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Cigarette	smoke	(CS)	inhalation	causes	an	early	inflammatory	response	in	rodent	airways	by	stimulating	capsa-
icin-sensitive	sensory	neurons	that	express	transient	receptor	potential	cation	channel,	subfamily	V,	member	1		
(TRPV1)	through	an	unknown	mechanism	that	does	not	involve	TRPV1.	We	hypothesized	that	2	α,β-unsatu-
rated	aldehydes	present	in	CS,	crotonaldehyde	and	acrolein,	induce	neurogenic	inflammation	by	stimulating	
TRPA1,	an	excitatory	ion	channel	coexpressed	with	TRPV1	on	capsaicin-sensitive	nociceptors.	We	found	that	
CS	aqueous	extract	(CSE),	crotonaldehyde,	and	acrolein	mobilized	Ca2+	in	cultured	guinea	pig	jugular	gan-
glia	neurons	and	promoted	contraction	of	isolated	guinea	pig	bronchi.	These	responses	were	abolished	by	a	
TRPA1-selective	antagonist	and	by	the	aldehyde	scavenger	glutathione	but	not	by	the	TRPV1	antagonist	cap-
sazepine	or	by	ROS	scavengers.	Treatment	with	CSE	or	aldehydes	increased	Ca2+	influx	in	TRPA1-transfected	
cells,	but	not	in	control	HEK293	cells,	and	promoted	neuropeptide	release	from	isolated	guinea	pig	airway	
tissue.	Furthermore,	the	effect	of	CSE	and	aldehydes	on	Ca2+	influx	in	dorsal	root	ganglion	neurons	was	abol-
ished	in	TRPA1-deficient	mice.	These	data	identify	α,β-unsaturated	aldehydes	as	the	main	causative	agents	in	
CS	that	via	TRPA1	stimulation	mediate	airway	neurogenic	inflammation	and	suggest	a	role	for	TRPA1	in	the	
pathogenesis	of	CS-induced	diseases.

Introduction
Inhaled cigarette smoke (CS) causes an early inflammatory 
response in the airways that is partly neurogenic (1). In rodents, 
CS-evoked neurogenic plasma protein leakage (1) is mediated by 
release of the neuropeptides substance P (SP) and neurokinin A 
(NKA) from capsaicin-sensitive sensory nerves that activate tachy-
kinin NK1 receptors in postcapillary venules to cause edema (2). 
The neurogenic mechanism of CS-evoked plasma extravasation 
in the airways was discovered because it was absent in capsaicin-
pretreated rats, in which SP-containing C-fiber nociceptors in the 
respiratory tract had degenerated (1). Although desensitization of 
sensory nerves by capsaicin is due to its unique ability to stimu-
late the transient receptor potential cation channel, subfamily V, 
member 1 (TRPV1) (3, 4), TRPV1 does not mediate the neuronal 
action of CS, because the selective TRPV1 receptor antagonist cap-
sazepine (5) failed to prevent CS-evoked plasma protein extravasa-
tion (6). Hence, the molecular entity expressed by sensory neurons, 
which mediates CS-evoked neurogenic inflammation, is unknown. 

In addition, the chemical components among the approximately 
5,000 constituents of CS that cause airway neurogenic inflamma-
tion are unknown. Thus, some 25 years after the original observa-
tion made by Lundberg and Saria (1), both the chemical compo-
nents of CS and their molecular target on sensory neurons remain 
to be identified. Ruthenium red (RR), an inorganic dye initially 
reported to prevent capsaicin-evoked responses (7) and now recog-
nized as a nonspecific blocker of TRP channels, reportedly reduces 
CS-induced tracheal plasma extravasation (6). From this appar-
ently contradictory observation, made at a time (1993) when none 
of the presently recognized TRP channels had been described, we 
now hypothesize that one or more additional TRPs expressed by 
sensory neurons could be the molecular target(s) of CS in produc-
ing airway neurogenic inflammation.

In addition to TRPV1 (3), other TRP channels are expressed by  
C-fiber nociceptors. These include TRPV2, TRPV3, and TRPV4 
(gated by warm, non-noxious, and noxious temperatures and small 
reductions in tonicity) and TRPM8 (activated by menthol and mod-
erate low temperature) (8–13). ANKTM1, renamed TRPA1 (TRP 
cation channel, subfamily A, member 1), is a recently identified 
channel that is almost entirely coexpressed with TRPV1 on sensory 
neurons, including vagal neurons innervating the airways (14–16). 
TRPA1 is activated by isothiocyanates, thiosulfinate, or cinnamal-
dehyde compounds, which are the pungent ingredients found in 
mustard, garlic, and cinnamon, respectively (17–20). A recent study 
showed that the irritant α,β-unsaturated aldehyde, acrolein, is a 
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TRPA1 stimulant (18). Since acrolein and another α,β-unsaturated 
aldehyde, crotonaldehyde, are abundantly contained in CS (21, 22), 
we hypothesized that stimulation of TRPA1 on capsaicin-sensitive 
sensory neurons by α,β-unsaturated aldehydes is the underlying 
mechanism of CS-evoked neurogenic inflammation in the airways. 
Herein we present direct pharmacological and genetic evidence 
that supports our hypothesis. This evidence clarifies the molecular 
mechanisms underlying the neurogenic inflammatory response 
activated by the exposure to CS and might be relevant for under-
standing the pathogenesis of smoke-induced diseases, including 
chronic obstructive pulmonary disease (COPD).

