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Expression and function of the ion channel TRPA1 in vagal
afferent nerves innervating mouse lungs

Christina Nassenstein'2, Kevin Kwong!, Thomas Taylor-Clark!, Marian Kollarik!,
Donald M. MacGlashan', Armin Braun? and Bradley J. Undem'

"'The Johns Hopkins Allergy and Asthma Center, Baltimore, MD 21224, USA

?Fraunhofer Institute of Toxicology and Experimental Medicine, 30625 Hannover, Germany

Transient receptor potential (TRP) A1 and TRPMS are ion channels that have been localized to
afferent nociceptive nerves. These TRP channels may be of particular relevance to respiratory
nociceptorsin that they can be activated by variousinhaled irritants and/or cold air. We addressed
the hypothesis that mouse vagal sensory nerves projecting to the airways express TRPA1 and
TRPMS and that they can be activated via these receptors. Single cell RT-PCR analysis revealed
that TRPA1 mRNA, but not TRPMS, is uniformly expressed in lung-labelled TRPV1-expressing
vagal sensory neurons. Neither TRPA1 nor TRPM8 mRNA was expressed in TRPV1-negative
neurons. Capsaicin-sensitive, but not capsaicin-insensitive, lung-specific neurons responded to
cinnamaldehyde, a TRPA1 agonist, with increases in intracellular calcium. Menthol, a TRPMS8
agonist, was ineffective at increasing cellular calcium in lung-specific vagal sensory neurons.
Cinnamaldehyde also induced TRPA1-like inward currents (as measured by means of whole cell
patch clamp recordings) in capsaicin-sensitive neurons. In an ex vivo vagal innervated mouse
lung preparation, cinnamaldehyde evoked action potential discharge in mouse vagal C-fibres
with a peak frequency similar to that observed with capsaicin. Cinnamaldehyde inhalation in
vivo mimicked capsaicin in eliciting strong central-reflex changes in breathing pattern. Taken
together, our results support the hypothesis that TRPA1, but not TRPMS, is expressed in vagal
sensory nervesinnervating theairways. TRPA1 activation provides a mechanism by which certain
environmental stimuli may elicit action potential discharge in airway afferent C-fibres and the

consequent nocifensor reflexes.

(Received 16 November 2007; accepted after revision 23 January 2008; first published online 24 January 2008)
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MD 21224, USA. Email: bundem@jhmi.edu

The majority of nerve fibres innervating the respiratory
tract are bronchopulmonary afferent C-fibres. Peripheral
terminals of at least a proportion of the sensory C-fibres
are observed in the vicinity of the bronchial epithelium
(Lamb & Sparrow, 2002). This localization allows the
detection of physical and chemical irritants and the
subsequent increase in central, local and peripheral reflex
activity. The activation profile of these nerves is consistent
with their nociceptive function, i.e. they provide the organ
with a sense of its own potential injury. Accordingly,
they can be activated by inflammatory mediators, acidic
solutions, anosmotic solutions, and excessive, potentially
harmful, mechanical distension of the tissue. Unlike the
nociceptors in the somatosensory system that transmit
pain messages when activated, bronchopulmonary
C-fibres evoke sensations and defensive reflexes such as
cough, changes in respiration pattern, mucus production,
airway smooth muscle contraction, vasodilatation and
dyspnoea (Coleridge & Coleridge, 1984; Lee, 2006).

© 2008 The Authors. Journal compilation © 2008 The Physiological Society

Excessive activation of bronchopulmonary C-fibres may
be a major contributor to the symptoms of inflammatory
airway diseases.

Theion channel, transient receptor potential vanilloid-1
(TRPV1), is a defining feature of bronchopulmonary
nociceptors. TRPV1 confers on the nerve the ability to
respond not only to pungent ingredients of hot peppers
such as capsaicin, but also to increases in hydrogen
ion concentrations, autacoids that act through certain
G-protein coupled receptors (GPCRs), lipoxygenase
products of arachidonic acid, and extreme increases in
temperature (Jia & Lee, 2007). TRPV1 is a member of a
large family of related ion channels. At present, the TRP
receptor family consists of 28 channels which belong to
seven subfamilies including canonical (TRPC), melastatin
(TRPM), ankyrin (TRPA), vanilloid (TRPV), polycystin
(TRPP), no mechanoreceptor potential C (NOMPC;
TRPN) and mucolipin (TRPML) channels (Pedersen et al.
2005). Among these channels, TRPA1 and TRPMS (along
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with TRPV1) may be of particular relevance to the physio-
logy of bronchopulmonary C-fibres.

