for 2 minutes, during which record-
ings were paused. The intermittent exposure to air restored respi-
ratory frequencies in both Trpa1+/+ and Trpa1–/– mice to the levels 
observed before vehicle aerosol exposure. Subsequently, the mice 
were exposed to NaOCl aerosol for 15 min. The airborne reactive 
chlorine concentration for NaOCl aerosol exposure was adjusted to 
6 ppm, a value within the reported range for murine RD50 (airborne 
concentration that reduces respiratory frequency by 50%; ref. 14). 
Both Trpa1+/+ and Trpa1–/– mice showed an initial decline in respira-
tory frequencies, as observed with vehicle aerosol (Figure 3C). How-
ever, NaOCl exposure caused the respiratory frequencies of Trpa1+/+ 
mice to drop to much lower levels than Trpa1–/– mice or vehicle 
buffer aerosol, and the respiratory frequency remained depressed 
throughout the exposure to NaOCl aerosol (Trpa1+/+, 66% ± 2% of 
baseline; Trpa1–/–, 91% ± 4% of baseline; P < 0.001; Table 1). The 
exposure system was then flushed with room air, but the respira-
tory frequencies of Trpa1+/+ mice remained depressed even 8 min 
after the end of NaOCl exposure (Trpa1+/+, 63% ± 5% of baseline; 
Trpa1–/–, 90% ± 6% of baseline; P < 0.001; Figure 3C and Table 1).

During the same experiments, we also recorded other respira-
tory parameters, including tidal volume (TV), minute volume 
(MV), and EEP. MV mirrored the dramatic decline in respiratory 
frequency, while TV remained unchanged throughout the course 
of the experiment (Table 1). The NaOCl-induced decline in respira-
tory frequency in Trpa1+/+ mice was accompanied by a significant 
increase in the duration of the EEP compared with baseline that 
remained strongly elevated after removal of NaOCl aerosol. In con-
trast, Trpa1–/– mice showed no significant changes in EEP during 
or after NaOCl aerosol exposure (Figure 3D and Table 1). Taken 
together, our plethysmographic measurements accurately repro-
duced the reported changes in respiratory parameters induced by 
exposure to NaOCl aerosol in Trpa1+/+ mice. Moreover, we found 
that the respiratory responses to NaOCl aerosol were nearly absent 
in Trpa1–/– mice. Apparently, Trpa1–/– mice have an impaired ability 
to sense the irritant NaOCl at a concentration at which Trpa1+/+ 
mice show large irritant-induced changes in respiratory frequency 
and other respiratory parameters.

Trpa1–/– mice were clearly capable of sensing respiratory exposure 
to other chemical stimuli. We confirmed this by challenging the 

Table 1
Respiratory parameters of Trpa1–/– and Trpa1+/+ mice exposed to NaOCl

Genotype Exposure Respiratory TV MV EEP 

  frequency (bpm) (ml) (ml/min) (ms)

Trpa1+/+ Vehicle 312 ± 11 0.21 ± 0.01 62 ± 2 59 ± 6

Trpa1+/+ NaOCl 205 ± 10A 0.20 ± 0.01 37 ± 2A 194 ± 10A

Trpa1+/+ Air 192 ± 11A 0.21 ± 0.01 39 ± 3A 200 ± 14A

Trpa1–/– Vehicle 324 ± 13 0.21 ± 0.01 65 ± 3 57 ± 14

Trpa1–/– NaOCl 291 ± 10 0.19 ± 0.01 57 ± 3 67 ± 10

Trpa1–/– Air 285 ±15 0.20 ± 0.01 59 ± 5 54 ± 8

AP < 0.05 vs. Trpa1–/–, ANCOVA with Bonferroni post-hoc analysis (α = 0.001).
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mice with acetic acid aerosol, a known respiratory irritant whose 
effects are mediated by chemosensory C-fibers (54). When we 
exposed Trpa1–/– mice to acetic acid aerosol, we observed a decline 
in respiratory frequency and an increase in EEP (Supplemental 
Figure 2, A and B) similar to data reported in previous studies (54). 
Thus, absence of TRPA1 does not cause a general defect in sensing 
of chemical irritants during inhalation.