Results
Ca2+ mobilization in guinea pig jugular ganglia neurons. Exposure to CS 
aqueous extract (CSE) (0.001–0.1 OD) caused a rapidly develop-
ing and concentration-dependent mobilization of intracellular 
Ca2+ ([Ca2+]i) in cultured guinea pig jugular ganglia (JG) neurons 

(Figure 1, A and C). CSE vehicle had no effect (data not shown). 
All cells that responded to CSE invariably responded to capsaicin  
(1 μM). Crotonaldehyde and acrolein have been previously found 
to be the most abundant α,β-unsaturated aldehydes present in 
CSE prepared according to the previously described method (21, 
22) Therefore, we decided to challenge guinea pig JG neurons with 
these aldehydes to determine whether they mimic the CSE-evoked 
effect. In cultured neurons, acrolein and crotonaldehyde caused a 
concentration-dependent, prompt, and sustained mobilization of 
[Ca2+]i. EC50 were 5 μM (CI, 4–8) and 16 μM (CI, 7–36), respectively 
(Figure 1B). Ca2+ responses to CSE, acrolein, or crotonaldehyde in 
guinea pig JG neurons were inhibited by the nonselective TRPA1 
antagonists, RR (1 μM; >80% reduction; Figure 1, C–F and H) or 
camphor (23) (1 mM; >80% reduction; data not shown), whereas 
the selective TRPV1 antagonist, capsazepine (10 μM), was inef-
fective (Figure 1, C–F and H). More importantly, the selective 
TRPA1 receptor antagonist, HC-030031 (30 μM) (24), abated by 

Figure 1
CSE and unsaturated aldehydes 
increase intracellular Ca2+ in guinea 
pig JG neurons. [Ca2+]i mobilization 
in cultured guinea pig JG neurons 
by CSE and capsaicin (CPS) (A) or 
acrolein (ACR) and crotonaldehyde 
(CRA) (B). Typical traces (C and 
E) and pooled data (D and F–H), 
showing the effect of RR (1 μM), 
HC-030031 (HC; 30 μM), GSH (10 
mM), capsazepine (CPZ; 10 μM), 
or a combination of ROS scaven-
gers (RS; mannitol, 20 mM; ascor-
bic acid, 100 μM; lycopene, 10 μM; 
and β-carotene, 10 μM) on [Ca2+]i 
mobilization in cultured JG neu-
rons from the guinea pig, induced 
by CSE (0.1 OD), crotonaldehyde 
(100 μM; circles), capsaicin (0.1 
μM; triangles), acrolein (30 μM), 
and cinnamaldehyde (CNM; 30 
μM). Each column represents the 
mean ± SEM value of at least 21 
cells. *P < 0.05 versus vehicle 
(Veh) (1-way ANOVA, followed by 
Bonferroni’s test).
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more than 80% the responses evoked by CSE, acrolein, or croton-
aldehyde (Figure 1, C–F and H). The unsaturated aldehyde and 
ROS scavenger, glutathione monoethylester (GSH, 10 mM), also 
reduced these evoked responses by about 90% (Figure 1, D, F, and 
H), whereas a combination of scavengers, reportedly effective in 
scavenging a variety of ROS, including mannitol (20 mM), ascor-
bic acid (100 μM), lycopene (10 μM), and β-carotene (10 μM), did 
not affect the Ca2+ responses to CSE, acrolein, or crotonaldehyde 
(Figure 1, C–F and H).

A recent paper (25) showed that H2O2 produces a delayed Ca2+ 
response in mouse dorsal root ganglia (DRG) neurons. This 
response was ascribed to the TRPA1 channel stimulation, because 
it was absent in neurons from TRPA1-deficient mice. In guinea pig 
JG neurons, we found that H2O2 causes a concentration-related  
(0.1–5 mM) response. EC50 was 0.65 mM (CI, 0.32–1.8). The 
response to H2O2, as shown previously (25), was delayed in onset 
(responses initiated 20–40 seconds and reached a plateau 60–200 
seconds after the addition of the stimulus). The Ca2+ response to  
1 mM H2O2 (change in F340/F380, 0.503 ± 0.08; n = 28) was markedly 
reduced by the combination of the 4 ROS scavengers: mannitol (20 
mM), ascorbic acid (100 μM), lycopene (10 μM), and β-carotene 
(10 μM) (change in F340/F380, 0.176 ± 0.02; n = 32; P < 0.01).

The selective agonist of the TRPA1 channel, cinnamaldehyde 
(17), evoked a robust Ca2+ response that was abolished by RR, HC-
030031, and GSH and was not affected by capsazepine or by ROS 