TRPA1, which is expressed in DRG, trigeminal and
jugular/nodose nociceptors (Nagata et al. 2005), is
not activated by capsaicin, but is stimulated by other
pungent agents including cinnamaldehyde, allicin and allyl
isothiocyanate, the active ingredient in mustard oil,
wasabi and horseradish (Jordt et al. 2004; Bandell
et al. 2004). Like TRPV1, TRPAl may also be gated
by autacoids that act through certain GRCRs, e.g.
bradykinin acting via B2 receptors (Bandell et al
2004). The mechanisms underlying GPCR-dependent
activation of TRPA1, however, appear to be different
from those involved in TRPVI activation. TRPAI has
an N-terminal EF-hand calcium-binding domain making
it sensitive to any stimulus that increases intracellular
calcium (Doerner et al. 2007; Zurborg et al. 2007).
This mechanism provides a pathway through which
inflammatory mediators may increase the activation rate
of TRPA1 containing nerves. Other potentially endo-
genous activators of TRPA1 that may be relevant
to pulmonary pathophysiology are certain prostanoids
products of oxidative stress such as 4-hydroxy-2-nonenal
(Trevisani et al. 2007; Taylor-Clark ef al. 2008). Certain
environmental irritants such as isothiocyanates and
acrolein, a highly toxic and reactive o,f-unsaturated
aldehyde present in vehicle exhaust, and smoke from
tobacco products (Hales et al. 1988; Hales et al. 1992) may
directly activate TRPA1 (Bautista et al. 2006), providing a
mechanism by which air-pollutants can lead to nasal and
bronchial C-fibre activation. Cool temperatures (< 17°C)
(Story et al. 2003) activate not only TRPA1 but also
TRPMS (< 26°C) (McKemy et al. 2002), which mediates
the cold perception of menthol. This may be of relevance
to cold air-induced respiratory reflexes. Based on these
observations, TRPM8 and TRPA1, ifexpressed in broncho-
pulmonary C-fibres, may be key ion channels through
which disparate stimuli activate airway nociceptive nerves.
Although theoretically intriguing, at present, the extent
to which bronchopulmonary C-fibres can be activated
via these TRP channels is unknown. This question is
specifically addressed in the present study.

Methods

Animal experiments

All experiments were performed with approval from the
Bezirksregierung Hannover or the Johns Hopkins Animal
Use and Care Committee.

Retrograde labelling and cell dissociation

Bronchopulmonary afferent neurons of C57/BL6 mice
(male, 6-8weeks) were retrograde-labelled using Dil
(DiC18(3); Molecular Probes, Eugene, OR, USA) solution
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(0.1%, 50 ul; dissolved in 10% DMSO and 90%
normal saline). Under anaesthesia (2 mg ketamine and
0.2 mg xylazine 1.p. per mouse), mice were orotracheally
intubated, and Dil was instilled into the tracheal lumen
5-9 days before an experiment.

After the animals were killed by CO, asphyxiation,
the jugular/nodose ganglia were dissected and cleared
of adhering connective tissue. Isolated ganglia were
incubated in the enzyme buffer (2mgml™! collagenase
type 1A and 2 mgml™' dispase II in Ca**-, Mg**-free
Hanks’ balanced salt solution) for 30 min at 37°C.
Neurons were dissociated by trituration with three glass
Pasteur pipettes of decreasing tip pore size, then washed
by centrifugation (three times at 1000 ¢ for 2 min) and
suspended in L-15 medium containing 10% fetal bovine
serum (FBS). The cell suspension was transferred onto poly
D-lysine/laminin-coated coverslips. After the suspended
neurons had adhered to the coverslips for 2h, the
neuron-attached coverslips were flooded with the L-15
medium (10% FBS) and used within 8 h.