TRPA1 mediates sensory neuronal responses to H2O2. Our initial 
experiments showed that TRPA1 is the primary target through 
which the oxidant chlorine excites sensory neurons and activates 
respiratory depression. In order to determine whether TRPA1 is 
also a target for other oxidant stimuli, including reactive oxygen 
species, we examined the effects of H2O2 on sensory neuronal 
activity. Similar to NaOCl, we observed that 5 mM H2O2 activated  
Ca2+ influx in a subpopulation of sensory neurons (Figure 4, A 
and B). Compared with NaOCl, relatively high concentrations of 

H2O2 were required to activate Ca2+ influx (>1 mM, or >34 ppm). 
Subsequent addition of NaOCl or mustard oil failed to activate 
additional neurons (Figure 4C). Moreover, addition of H2O2 to 
OCl–-exposed neurons also failed to activate additional cells (Fig-
ure 4D). H2O2-activated Ca2+ influx was blocked by ruthenium 
red (Supplemental Figure 3A). These tests indicated that H2O2 
activated the OCl–- and mustard oil–activated subpopulation of 
sensory neurons that is characterized by expression of TRPA1. 
Indeed, we found that TRPA1 was crucial for sensory neuronal 
activation by H2O2, because neurons dissociated from Trpa1–/– 
mice showed no observable Ca2+ influx in response to H2O2 (Fig-
ure 4, A and B).

In patch-clamp recordings of sensory neurons, we observed that 
3 mM H2O2 induced slowly activating ionic currents (Figure 4, E 
and F). The averaged maximal currents showed slight outward rec-
tification (+80 mV, 0.72 ± 0.12 nA; –80 mV, 0.47 ± 0.04 nA; n = 6 

Figure 4
H2O2 induces TRPA1-dependent influx of Ca2+ and ionic currents in mustard oil–responsive sensory neurons. (A) Responses of cultured DRG 
neurons from littermate Trpa1+/+ and Trpa1–/– mice to 5 mM H2O2, followed by 3 μM capsaicin, as measured by Fura-2 imaging. Trpa1–/– neurons 
showed no [Ca2+]i increase after H2O2 exposure, but were activated by capsaicin. Pseudocolors denote 0–3 μM [Ca2+]i. (B) Activation of Ca2+ 
influx by H2O2 into DRG neurons plotted against time. Average [Ca2+]i concentration of neurons activated by application of H2O2 followed by mus-
tard oil, capsaicin, and 65 mM KCl. Thick and thin lines denote mean and ± SEM, respectively. Neurons (n = 189 [Trpa1+/+]; 146 [Trpa1–/–]) were 
analyzed at ×10 magnification. (C) Activation of DRG neurons (n = 161) by 5 mM H2O2, NaOCl (24 ppm), 100 μM mustard oil, 5 μM capsaicin, 
and 65 mM KCl. Neurons were considered activated when [Ca2+]i exceeded 500 nM. Values denote activated KCl-sensitive cells. (D) Activation 
of DRG neurons (n = 130) by NaOCl (24 ppm), 5 mM H2O2, 100 μM mustard oil, 5 μM capsaicin, and 65 mM KCl. (E) Kinetics of H2O2-activated 
cationic currents and ruthenium red–induced block in a cultured murine sensory neuron. H2O2 was superfused after 50-s initiation of whole-cell 
configuration, after which ruthenium red was coapplied at 210 s. Currents were measured using a ±80 mV voltage ramp protocol over 100 ms at 
0.5-Hz intervals (0 mV holding potential throughout). Intracellular Cs-based solution contained 10 mM EGTA. (F) Representative current-voltage 
relationships of currents recorded from a DRG neuron before application of H2O2 (black), during maximal activation by H2O2 (green), and after 
application of 20 μM ruthenium red (red). Currents were measured as in C. Error bars represent SEM.
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cells). Similar to OCl–-activated currents, these currents were sensi-
tive to block by ruthenium red (Figure 4, E and F).

Subsequent functional tests in heterologous cells confirmed 
that TRPA1 was indeed activated by H2O2 (Figure 5, A–C). In Ca2+ 
imaging experiments, hTRPA1-transfected cells displayed robust 
Ca2+ influx in response to H2O2 (EC50, 290 ± 90 μM; data not 
shown). In patch-clamp experiments, H2O2 activated outwardly 