scavengers (Figure 1G). Acetaldehyde, the most abundant saturated  
aldehyde present in CSE (21, 26, 27), has recently been reported 
to stimulate, at mM concentrations, recombinant and wild-type 
(mouse DRG neurons) TRPA1 (28, 29). Acetaldehyde in concentra-
tions up to 1 mM did not cause any Ca2+ response in guinea pig JG 
neurons but caused a moderate response at 5-mM concentration 
(change in F340/F380, 0.4 ± 0.07; n = 40). However, that moderate 
response was resistant to HC-030031 (100 μM; change in F340/F380, 
0.36 ± 0.08; n = 32). Nicotine has been recently shown to mobi-
lize [Ca2+]i in cultured primary sensory neurons in a hexametho-
nium-sensitive manner (30). In the present study, nicotine (10 μM) 
increased [Ca2+]i mobilization (change in F340/F380, 0.89 ± 0.12;  
n = 43) in JG neurons, a response that was inhibited by 100-μM 
hexamethonium (change in F340/F380, 0.12 ± 0.02; n = 37; P < 0.05) 
and by 2-μM mecamylamine (change in F340/F380, 0.18 ± 0.03;  
n = 19; P < 0.05) but not by 30-μM HC-030031 (change in F340/F380, 
0.78 ± 0.17; n = 18; NS). In contrast, CSE-evoked (0.1 OD) increase 
in [Ca2+]i (change in F340/F380, 1.32 ± 0.23; n = 28) was not affected 
by either hexamethonium (100 μM; change in F340/F380, 1.44 ± 0.19;  
n = 33) or mecamylamine (change in F340/F380, 1.28 ± 0.23; n = 16). 
Thus, the role of ROS, saturated aldehydes, and nicotine in CSE-
evoked Ca2+ mobilization seems to be absent or minor.

Ca2+ mobilization in HEK293 cells and mouse DRG neurons. In 
HEK293 cells transfected with rat TRPA1 cDNA (rTRPA1-
HEK293) and treated with tetracycline to induce TRPA1, exposure 

Figure 2
CSE and unsaturated aldehydes 
increase intracellular Ca2+ in TRPA1-
transfected cells. (A) Typical traces 
and (C) pooled data of [Ca2+]i mobi-
lization in HEK293 cells transfected 
with the cDNA of the rat TRPA1 
(rTRPA1-HEK cells) in absence or 
presence of tetracycline and exposed 
to CSE (0.1 OD), crotonaldehyde  
(50 μM), acrolein (30 μM) or cinna-
maldehyde (50 μM). (B) Concen-
tration-response curves to acrolein 
or crotonaldehyde in rTRPA1-HEK 
cells. Pooled data are expressed as 
mean ± SEM of at least 25 cells. FIU, 
fluorescence intensity unit. Typical 
traces (D) and pooled data (E) of 
[Ca2+]i mobilization in DRG neu-
rons from Trpa1+/+ or Trpa1–/– mice 
exposed to CSE, crotonaldehyde, 
capsaicin, or KCl. Numbers in E indi-
cate the number of responding cells/
total cells examined.
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to CSE, acrolein, or crotonaldehyde caused a remarkable increase 
in [Ca2+]i mobilization. rTRPA1-HEK293 cells also responded to 
cinnamaldehyde (Figure 2, A and C). EC50 for acrolein and cro-
tonaldehyde were 0.8 μM (CI, 0.7–0.9) and 23 μM (CI, 16–33), 
respectively (Figure 1B). Ca2+ responses to CSE (0.1 OD) (change 
in F340/F380, 1.42 ± 0.21; n = 38), acrolein (1 μM; change in F340/F380, 
1.08 ± 0.16; n = 24), or crotonaldehyde (25 μM; change in F340/F380, 
1.41 ± 0.28; n = 25) were not affected by a combination of ROS 
scavengers (mannitol, 20 mM; ascorbic acid, 100 μM; lycopene, 
10 μM; and β-carotene, 10 μM) (change in F340/F380, 1.38 ± 0.2; 
n = 35; 0.97 ± 0.12, n = 23; and 1.32 ± 0.22, n = 27; respectively). 
rTRPA1-HEK293 cells that were not treated with tetracycline (and 
therefore did not express TRPA1) (Figure 2A, bottom panel) and 
HEK293 cells transfected with empty vector (data not shown) 
failed to respond to CSE, crotonaldehyde, acrolein, or cinnamal-
dehyde. Thus, expression of TRPA1 was the necessary condition 
to confer onto HEK293 cells the ability to respond to unsaturated 
aldehydes and CSE.

In cultured DRG neurons from Trpa1+/+ mice, crotonaldehyde 
induced a prompt and sustained Ca2+ response in some neurons 
that responded to capsaicin (Figure 2, D, bottom panel, and E). In 
contrast, crotonaldehyde was completely inactive in neurons from 
Trpa1–/– mice (Figure 2, D, bottom panel, and E). CSE (0.05 OD) 
induced a rapidly developing and sustained increase in baseline 
fluorescence in some neurons from Trpa1+/+ mice (Figure 2, D, top 
panel, and E). All neurons from Trpa1+/+ mice that responded to 
CSE were sensitive to capsaicin. However, CSE was completely inac-
tive in neurons from Trpa1–/– mice, neurons that had responded  

normally to capsaicin (Figure 2, D, top panel, and E). Overall, these 
results show that both crotonaldehyde and CSE effects in mouse 
DRG neurons are mediated by TRPA1.

Calcitonin gene–related peptide and SP release from guinea pig airways. 
CSE strongly stimulated the outflow of SP-like immunoreactivity 
(SP-LI) and of another major sensory neuropeptide (2), the calci-
tonin gene–related peptide-LI (CGRP-LI), from slices of guinea pig 
airways (Figure 3). This effect was significantly reduced when tis-
sues were incubated in Ca2+-free medium (93% and 87% reduction, 
respectively) or in preparations desensitized to capsaicin (20 μM 
for 20 minutes) (77% and 80% reduction, respectively) (Figure 3).  
Exposure to acrolein or crotonaldehyde for 10 minutes also caused 
a significant increase in the outflow of SP-LI and CGRP-LI. These 
responses were significantly reduced (>80% reduction) when exper-
iments were performed in a Ca2+-free medium or after capsaicin 
desensitization (Figure 3). Thus, CSE and unsaturated aldehydes 
cause a Ca2+-dependent release of neuropeptides from capsaicin-
sensitive airway sensory nerve terminals.