Single-cell RT-PCR

First strand cDNA was synthesized from single
lung-labelled jugular/nodose cells by using the Super-
Script(tm) III CellsDirect c¢cDNA Synthesis System
(Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s recommendations.

Cell picking. Coverslips of retrogradelly labelled,
dissociated neurons were constantly perfused by Locke’s
solution and identified by using fluorescence microscopy.
Single cells were harvested into a glass-pipette (tip
diameter 50-150 um) pulled with a micropipette puller
(Model P-87, Sutter Instruments Co., Novato, CA, USA)
by applying negative pressure. The pipette tip was then
broken in a PCR tube containing resuspension buffer
(1 ul) and RNAse inhibitor (RNAseOUT, 2 U ul™!),
immediately snap frozen and stored on dry ice. From one
coverslip, one to four cells were collected. A sample of the
bath solution from the vicinity of a labelled neuron was
collected from each coverslip for no-template experiments
(bath control).

RT-PCR. Samples were defrosted, lysed (10 min at 75°C)
and treated with DNAse I. Then, poly(dT) and random
hexamer primers (Roche Applied Bioscience) were added.
Half of the volume was reverse transcribed by adding
SuperscriptIll RT for cDNA synthesis, whereas water was
added to the remaining sample, which was used in the
following as RNA control.

PCR. Three microlitres of each sample (cDNA, RNA
control or bath control) was used for PCR amplification
of mouse B-actin, TRPV1, TRPA1 and TRPMS receptors
by the HotStar Taq Poymerase Kit (Qiagen) according to
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Table 1. Sequence of primers used for analysis of murine TRPA1 receptor transcripts

Gene Primer Sequence (5'-to 3') GenBank Product length

B-Actin Forward CTG GTC GTC GAC AAC GGC TCC NM_007393 238 bp
Reverse GCCAGA TCTTCT CCATG

TRPV1 Forward TCA CCGTCA GCTCTGTTG TC NM_001001445 229 bp
Reverse GGG TCT TTG AACTCG CTG TC

TRPM8 Forward GGC TGG AGA TGA GAT TGT GAG AF481480 313 bp
Reverse GCT GAA GTG GGT GGA GAA GA

TRPA1 Forward GGA GCA GAC ATC AACAGCAC AY231177 393 bp
Reverse GCA GGG GCG ACTTCT TATC

the manufacturer’s recommendations in a final volume
of 20 ul. After an initial activation step at 95°C for
15 min, cDNAs were amplified with custom-synthesized
intron-spanning primers (Invitrogen) (Table 1) by 45
cycles of denaturation at 94°C for 30s, annealing at
60°C for 30s and extension at 72°C for 1 min followed
by a final extension at 72°C for 10 min. Products were
then visualized in ethidum bromide-stained 1.5% agarose
gels.

Drug preparations and applications

trans-Cinnamaldehyde, r-menthol and capsaicin were
dissolved in ethanol and diluted with the appropriate
buffer to the final concentrations. The final ethanol
concentration was 0.1% for calcium measurements and
patch clamp experiments, 0.1-0.3% for extracellular
recordings, and 20% for lung function measurement by
head-out body-plethysmography. Cinnamaldehyde was
purchased from TCI America (Portland, OR, USA).
Capsaicin was purchased from Sigma-Aldrich (St Louis,
MO, USA). Fura-2 AM was purchased from Molecular
Probes (Eugene, OR, USA). L-15 and Hanks’ balanced salt
solution (HBSS) were purchased from Invitrogen Corp.
(Gibco).

Ca?* imaging

The intracellular [Ca?* ] measurements were done with
dissociated jugular/nodose neurons irrespective of Dil
labelling in six animals. The coverslip was loaded with
Fura-2 AM (8 um) in L-15 medium containing 20% FBS
and incubated for 40 min at 37°C. The coverslip was placed
in a custom-built chamber (600 ul bath volume) that
was superfused with Locke’s solution (at 35°C; composed
of (mm): 136 NaCl, 5.6KCl, 1.2MgCl,, 2.2 CaCl,,
1.2 NaH, POy, 14.3 NaHCO; and 10 dextrose; pH 7.3-7.4)
for 20 min before the experiment by an infusion pump
(8 mlmin~'). Changes in intracellular [Ca’*"]g. were
measured by digital microscopy (Universal: Carl Zeiss,
Inc., Thornwood, NY, USA) with in-house equipment
for ratiometric recording of single cells. A field of cells
was monitored by sequential dual excitation, 352 and