rectifying currents in hTRPA1-transfected  
cells (Figure 5A). These currents were 
absent in mock-transfected cells (data 
not shown). Maximally activated currents 
had amplitudes of 3.6 ± 0.6 nA at +80 mV 
and 1.7 ± 0.3 nA at –80 mV (n = 5 cells). 
Similar to OCl–-activated currents, H2O2-
induced currents were inactivated in the 
presence of agonist and extracellular Ca2+ 
(Figure 5A). Single-channel recordings 
of TRPA1-transfected cells revealed that 
H2O2 induced channel openings with uni-
tary conductances of 73.0 ± 1.0 pS at +50 
mV, and 42 ± 0.5 pS at –50 mV (Figure 5B; 
see Supplemental Figure 3B for control). 
The open channels showed outwardly 
rectifying current-voltage relationships 
(Figure 5C). Unitary conductances were 
similar to those of mustard oil–activated 
TRPA1 channels in the presence of Ca2+ 
(44). Our single-channel recordings were 
performed in the cell-attached configura-
tion, in which the extracellular face of the 
membrane patch was occluded from the 
bath solution by the recording electrode. 
H2O2 was added to the cell through the 
bath solution. Our observation of robust 
channel activation in this configuration 
suggests that the activating stimulus is 
required to traverse the cell membrane.

Recent studies suggested that electro-
philic agonists of TRPA1, including mus-
tard oil and acrolein, activate the channel 
through covalent modification of cysteine 
and lysine residues in the cytosolic N ter-
minus of the protein (60, 61). In order to 
examine the importance of these residues 
for the activation of TRPA1 by oxidants, we 
tested the responses of a channel in which 
reactive cysteine residues and a lysine resi-
due (C619, C639, C663, and K708) were 
replaced by inert residues (Figure 5D). 
Carvacrol, a nonreactive agonist of TRPA1, 
was used as positive control for compari-
son (62). Intriguingly, the mutant chan-
nels failed to respond to both OCl– and 
H2O2 (Figure 5D). In summary, our data 
showed that the TRPA1-expressing sub-
population of sensory neurons was excited 
by both H2O2 and OCl–. Both agonists acti-
vated TRPA1 through membrane-travers-
ing pathways dependent on reactive amino 
acid residues in the channel protein.

Trpa1–/– mice show dramatically reduced respiratory and nocifensive 
responses to H2O2. To examine the role of TRPA1 in the neuronal sen-
sation of airway reactive oxygen species in vivo, we compared the 
respiratory responses of Trpa1+/+ and Trpa1–/– mice to H2O2 aerosol 
(Figure 6, A–D). The aerosol was produced from buffered 3% H2O2 
solution, a concentration widely used for disinfection and bleach-
ing. Similar to earlier reports (22, 23), we observed that exposure to 

Figure 5
Activation of heterologously expressed TRPA1 channels by H2O2. (A) Representative whole-cell 
current-voltage relationship of hTRPA1 currents in CHO cells before activation (black), during 
maximal activation by H2O2 (green), and at the end of the inactivation phase (red). Currents were 
measured using a ±80 mV voltage ramp protocol over 100 ms at 0.5-Hz intervals (0 mV holding 
potential throughout). Intracellular Cs-based solution contained 10 mM EGTA. (B) Single TRPA1 
channel currents induced by H2O2 in the cell-attached configuration. Cell-attached patches were 
formed on CHO cells expressing hTRPA1. The cell was superfused with a bath solution con-
taining 1 mM H2O2, and single-channel openings were recorded using a ±60 mV step protocol. 
Membrane potential was estimated to be –10 mV, where zero currents were observed. Indicated 
potentials are corrected values. Representative current traces from a patch containing 3 chan-
nels are shown. hTRPA1 unitary conductance was 42 ± 0.5 pS (–50 mV) and 73 ± 1.0 pS (+50 
mV). Pipette and bath solutions contained 2 mM Ca2+. (C) Current-voltage relationship of open 
channel conductance of single hTRPA1 channels recorded in CHO cells in cell-attached configu-
ration. Values are mean ± SEM of 10 channel openings each. Potentials were corrected as in B. 
(D) Requirement of covalent agonist acceptor sites for TRPA1 activation by NaOCl and H2O2. 
[Ca2+]i changes were compared between HEK293t cells expressing hTRPA1 WT channels and 
cells expressing TRPA1 channels with mutated interaction sites (C619, C639, C663, and K708; 
denoted 3CK). A 1-mM dose of nonreactive agonist carvacrol was given after the indicated oxi-
dant stimulus. Values denote percent maximal response to carvacrol (n = 60 cells/trace).
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H2O2 aerosol induced depression of respiratory frequencies in wild-
type animals (Figure 6, A and B). Respiratory frequencies in Trpa1+/+ 
animals were reduced to an average of 72.1% ± 2.9% of baseline 
during exposure. In contrast, Trpa1–/– mice displayed significantly 
diminished sensitivity to H2O2 aerosol (89.0% ± 3.7% of baseline;  
P < 0.001; Figure 6, A and B). H2O2-induced respiratory depression 
occurred at a slower rate than that induced by NaOCl. Similar to 
NaOCl in Trpa1+/+ mice, we observed a significant decrease in MV 
with no significant changes in TV (Table 2). Again, the decrease 
in respiratory frequency for Trpa1+/+ mice during H2O2 exposure 
was accompanied by a large increase in EEP (from 88 ± 13 to  
182 ± 18 ms; Figure 6, C and D). This parameter was slightly elevated  
in Trpa1–/– mice as well, but significantly lower compared with 
Trpa1+/+ mice (P < 0.001). In contrast to NaOCl aerosol exposure, 
respiratory frequency and EEP rapidly recovered following removal 
of H2O2 aerosol (Figure 6, A–D). These data indicate that TRPA1 
plays a crucial role for the detection of H2O2 in the airways.