Organ bath studies. Exposure of isolated guinea pig bronchial 
rings to CSE (0.02–0.1 OD) in the presence of indomethacin  
(5 μM) and atropine (1 μM) caused a concentration-dependent 
(data not shown), rapidly developing, and sustained contraction 
that at 0.1 OD was 68 ± 5% of that produced by carbachol (1 μM; 
n = 12; added before atropine) (Figure 4A). The response to CSE 
was inhibited by capsaicin desensitization (20 μM for 20 minutes) 
of sensory nerve terminals, RR (30 μM), the combination of SR 
140333 and SR 48968 (NK1 and NK2 tachykinin receptor antago-
nists, respectively; both 1 μM), HC-030031 (50 μM), camphor  
(1 mM; data not shown), and GSH (10 mM) (Figure 4, A and B). In 
contrast, the response to CSE was unaffected by either capsazepine 
(10 μM) or the combination of 4 ROS scavengers: mannitol (20 
mM), ascorbic acid (100 μM), lycopene (10 μM), and β-carotene 
(10 μM) (Figure 4B). As with CSE, contractions evoked by acrolein 
and crotonaldehyde were inhibited by capsaicin pretreatment, RR, 
the combination of NK1 and NK2 tachykinin receptor antago-
nists, HC-030031, camphor (1 mM; data not shown), and GSH 
but were unaffected by capsazepine or a combination of 4 ROS 
scavengers (Figure 4, C, D, and F). Cinnamaldehyde caused a cap-
saicin-sensitive contraction of isolated guinea pig bronchi, which 
was inhibited by RR, NK1 and NK2 tachykinin receptor blockade, 
HC-030031, camphor (1 mM, not shown), and GSH but was not 
affected by capsazepine, mannitol, or a combination of 4 ROS scav-
engers (Figure 4E). Thus, CSE and unsaturated aldehydes contract 
the guinea pig bronchus by a neurogenic mechanism mediated  
by TRPA1 stimulation.

Plasma extravasation. Evans blue dye extravasation was signifi-
cantly greater in the trachea (26.1 ± 5.3 ng/g of tissue; n = 11) of 
anesthetized guinea pigs that inhaled CS than in those that inhaled 
room air (8 ± 1.6 ng/g of tissue; n = 9; P < 0.05) (Figure 5A). This 
response was significantly reduced by pretreatment with RR via 
intratracheal instillation (4.5 nmol/150 μl; 74% reduction) or HC-
030031 (45 nmol/150 μl; 91% reduction). In contrast, pretreatment 
with intratracheal instillation of capsazepine (45 nmol/150 μl)  
failed to prevent CS-induced dye extravasation (Figure 5A). Selec-
tivity of HC-030031 and capsazepine was tested in guinea pigs 
treated with capsaicin. The increase in plasma extravasation 
evoked by capsaicin (1 μmol/kg, i.v.) was abolished by capsazepine 
and was unaffected by HC-030031 (Figure 5B). Intratracheal instil-
lation of RR, HC-030031, capsazepine, or their respective vehicles 
did not affect baseline plasma protein extravasation. Instillation 

Figure 3
CSE and unsaturated aldehydes promote neuropeptide release from 
guinea pig airways. (A) CGRP-LI and (B) SP-LI release induced by 
CSE, acrolein, or crotonaldehyde from slices of guinea pig airways. 
Experiments were performed in a Ca2+-free medium plus 1 mM 
EDTA (Ca2+ free), after capsaicin desensitization (CPS des; 10 μM 
for 20 minutes), or in a normal medium with the vehicle of capsaicin. 
Each column represents the mean ± SEM of at least 5 experiments.  
*P < 0.05 versus Veh (1-way ANOVA, followed by Bonferroni’s test).
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of CSE (1 OD; 25 μl) into the trachea of Trpa1+/+ mice strongly 
stimulated extravasation of the Evans blue dye, a response that was 
completely absent in Trpa1–/– mice (Figure 5C). These results pro-
vide both pharmacological and genetic evidence that the TRPA1 
ion channel is required to evoke airway inflammation by CS.

Discussion
Our study resulted in 2 important findings that we believe to be 
novel that are supported by pharmacological and genetic data. 
First, CS has the unique ability to excite capsaicin-sensitive pri-
mary sensory neurons by activating TRPA1 to induce neurogenic 
inflammation in the airways. Second, among approximately 5,000 
constituents, acrolein and crotonaldehyde, which are the most 
abundant α,β-unsaturated aldehydes in CS (21, 22), are the major 
mediators of CS-induced activation of TRPA1-expressing neu-
rons. The 3 stimuli used in our experiments, CSE, acrolein, and 
crotonaldehyde, caused a robust and pharmacologically identical 
Ca2+ response in guinea pig JG neurons. The observations that 
the selective TRPV1 antagonist, capsazepine, was ineffective and 
that nonselective (camphor and RR) or selective (HC-030031) (24) 
TRPA1 antagonists blocked the Ca2+ response to CSE, crotonal-
dehyde, or acrolein, indicate that TRPA1 is the mediator of the 
neuronal excitation by the 3 stimuli. Ca2+ entry in nociceptors 
sensitive to capsaicin is associated with the release of the sensory 

neuropeptides SP, NKA, and CGRP. Our findings confirm previ-
ous reports that CS releases sensory neuropeptides (31) and show 
that in the guinea pig airways, a Ca2+-dependent neurosecretion 
from capsaicin-sensitive sensory nerve endings is evoked by the 
unsaturated aldehydes acrolein and crotonaldehyde.