© 2008 The Authors. Journal compilation © 2008 The Physiological Society

380 nm, and the analysis of the image ratios used methods
previously described (MacGlashan., 1989). The ratio
images were acquired every 6s. Superfused buffer
was stopped 20s prior to drug applications. In each
experiment, the cells on the coverslip were exposed to
cinnamaldehyde (100 uMm), menthol (100 M), capsaicin
(1 uMm) and KCI (75 mm) for 1 min each. Between each
stimulus, the cells were washed with fresh buffer for at
least 3 min for the cells to recover prior to the addition
of the second stimulus. Each set of images for the Ca**
measurements also included a brightfield image of the field
of cells under study. Cells that had an average diameter
(long and short axis) of over 15 um were analysed. Those
cells that failed to respond to capsaicin were considered
healthy neurons only if they responded to KCl with a rapid
rise in Ca®*.

Whole-cell patch clamp recording

The jugular/nodose neurons labelled from the airways
were identified by fluorescence microscopy using 560 nm
of excitation filter and 480 nm of emission filter. To
maintain intracellular signal pathways and a native
intracellular Cl~concentration, a gramicidin-perforated
whole-cell patch-clamp technique was employed using a
Multiclamp 700A amplifier and Axograph 4.9 software
(Axon Instruments). A pipette (1.5-3 M) was filled with
a solution composed of (mm): 140 KCI, 1 CaCl,, 2MgCl,,
10 Hepes, 11 EGTA and 10 dextrose; titrated to pH 7.3
with KOH; 304 mosmoll~!. Gramicidin was dissolved
in DMSO and mixed with the pipette solution to give
1 ugml™! just prior to each recording. Cell membrane
potential was held at —60 mV. During the experiments,
the cells were continuously superfused (6 mlmin~') by
gravity with Locke’s solution. In order to stimulate the
cells, vehicle (0.1 % ethanol), cinnamaldehyde (100 um),
menthol (100 um) and capsaicin (1 um) were added to the
buffer. All recordings were done at 35°C.

Extracellular recording

The animals were killed by CO, asphyxiation followed by
exsanguination. The innervated isolated trachea/bronchus
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was prepared as previously described (Riccio et al. 1996).
Briefly, the airways and lungs with their intact extrinsic
innervation (vagus nerve including jugular/nodose
ganglia) were taken and placed in a dissecting dish
containing Krebs-bicarbonate buffer solution composed
of (mm): 118 NaCl, 5.4 KCl, 1.0 NaH,PO,, 1.2 MgSO,, 1.9
CaCl,, 25.0 NaHCOj; and 11.1 dextrose, and equilibrated
with 95% O, and 5% CO, (pH 7.2-7.4). Connective tissue
was trimmed away leaving the trachea and lungs with
their intact nerves. The airways were then pinned to the
larger compartment of a custom-built two-compartment
recording chamber which waslined withsilicone elastomer
(Sylgard). The jugular/nodose ganglion of one side
was gently pulled into the adjacent compartment of
the chamber through a small hole and pinned. Both
compartments were separately superfused with the buffer
with a flow rate of 1.5mlmin~' which was warmed
by a warming jacket (39—42°C) to keep airway tissues
and ganglia at 37°C. A sharp glass electrode was pulled
by a Flaming—Brown micropipette puller (P-87; Sutter
Instrument Co.) and filled with 3 m NaCl solution. The
electrode was gently inserted into the jugular/nodose
ganglion so as to be placed near the cell bodies. The
recorded action potentials were amplified (Microelectrode
AC amplifier 1800; A-M Systems, Everett, WA, USA),
filtered (0.3kHz of low cut-off and 1kHz of high
cut-off), and monitored on an oscilloscope (TDS340;
Tektronix, Beaverton, OR, USA) and a chart record
(TA240; Gould, Valley View, OH, USA). The scaled
output from the amplifier was captured and analysed by
a Macintosh computer using NerveOfIt software (Phocis,
Baltimore, MD, USA). For measuring conduction velocity,
an electrical stimulation (S44; Grass Instruments, Quincy,
MA, USA) was applied on the core of the receptive
field. The conduction velocity was calculated by dividing
the distance along the nerve pathway by the time delay
between the shock artifact and the action potential evoked
by electrical stimulation. If a C-fibre (<1 ms™') was
found, the recording was started. One millilitre of vehicle,
cinnamaldehyde (30, 100 or 300 M), menthol (300 um
or 1 mm) or capsaicin (1 um) was intratracheally applied
for 10s.