In addition to its role as an endogenous reactive oxygen species 
and environmental toxicant, H2O2 is widely used as a topical anti-
septic for wound treatment and as a bleaching agent in industrial 

paper production, detergents, and dental and hair treatments. Pain-
ful irritant responses to H2O2 have been frequently reported, and 
application to wounds causes a transient burning sensation. We 
therefore asked whether TRPA1 would also mediate H2O2-induced 
pain responses. To answer this question, we compared nocifensive 
responses of Trpa1+/+ and Trpa1–/– mice after injection of 25 μl of 32 
mM H2O2 solution into the plantar skin of the hind paw (Figure 6, 
E and F). While Trpa1+/+ mice displayed paw licking, flicking, and 
lifting behavior after injection, these behavioral responses were 
dramatically diminished in Trpa1–/– mice (Figure 6, E and F). Dif-
ferences were especially pronounced immediately after injection, 
when Trpa1+/+ mice responded robustly and Trpa1–/– mice showed 
slight responses (Figure 6E). In minutes 2–5 following injection, 
both Trpa1+/+ and Trpa1–/– mice displayed occasional pain respons-
es, which indicates that H2O2 may activate additional delayed pain 
mechanisms independent of TRPA1 (Figure 6E). These occasional 
responses were found to be specific to H2O2, because PBS-injected 
mice failed to display any nocifensive responses (data not shown). 
The difference in nocifensive behavior remained significant over 
the full 5-minute observation period (Figure 6F). In summary, our 

Figure 6
Reduced respiratory and nociceptive sensitivity of 
Trpa1–/– mice to H2O2. (A) Change in respiratory 
frequency during aerosol exposure to PBS and 3% 
H2O2, as measured by unrestrained plethysmogra-
phy. Mice were exposed to vehicle aerosol (10 min), 
room air flush (2 min), H2O2 aerosol (15 min), and 
then air (8 min). Values denote percent baseline 
(initial vehicle exposure). Both groups showed a 
significant decrease in respiratory frequency during 
H2O2 exposure compared with vehicle; however, the 
reduction in Trpa1+/+ mice was significantly greater.  
P < 0.005 between groups; P < 0.000001 over time 
(repeated-measures ANOVA). (B) Changes in 
respiratory frequency after exposure to H2O2 (2–15 
min) and air (8 min) as in A. Values denote percent 
baseline (initial vehicle exposure). (C) Changes in 
EEP duration during exposure to H2O2 aerosol as 
in A. P < 0.001 between groups; P < 0.000001 over 
time (repeated-measures ANOVA). Single asterisks 
denote significant differences (Bonferroni post-hoc 
analysis; α = 0.05) for individual time points in A and C.  
(D) Change in EEP over duration of exposure to 
vehicle (2–10 min), H2O2 (2–15 min), and air (8 min). 
(E) Nocifensive responses following paw injection of 
25 μl of 0.1% H2O2 solution (32 mM). The number 
of nocifensive responses (paw flicks, licks, and lifts) 
was averaged in 1-min intervals. (F) Pain responses 
accumulated over a 5-min period following injection 
of H2O2 as in E. (A–D) n = 14 per group. (E and F) 
n = 12 (Trpa1+/+), 11 (Trpa1–/–). Error bars denote 
SEM. **P < 0.01; ***P < 0.001 (ANOVA).
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behavioral analysis showed that TRPA1 is essential for the induc-
tion of acute pain responses to H2O2.