The tachykinins SP and NKA mediate neurogenic inflammatory 
responses in the guinea pig airways, which consist mainly of bron-
choconstriction (mediated by tachykinin NK1 and NK2 receptors) 
and plasma protein extravasation (mediated by NK1 receptors) (2). 
Inhaled CS reportedly produces an early phase of bronchoconstric-
tion, mediated by both a cholinergic reflex and tachykinin release 
from sensory neurons, and a late phase caused by cyclooxygenase 
metabolites of arachidonic acid (32). The component of broncho-
constriction, mediated by SP/NKA release from sensory nerve ter-
minals, seems to be the most prominent contributing mechanism 
(31). Our results show that the rapidly developing, indometha-
cin- and atropine-resistant in vitro bronchoconstrictions evoked 
by CSE, acrolein, and crotonaldehyde were abated by capsaicin 
desensitization and by a combination of tachykinin NK1 and NK2 
receptor antagonists. Capsaicin has the unique property to excite 
and desensitize sensory neurons by stimulating TRPV1, a nonse-
lective cation channel that is also activated by noxious heat (3), 
low extracellular pH (33, 34), and some lipid molecules (35–37). 
Capsaicin desensitization, which results from prolonged contact 

Figure 4
CSE and unsaturated alde-
hydes contract guinea pig 
isolated bronchus. (A and 
C) Typical traces and (B and 
D–F) pooled data of contrac-
tile responses to carbachol 
(CCh; 1 μM; triangle), CSE 
(0.1 OD; filled circles), cro-
tonaldehyde (100 μM; open 
circles), acrolein (20 μM), and 
cinnamaldehyde (30 μM) in 
guinea pig isolated bronchus 
after capsaicin desensitization 
(20 μM for 20 minutes) or in 
the presence of RR (30 μM), 
HC-030031 (50 μM), capsaz-
epine (10 μM), SR 140333 
plus SR 48968 (SR; both  
1 μM), glutathione (10 mM), or 
a combination of ROS scaven-
gers (mannitol, 20 mM; ascor-
bic acid, 100 μM; lycopene,  
10 μM; and β-carotene, 10 μM)  
or their respective vehicles. 
Each column represents the 
mean ± SEM for at least 4 
experiments. *P < 0.05 versus 
Veh (1-way ANOVA, followed 
by Bonferroni’s test).
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of isolated tissues with high capsaicin concentrations, is a widely 
used procedure that renders sensory nerve terminals unresponsive 
to capsaicin and to any other irritant stimulus (4, 38). Therefore, 
our findings indicate that bronchoconstriction evoked by CSE or 
unsaturated aldehydes is a neurogenic inflammatory response. 
The observation that responses to CSE and unsaturated aldehydes 
in isolated bronchi, like the Ca2+ response in cultured neurons, 
were insensitive to capsazepine but were completely abated by HC-
030031 suggests a major role for TRPA1 in these responses.

CS contains a large array of chemical species that potentially may 
stimulate sensory neurons and TRPA1. Nicotine has been recently 
shown to excite rat sensory neurons in a hexamethonium-sensitive 
manner (30). However, both hexamethonium and mecamylamine, 
2 nicotinic receptor antagonists, at concentrations that blocked 
nicotine-evoked effects, failed to affect the Ca2+ response elicited by 
CSE in guinea pig JG neurons. Moreover, because the Ca2+ response 
to nicotine was insensitive to HC-030031, the contribution of nic-
otine to CS-evoked neurogenic inflammation can be considered 
absent or minor. Glutathione, a natural scavenger of unsaturated 
aldehydes (21), abated either CSE-evoked Ca2+ response in neurons 
or bronchoconstriction, thus corroborating the hypothesis that 
acrolein and crotonaldehyde mediate the effects of CSE. Neverthe-
less, it should be considered that glutathione can also scavenge 
ROS and that CS contains ROS (39). However, 4 diverse ROS scav-
engers (mannitol, ascorbic acid, lycopene, and β-carotene), which 
target different oxygen species, including superoxide, hydroxyl 
radical, peroxyl radicals, sulphur radicals, nitrogen-oxygen radi-
cals, and singlet oxygen (40–43), failed to affect the Ca2+ response 
or the bronchoconstrictor effect of CSE. H2O2, which produces 
ROS, has been recently reported to stimulate TRPA1 (25). We con-
firmed these findings in guinea pig JG neurons. However, impor-
tant differences were observed between responses evoked by H2O2 
and CSE. As reported previously (25), the Ca2+ response to H2O2 

was delayed in onset, because it became visible 
after 20–40 seconds and reached a maximum 
effect within 60–200 seconds. In contrast, the 
response to CSE was immediate, reaching a max-
imum effect within 5–10 seconds. The response 
to H2O2 was inhibited by ROS scavengers, where-
as that to CSE was not affected by this pharma-
cological intervention. Finally, the levels of H2O2 
in CSE were reported to be in the low μM range 
(44). These low concentrations in our and previ-
ous (25) experiments failed to stimulate TRPA1.

Acetaldehyde, the most abundant saturated 
aldehyde contained in CSE (21, 26, 27), has been 
recently reported to activate TRPA1 expressed in 
recombinant systems (28, 29). In mouse DRG 
neurons, acetaldehyde reportedly caused both 
TRPA1-dependent and -independent responses 
only at very high concentrations (≥1 mM) (28). 
Our present observation in guinea pig JG neu-
rons confirms that acetaldehyde (5 mM concen-
tration) can evoke a weak Ca2+ response. Because 
this response was insensitive to HC-030031, the 
hypothesis that acetaldehyde targets TRPA1 in 
guinea pig neurons is not supported by present 
results. One possible explanation for these con-
flicting findings is that in guinea pig neurons, 
the non-TRPA1–dependent response to acetal-

dehyde prevails. Regardless of the conflicting findings, the acet-
aldehyde concentration (~0.1 mM; ref. 21) contained in the most 
concentrated (0.1 OD) CSE preparation used throughout our 
study was unable to produce any measurable response in guinea 
pig (present data) or mouse (28) neurons. Finally, unlike unsatu-
rated aldehydes, acetaldehyde in CSE is resistant to the scavenging 
action of GSH (21), which did abate CSE-evoked responses. Over-
all, present evidence indicates that nicotine, ROS, or acetaldehyde 
do not play a major role in CSE-evoked neurogenic inflammation, 
although a minor contribution by these agents contained in the 
inhaled CS gas phase can not be excluded.

CS stimulates extravasation of plasma proteins from postcapil-
lary venules by releasing SP, which activates NK1 receptors (1). We 
confirmed our previous findings that TRPV1 is not the neuronal 
target of CS in this in vivo assay (6), because capsazepine was inef-
fective. We also observed that the nonselective TRP channel antag-
onist, RR, greatly prevented CS-induced plasma protein extravasa-
tion. The ability of the TRPA1 blocker, HC-030031, to selectively 
prevent CS-evoked plasma extravasation, without affecting the 
response to capsaicin, adds strong circumstantial evidence to the 
proposal that TRPA1 mediates this response. We believe that con-
clusive proof of the unique role of TRPA1 and α,β-unsaturated 
aldehydes in CS-evoked neuronal excitation was obtained from 
genetically manipulated bioassays. First, transfection of the TRPA1 
into HEK293 cells conferred to these cells the ability to respond 
to unsaturated aldehydes and CSE. Second, DRG neurons from 
TRPA1-deficient mice failed to respond to acrolein (18), crotonal-
dehyde, and CSE (present study). Finally, and more importantly, in 
contrast with what occurred in wild-type mice, CSE failed to pro-
duce any plasma protein extravasation in the trachea of TRPA1-
deficient mice. Thus, our genetic results demonstrate that TRPA1 
is necessary and sufficient to mediate the sensory neuronal excita-
tion by CS to produce neurogenic inflammation.

Figure 5
CS and CSE increase tracheal plasma extravasation. Effect of intratracheal RR (4.5 
nmol/150 μl), HC-030031 (45 nmol/150 μl), capsazepine (45 nmol/150 μl), or their respec-
tive vehicles (150 μl) on the increase in plasma extravasation produced by (A) CS inha-
lation (2 puffs = 60 ml) or (B) capsaicin administration (1 μmol/kg, i.v.) in anesthetized 
guinea pigs. Columns represent the mean ± SEM of a least 4 experiments. Veh0, vehicles 
of RR, HC, and CPZ; Veh1, vehicle of CPS; Veh2, vehicles of HC and CPZ. *P < 0.05 ver-
sus Veh; #P < 0.05 versus Veh2. C shows plasma extravasation evoked by intratracheal 
instillation of CSE vehicle (WT Veh; 25 μl) or CSE in wild-type or CSE in TRPA1-deficient 
mice. §P < 0.05 versus WT (1-way ANOVA, followed by Bonferroni’s test).
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Acrolein and crotonaldehyde recapitulated all the effects evoked 
by CSE in all the bioassays. However, the important question arises 
as to whether the effects produced by CSE are entirely mediated by 
the unsaturated aldehydes, acrolein, and crotonaldehyde contained 
therein. Concentrations of unsaturated aldehydes in CSE (0.1 OD) 
used in the present experiments (21) were approximately 15 μM. 
Concentration-response curves to acrolein and crotonaldehyde in 
neurons and in TRPA1-HEK293 cells indicated EC50 values ranging 
from 1 to 23 μM, thus making plausible the hypothesis that levels 
of unsaturated aldehydes in CSE are sufficient to activate TRPA1 
and evoke neurogenic inflammation. Nevertheless, a minor contri-
bution of components of CS, sensitive to the scavenging action of 
GSH and different from unsaturated aldehydes acting via TRPA1 
receptor stimulation, can not be excluded completely.

The general hypothesis that protracted and uncontrolled neu-
rogenic inflammation may contribute to various diseases, includ-
ing asthma or COPD, is supported by a large body of evidence (2, 
45). However, neurogenic inflammation in various tissues, includ-
ing the airways, has also been proposed to be part of a protective 
mechanism, referred to as the nocifensor system (46–48). Thus, 
plasma protein extravasation and other neurogenic inflammatory 
responses evoked by TRPA1 stimulation by unsaturated aldehydes 
contained in CS may be an early protective response against the 
detrimental action of CS to the airways and lung tissue (49). Loss 
of sensitivity to the irritant effect of unsaturated aldehydes at the 
TRPA1 channel might reduce or abolish the protective action of the 
nocifensor system. Currently, the prevalent pathophysiological role 
of capsaicin-sensitive sensory nerves in chronic models of COPD is 
unknown. However, our present study that identifies the molecular 
mechanism by which CS stimulates airway sensory nerves is the 
first step toward a better understanding of the role of neurogenic 
inflammation in the pathophysiology of CS-evoked diseases.