Discussion
Our data provide what we believe to be the first in vitro and in 
vivo evidence that TRPA1, an ion channel of the TRP gene family, 
serves as a major neuronal sensor for oxidants in the airways. We 
showed that TRPA1 channels in primary sensory neurons and 
heterologous cells were activated by OCl– and H2O2, a reactive 
oxygen species. Oxidant activation of TRPA1 occurred within 
the range of established concentrations for irritancy in humans 
and rodents. OCl–- and H2O2-induced Ca2+ influx was eliminated 
in cultured neurons from Trpa1–/– mice. Cellular insensitivity to 
oxidants was reflected on the whole-animal level. Trpa1–/– mice 
showed profoundly diminished respiratory responses to low-
level chlorine exposure and H2O2 exposure. Differences in respi-
ratory sensitivity were specific for oxidants, because responses to 
a nonoxidizing activator of airway neurons, acetic acid, remained 
intact in Trpa1–/– mice. Diminished oxidant-induced pain behav-
ior in Trpa1–/– mice indicated that the role of TRPA1 in oxidant 
sensing is not restricted to airway neurons, but extends to other 
peripheral tissues.

TRPA1 was initially identified as a potential sensor for cold 
temperature and a receptor for plant-derived noxious chemicals 
including mustard oil, the pungent ingredient in mustard (37, 38, 
42). Mustard oil is known as a potent activator of sensory nerve 
endings in airway mucosa (63). There are several possible mecha-
nisms by which oxidants might activate TRPA1. OCl– may activate 
TRPA1 by oxidizing thiols to sulfinate and sulfonate groups or by 
modifying primary amines (64). Indeed, we found that OCl– and 
H2O2 failed to activate TRPA1 following mutation of cysteine and 
lysine residues previously identified as potential acceptor sites for 
electrophilic agonists (60, 61). Alternatively, oxidants may produce 
reactive intermediates such as 4-hydroxynonenal, a lipid peroxi-
dation recently found to activate TRPA1 (65). The capabilities of 
different oxidants to activate TRPA1 may vary widely depending 
on their reactivity and membrane permeability as well as other 
factors. This is illustrated by the higher potency and efficacy of 
OCl–, a strong oxidant, compared with H2O2 for TRPA1 activa-
tion and induction of respiratory depression (66). In addition to 
sensing exogenous oxidants, TRPA1 may also be involved in the 
detection of endogenous reactive species. Heightened oxidative 
stress accompanies many inflammatory and painful conditions, 
including ischemia, neurodegeneration, diabetes, arthritis, and 
other chronic inflammatory conditions (67–70).

Our results support an essential role for sensory 
TRPA1 channels in the induction of upper airway irri-
tant responses. Because of the low exposure concentra-
tions used in our study, the observed oxidant-induced 
respiratory rate depression was likely caused by activa-
tion of nasal irritant receptors in trigeminal sensory 
nerve endings. Our data suggest that oxidants activate 
TRPA1 channels in nasal trigeminal nerve endings, 
resulting in neuronal depolarization and activation of 
neuronal reflexes. In addition, influx of Ca2+ through 
TRPA1 may promote the release of proinflammatory 
peptides from nasal nerve endings. Sensory neuropep-
tides such as calcitonin gene–related peptide or sub-
stance P are known to induce dilation of blood vessels 
in the nasal mucosa and promote glandular secretion, 

contributing to irritant-induced nasal obstruction (71, 72).
In addition to TRPA1, peripheral chemosensory C-fibers express 