Methods
Animals. Experiments were approved by Institutional Animal Care and Use 
Committees of the University of Florence or of the UCSF. Male Dunkin-
Hartley guinea pigs (250 g) were from AA Pampaloni. Mice deficient in 
TRPA1 were generated as described (18). Heterozygotes were mated to 
produce paired, wild-type (Trpa1+/+) and knockout (Trpa1–/–) littermates 
on a C57BL/6 background for all studies. Germline transmission of the 
mutated allele and excision of the selection cassette were verified by PCR 
analysis and Southern blotting. The gender of newborn pups was deter-
mined by PCR amplification of Y chromosome–specific (Sry) sequences. 
All animals were housed in a temperature- and humidity-controlled vivar-
ium (12-hour dark/light cycle, with free access to food and water) for at 
least 5 days before the experiments.

TRPA1 HEK293 cells. cDNA encoding rat TRPA1 was a gift from David 
Julius (UCSF). An HA11 epitope was added to the C terminus of rat TRPA1 
cDNA and introduced into the pcDNA5/FRT/TO expression vector. 
The construct was sequenced to verify integrity. HEK293 FLPTREX cells 
(Invitrogen) stably expressing rat TRPA1-HA11 or vector control (empty vec-
tor) (50) were created with the Flp-In system (Invitrogen) according to the 
manufacturer’s guidelines, and cells were grown in DMEM supplemented 
with 10% HIFBS, 100 μg/ml hygromycin B, and 5 μg/ml blasticidin, in 95% 
air, 5% CO2 at 37°C. TRPA1 expression was induced by adding tetracycline 
(0.1 μg/ml) to medium 16 hours before experiments. Cells were plated onto 
coverslips coated with poly-d-lysine (100 μg/ml) as described previously 
(51). The same plating procedure was used for Ca2+ imaging experiments.

Mouse DRG neurons and guinea pig JG neurons. Mice were killed using sodi-
um pentobarbital (200 mg/kg, i.p.). DRG from thoracic and lumbar spinal 

cord were minced in cold HBSS and prepared as previously described (52). 
Ganglia were digested by incubation in DMEM containing 1 mg/ml col-
lagenase type 1A and 0.8 mg/ml DNAse type IV for 60 minutes at 37°C 
and then incubated in DMEM containing 0.25% trypsin for 45 minutes 
at 37°C. After digestion, soybean trypsin inhibitor (Sigma-Aldrich) was 
added to neutralize trypsin. Neurons were pelleted, suspended in DMEM 
containing 10% fetal bovine serum, 10% horse serum, 100 U/ml penicillin, 
0.1 mg/ml streptomycin, and 2 mM l-glutamine, dissociated by gentle trit-
uration until the solution appeared cloudy and homogeneous, and plated 
on glass coverslips coated with Matrigel (BD Biosciences). Neurons were 
cultured for 3–4 days before the experiment. Guinea pig JG were removed, 
placed in cold HBSS, and transferred to collagenase (2 mg/ml), trypsin  
(1 mg/ml), and DNAse (1 mg/ml) for 35 minutes at 37°C. Ganglia, placed 
in cold DMEM supplemented with 10% fetal bovine serum, 10% horse 
serum, 2 mM l-glutamine, 100 U/ml penicillin, and 100 μg/ml streptomy-
cin, were dissociated in single cells by several passages through a series of 
syringe needles. Medium and ganglia cells were filtered to remove debris, 
topped up with 8 ml of DMEM medium, and centrifuged. The pellet was 
resuspended in DMEM medium and plated on poly-l-lysine (8.3 μM) and 
laminin (5 μM) coated 25 mm glass cover slips.

Ca2+ imaging. For Ca2+ fluorescence measurements, plated cells (HEK, 
guinea pig, or mouse neurons) were loaded with Fura-2, AM-ester (5 μM; 
Invitrogen) in a buffer solution containing the following for 40 minutes 
at 37°C: CaCl2, 1.6 mM; KCl, 5.4 mM; MgSO4, 0.4 mM; NaCl, 135 mM; 
d-glucose, 5 mM; HEPES, 10 mM; and BSA, 0.1%, at pH 7.4. Cells were 
washed and transferred to a chamber on the stage of a Nikon Eclipse 
TE2000U microscope (HEK and guinea pig neurons) or Zeiss Axiovert 
microscope (mouse DRG neurons). Fura-2, AM-ester was excited at 340 
nM and 380 nM to indicate relative [Ca2+]i changes by the F340/F380 ratio, 
and mouse DRG neurons were recorded with a dynamic image analysis 
system (Metafluor software; Molecular Devices), and HEK and guinea pig 
neurons were recorded with Laboratory Automation 2.0 (RCS), as previ-
ously described (50, 53). DRG preparations were challenged with KCl at 
the end of each experiment to identify neurons. Results are expressed as 
the F340/F380 nm emission ratio.