the capsaicin receptor, TRPV1 (37, 38, 44, 73). Similar to oxidants, 
capsaicin is a potent inducer of respiratory reflex responses and 
airway obstruction (1). The important role of TRPV1 in the regula-
tion of respiratory reflexes was confirmed by recent pharmacolog-
ical studies in guinea pigs in which a TRPV1 antagonist displayed 
antitussive activity (74, 75). TRPA1 is activated by a much broader 
range of chemical stimuli than TRPV1 and is coexpressed with 
TRPV1 in chemosensory C-fibers. Recent in vitro studies found 
that TRPA1 is activated by the α,β-unsaturated aldehyde acrolein, 
a toxicant in photochemical smog and smoke and a potent activa-
tor of respiratory reflexes (49, 76). TRPA1 is also required for the 
induction of pain responses to formaldehyde and acetaldehyde 
(77, 78). Our present results support the notion that TRPA1 may 
mediate respiratory irritant responses to these and many other 
reactive environmental toxicants in vivo. The existence of a shared 
neuronal receptor for oxidants and noxious electrophiles, includ-
ing aldehydes, is also supported by the fact that inhalation of 
formaldehyde diminishes respiratory irritant responses to subse-
quent challenges with chlorine and acetaldehyde, and vice versa 
(12, 79). Cross-tolerance can be explained by the saturation or 
desensitization of TRPA1 by the different agonists.

Our results showed that sensory neurons derived from the 
nodose ganglia and DRG, innervating the lower airways, were as 
sensitive to chlorine as were trigeminal neurons that innervate the 
nasal passages. These responses were abolished in neurons cultured 
from Trpa1–/– mice. Based on these data, we assume that TRPA1 
activation may also contribute to the effects of chlorine and other 
TRPA1 agonists on chemosensory nerve endings in the lower air-
ways. Because reactive irritants are efficiently cleared in the upper 
airways, sensory activation in the lower airways requires higher 
exposure levels. Extended or high-level exposure to oxidants, such 
as that observed in victims of chlorine gas exposures, induce severe 
pain, cough, mucus secretion, and bronchospasm (5, 6). At higher 
exposure levels, oxidants increase TRPA1 activity through direct 
activation as well as indirectly through phospholipase C–coupled 
signaling pathways (36). Inhalation of oxidants induces the release 
of bradykinin, ATP, and lipid products with cognate receptors on 
airway sensory nerve endings (23, 80). In addition to TRPA1, these 
mediators may increase the activity of other sensory neuronal detec-
tion systems. Indeed, a recent study showed that H2O2-induced 
changes in respiratory frequency can be inhibited, at least in part, 
by a purinergic receptor antagonist (23). Involvement of additional 
neuronal pathways may explain why we observed residual respira-

Table 2
Respiratory parameters of Trpa1–/– and Trpa1+/+ mice exposed to H2O2

Genotype Exposure Respiratory TV MV EEP 

  frequency (bpm) (ml) (ml/min) (ms)

Trpa1+/+ Vehicle 309 ± 14 0.20 ± 0.01 59 ± 5 88 ± 13

Trpa1+/+ H2O2 221 ± 11A 0.18 ± 0.01 36 ± 2A 182 ± 18B

Trpa1+/+ Air 260 ± 11 0.18 ± 0.01 46 ± 3 127 ± 18

Trpa1–/– Vehicle 312 ± 11 0.19 ± 0.01 58 ± 3 70 ± 11

Trpa1–/– H2O2 274 ± 10 0.20 ± 0.01 51 ± 4 104 ± 11

Trpa1–/– Air 249 ± 19 0.19 ± 0.01 44 ± 3 125 ± 17

AP < 0.05 vs. Trpa1–/– (ANCOVA with Bonferroni post-hoc analysis; α = 0.001).  
BP < 0.05 vs. Trpa1–/– (ANCOVA with Bonferroni post-hoc analysis; α = 0.01).
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tory depression and pain behavior in Trpa1–/– mice in response to 
the high concentrations of H2O2 used in our experiments.

Individuals affected by allergic airway conditions such as rhinitis 
and asthma often display respiratory hypersensitivity responses to 
chemical irritants including chlorine, acrolein, and other TRPA1 
agonists (4, 54, 81). These exaggerated responses may be the result 
of sensitization of TRPA1 downstream of neuronal phospholi-
pase C–coupled receptor systems activated during inflammation, 
including the receptors for bradykinin, histamine, proteases, and 
other inflammatory stimuli (36, 37, 42, 82, 83). TRPA1 antago-
nists may be used to suppress sensory neuronal hyperexcitability 
in airway disease. We conclude that TRPA1 represents a promising 
new target for the development of drug candidates with potential 
antitussive, analgesic, and antiinflammatory properties.

Methods
Mice. Mice were housed at an Association for Assessment and Accreditation 

of Laboratory Animal Care–accredited facility in standard environmental 

conditions (12-h light/12-h dark cycle; about 23°C). All animal procedures 

were approved by the Institutional Animal Care and Use Committee of 

Yale University. Mice were identically matched for age (12–22 weeks) and 

gender, and the experimenter was blind to the genotype. Trpa1–/– mice were 

a gift from D. Julius (UCSF, San Francisco, California, USA) and were geno-

typed as previously described (36).

Chemicals and analysis. All irritant chemicals were purchased from Sigma-

Aldrich. Total and free chlorine were measured according to the EPA stan-

dard 4500-Cl G colorimetric analysis, using N,N-diethy-p-phenylendi-

amine (PPD-2; HF Scientific Inc.) as a photometric indicator.

Cell culture and transfections. Adult mouse DRG were dissected and dis-

sociated by 1-h incubation in 0.28 WU/ml Liberase Blendzyme 1 (Roche), 

followed by washes with PBS, trituration, and straining of debris (40-μM 

Cell Strainer; BD Falcon). Neurons were cultured in neurobasal-A medi-

um (Invitrogen) with B-27 supplement, 0.5 mM glutamine, and 50 ng/ml 

nerve growth factor (NGF; Calbiochem) on 8-well chambered coverglass or  

35-mm cell culture dishes (Nunc) coated with polylysine (Sigma-Aldrich) 

and laminin (Invitrogen). HEK293t cells for Ca2+ imaging and electrophysi-

ology were cultured and transfected as described previously (37).

Ca2+ imaging and electrophysiology. Imaging and electrophysiological record-

ings were performed 16–26 hours after DRG dissection or transfection. 

Medium was replaced by modified standard Ringer bath solution (140 

mM NaCl, 5 mM KCl, 2 mM CaCl2, 2 mM MgCl2, and 10 mM HEPES-

NaOH, pH 7.3). Cells were loaded with 10 μM Fura-2/AM (Calbiochem) 

for 1 h and subsequently washed and imaged in standard bath solution. 

Ratiometric Ca2+ imaging was performed on an Olympus IX51 microscope 

with a Polychrome V monochromator (Till Photonics) and a PCO Cooke 

Sensicam QE camera and Imaging Workbench 6 imaging software (Indec). 

Fura-2 emission images were obtained with exposures of 0.100 ms at  

340- and 380-nm excitation wavelengths. [Ca2+]i concentrations were 

derived from the F340/F380 ratio adjusted by the Kd of Fura-2 (238 nM) 

and the F380 and ratiometric data at minimum and maximum [Ca2+]i  

(84–86). The latter were determined by incubation of cells in 10 μM iono-

mycin Ringer solution with no Ca2+ and 10 mM EGTA or with 25 mM Ca2+ 

(NaCl 90 mM to compensate for final osmolarity of 350 mOsm). Ratiomet-

ric images were generated using ImageJ software (http://rsb.info.nih.gov/ij/). 

Patch-clamp experiments were performed in the whole-cell or cell-attached 

configuration with standard Ringer buffer as extracellular solution. Cur-

rent records were filtered at 2.3 kHz and digitized at 100-μs intervals using 

an EPC-10 amplifier and PULSEMASTER acquisition software (HEKA). 

Liquid junction potential was calculated to be 6.7 mV using JPCalc software 

(Axon Instruments). Both liquid junction potential and capacitance were 

compensated for using the automatic cancellation features of the EPC-10. 

Voltage ramps of –80 to +80 mV were applied over 100 ms every other sec-

ond from a holding potential of 0 mV. Cells were held at 0 mV to inactivate 

neuronal voltage-gated currents. Current amplitudes were extracted at –80 

or +80 mV. Recordings from neurons and CHO cells were performed with 

Borosilicate glass pipettes (WPI), while a planar patch clamp system was 

used for recordings from HEK293t cells (NPC-1; Nanion). Both provided 

an initial series resistance of 3–5 MΩ. Pipette or chip intracellular solution 

contained 75 mM CsCl, 70 mM CsF, 2 mM MgCl2, 10 mM EGTA, and 10 

mM HEPES-CsOH, pH 7.3, 315–320 mOsm. Cell-attached recordings were 

performed using wax-coated pipettes with an EPC-10 amplifier filtered at 

10 kHz with an analog 3-pole Bessel filter and at 2.9 kHz with a 4-pole Bes-

sel filter. Standard Ringer solution was used for bath and pipette solutions 

in cell-attached recordings. Cell-attached current tracings presented were 

digitally filtered at 500 Hz. Statistical analysis and graphical display of both 

electrophysiological and Ca2+ imaging data were performed using IGOR 

PRO (Wavemetrics) or ORIGIN software (OriginLab). Statistical errors are 

SEM unless indicated otherwise. A freezing point osmometer (Advanced 

Instruments) was used to measure the osmolality of all solutions.