Neuropeptide release. Slices (~0.4 mm) of guinea pig airways were placed in 
a 1-ml chamber and stabilized for 60 minutes in Krebs solution contain-
ing captopril (1 μM), phosphoramidon (1 μM), and 0.1% BSA, at 37°C. 
Fractions were collected every 10 minutes into ethanoic acid (2 N) before 
(20 minutes), during (10 minutes), and after (10 minutes) administration 
of stimuli; freeze-dried and reconstituted in assay buffer; and analyzed for 
CGRP and SP immunoreactivities by enzyme immunoassays as described 
previously (54). Crotonaldehyde, cinnamaldehyde (both 200 μM), or CSE 
(1.0 OD) did not show any crossreactivity with SP or CGRP antisera. Expo-
sure to capsaicin (10 μM) for 20 minutes provoked a specific and com-
plete desensitization of TRPV1-expressing sensory nerve terminals, which 
became unresponsive to capsaicin itself and any other stimulus. Some 
experiments were repeated in Ca2+-free medium containing 1 mM EDTA.

Organ bath studies. Main bronchi (~2 mm each) were excised from guinea 
pigs and suspended at a resting tension of 1.5 g in 5-ml organ baths. The 
tissues were bathed in an aerated (95% O2 and 5% CO2) Krebs-Henseleit 
solution, maintained at 37°C, and contained the neutral endopeptidase 
inhibitor phosphoramidon (1 μM), to minimize peptide degradation, and 
the cyclooxygenase inhibitor indomethacin (5 μM), to prevent prostanoids 
generation. Tissues were equilibrated for 60 minutes before the experiment 
began, and then contracted with carbachol (1 μM), to record the maximal 
contractile response of each preparation as reported (55). After carbachol 
washout, atropine (1 μM) was added to the buffer solution and left in 
contact with preparations for the entire duration of the experiment. The 
contractile responses to CSE, crotonaldehyde, acrolein, and cinnamalde-
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hyde were obtained either in the presence of various receptor antagonists 
and ROS or aldehyde scavengers (15 minutes incubation each) or of their 
respective vehicles. In another set of experiments, airway preparations 
were preincubated for 20 minutes with a capsaicin concentration (20 μM) 
known to render capsaicin-sensitive sensory nerve endings unresponsive 
to capsaicin itself and to any other stimulus (4, 38). The bathing fluid was 
then changed repeatedly (every 5 minutes over a period of 30 minutes) 
until the contractile response to capsaicin had returned to baseline. At 
this point, preparations were challenged with CSE, crotonaldehyde, acro-
lein, or cinnamaldehyde, and the responses elicited by these agonists were 
compared with those obtained in preparations pretreated with capsaicin 
vehicle. Motor activity of bronchial preparations was recorded isometri-
cally on a force transducer (Ugo Basile).

Plasma protein extravasation. Anesthetized (sodium pentobarbital, 60 mg/
kg, i.p.) guinea pigs were artificially ventilated (60 breaths/min with a tidal 
volume of 6 ml). After a 30-minute stabilization period, animals received 
Evans Blue dye (30 mg/kg, i.v.), and, 1 minute later, were treated with intra-
venous capsaicin or its vehicle or they inhaled CS or room air (control, 
both 60 ml = 2 puffs) through a tracheal cannula. Antagonists (capsaz-
epine, RR, or HC-030031, intratracheally) or their respective vehicles were 
administered 15 minutes before the stimulus. Preliminary experiments 
(data not shown) indicated that capsazepine, RR, or HC-030031 did not 
affect baseline Evans blue dye extravasation. In a further series of experi-
ments, anesthetized (xylazine, 100 mg/kg, i.m. and ketamine, 50 mg/kg, 
i.m.) Trpa1–/– or Trpa1+/+ mice were treated with CSE (1.0 OD; 25 μl) by 
intratracheal instillation 1 minute after Evans blue dye injection (30 mg/
kg, i.v.). Fifteen minutes after administration of the different stimuli, ani-
mals were transcardially perfused with 0.9% saline to remove the Evans 
blue dye from the circulation. Tracheas were removed and after extraction 
by overnight incubation in formamide, the extravasated dye was measured 
by spectrophotometry at 620 nm, as reported (54).

Reagents. CSE was generated as reported previously (21) from the com-
bustion of 4–6 cigarettes (Marlboro Red; 12 mg tar, 0.9 mg nicotine each) 
bubbled through 50 ml of buffer. Absorbance (OD) was measured at 320 
nm. SR 140333 and SR 48968 were gifts of X. Emonds-Alt (Sanofi-Aventis). 
Fura-2, AM was from Alexis Biochemicals or Molecular Probes. HC-030031 
or 2-(1,3-dimethyl-2,6-dioxo-1,2,3,6-tetrahydro-purin-7-yl)-N-(4-isopropyl-
phenyl)-acetamide was synthesized at the Department of Pharmaceutical 
Chemistry, University of Ferrara, by reacting theophyllin-7-acetic acid 

with an equimolar amount of 4-isopropylaniline in the presence of EDC  
(1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride) and 
HOBt (N-hydroxybenzotriazole). The structure of the compound was 
assigned by H-NMR and mass spectroscopy. All other chemicals were 
obtained from Sigma-Aldrich. Capsaicin was dissolved in ethanol, and 
camphor, capsazepine, lycopene, β-carotene, SR 48968, and SR 140333 
were dissolved in DMSO at a 10-mM concentration, and further dilu-
tions were made in isotonic saline. All the other reagents were dissolved 
in isotonic saline.

Statistics. All data are presented as mean ± SEM or CI. Data were com-
pared using ANOVA and Bonferroni’s test. Agonist potency was expressed 
as EC50, that is, the molar concentration of agonist producing 50% of the 
measured effect. P values of less than 0.05 were considered significant.
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