Respiratory studies. Real-time respiratory responses of mice were measured 

using unrestrained whole-body plethysmography (Buxco). Respiratory 

parameters were monitored and analyzed using Buxco Biosystem XA soft-

ware for noninvasive airway mechanics. For baseline measurements, mice 

were first exposed to PBS vehicle aerosol for 10 min, followed by NaOCl or 

3% H2O2 aerosol for 15 min and finally 8 min of room air without aerosol. 

Solutions for exposure, including vehicle PBS, NaOCl (sodium hypochlo-

rite solution, available chlorine 10%–13%, diluted in PBS; Sigma-Aldrich) 

and 3% H2O2 in PBS, were adjusted to pH 7.3. Solutions were aerosolized 

with an ultrasonic nebulizer (PulmoSonic), mixed with air in a distribu-

tion chamber, and subsequently distributed into 4 parallel unrestrained 

whole-body plethysmography chambers (Buxco) using the Buxco Aerosol 

Delivery System (dilution flow, ~3.5 l/min; trickle flow, ~0.3 l/min). For 

analysis of free reactive chlorine concentration, the NaOCl-air mixture was 

drawn from the plethysmography chamber through a series of 3 impingers 

(Kontes-Kimble) containing 40 ml of 1 mM NaOH. After completion of 

sampling, pH was adjusted to 7.3 with HEPES, and total and free chlorine 

were measured using EPA standard 4500-Cl G colorimetric analytics (41). 

The fluid from the last impinger of the series was nearly completely devoid 

of chlorine, which indicated that all chlorine had been extracted. Respira-

tory parameters were collected every 10 s for each animal. Four parameters 

were monitored and averaged: respiratory frequency, TV, MV, and EEP. 

In accordance with ASTM International protocols, the responses were 

expressed as follows: TV in ml, MV in ml/min, EEP in absolute values (ms), 

respiratory frequency as percent of baseline (and as breaths per minute), 

and Penh normalized to average baseline value and expressed as percent 

increase over baseline.

Nociceptive behavior. Nocifensive responses (paw flicks, licking, and lifts) 

were recorded after intraplantar injection of 25 μl H2O2 (32 mM in PBS, 

pH 7.3) into the right hind paw using a 30-gauge needle. Injected mice 

were immediately placed in a Plexiglas cylinder and videotaped for 5 min. 

Nocifensive responses were visualized by slowing the video frame speed 

with Windows Media Player software.

Statistics. For all statistical tests, a P value less than 0.05 was considered 

significant. Average respiratory frequency (as percent baseline) and average 

EEP was calculated for each animal in 2-min intervals. Differences between 

Trpa1+/+ and Trpa1–/– mice during exposure or air were assessed by repeat-

ed-measures ANOVA using 2-min respiratory frequency and EEP averages 

(NCSS software), followed by Bonferroni multiple comparison tests (for 

2-factor interactions) to identify specific time points where significant dif-

ferences between Trpa1+/+ and Trpa1–/– occurred (α = 0.05).
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For tabular data, individual mouse respiratory frequency, TV, MV, and 

EEP raw data were averaged for vehicle (2–10 min), exposure (2–15 min), and 

air flush (8 min) treatments. Average exposure and air data were analyzed 

by analysis of covariance (ANCOVA), using vehicle averages as the covariate, 

followed by Bonferroni multiple comparison tests. The degree of signifi-

cance between Trpa1+/+ and Trpa1–/– mice for exposure or air was examined 

by varying the α levels of the Bonferroni tests (α = 0.01 or 0.001).

Differences in respiratory frequency (percent baseline) and EEP (base-

line subtracted) between Trpa1–/– and Trpa1+/+ mice during acetic acid  

(n = 4 per group) and OCl– (n = 11 per group) exposure were examined 

by 2-way ANOVA followed by Bonferroni multiple comparison tests  

(α = 0.05). The sums of nocifensive paw flick, licking, and lifting responses  

to H2O2 injections were compared between Trpa1–/– mice (n = 11) and 

Trpa1+/+ littermates (n = 12) using ANOVA.
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