Assessment of lung function

In order to identify the role of TRPA1 on afferent
sensory nerve function, reactivity of sensory airway
nerves was measured in response to cinnamaldehyde
aerosol by head-out body-plethysmography (HBP) in
conscious, restrained and spontaneously breathing Balb/c
mice (female, 10 weeks, n = 16) as previously described
(Nassenstein et al. 2006). Baseline measurements were
followed by aerosol provocation with vehicle (20% EtOH
in PBS) and increasing doses of cinnamaldehyde. The
average of the length of pause prior to expiration (time of
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braking, Tb (s); Vijayaraghavan et al. 1994) was calculated
from the breaths during cinnamaldehyde aerosol challenge
and compared with the corresponding data obtained from
vehicle control values. Tb reflects a change in breathing
pattern that is directly dependent on sensory stimulation
by a central reflex loop (Remmers ef al. 1986).

Statistical analysis

There was little (< 1 Hz) or no background activity in the
extracellular recordings. In all experiments, a single unit
was recorded. The action potential discharge evoked by
vehicle and cinnamaldehyde stimulation were quantified
off-line and segregated into consecutive 1s bins. The
response was considered to be terminated when the
number of spikes in the bins declined to < 2 x baseline.
The total number of action potentials recorded following
vehicle, cinnamaldehyde, or capsaicin application was
counted. The peak frequency evoked by a stimulus was
quantified as the maximum number of action potentials
that occurred within any 1s bin. Data obtained by intra-
cellular [Ca’"]g. measurement were expressed as the
352/380 ratio. If a cell lacked a robust response to capsaicin
(1 um) or KCI (75 mm), or had an averaged diameter (long
and short axis) of less than 15 pm, it was not included in
the analysis. A cell was considered as cinnamaldehyde-,
capsaicin- or KCl positive if the drug-induced peak
increase was greater than 2 x standard deviation above
the mean baseline 352/380 ratio. Student’s ¢ test for paired
or unpaired data, ANOVA, or the ‘closed test procedure’
was used when appropriate. The ‘closed test procedure’
was used in connection with hierarchically ordered hypo-
theses to identify differences between the response to
vehicle and different doses of cinnamaldehyde, which were
measured by means of head-out body-plethysmography.
The basic assumption of a possible effect of different
cinnamaldehyde doses on the breathing pattern was that of
a monotone dose-response relationship. The sequence of
hypotheses was ordered by applied cinnamaldehyde doses.
Beginning with the highest dose, each comparison with
the vehicle control group was performed by conducting
a paired two-sided f test with Welch’s correction. The
procedure stopped as the first non-significant result
occurred. P < 0.05 was considered statistically significant.
All data are expressed as means =+ s.E.M.

Results

TRPA1 is expressed in vagal nerve afferents
innervating the airways

In order to address the hypothesis that TRPV1 expressing
nerves innervating mouse lungs also express TRPAI,
we used single neuron RT-PCR. The retrograde labelled
neurons were individually isolated and, after reverse
transcription, PCR was performed using g-actin-,

© 2008 The Authors. Journal compilation © 2008 The Physiological Society
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Table 2. Cinnamaldehyde and menthol induced increases in intracellular [Ca%*]¢e in vagal
sensory neurons

Lung labelled neurons Non-lung labelled neurons

Capsaicin™ Capsaicin™ Capsaicin™ Capsaicin™
Cinnamaldehyde™ 15/15 (100%) 0/9 (0%) 52/112 (46.4%) 8/77 (10.4%)
Menthol* 0/15 (0%) 0/9 (0%) 14/112 (12.5%) 3/77 (2.2%)

Number (%) of neurons that responded positively with an increase in intracellular [Ca?t]¢ce.
A positive response was taken as an increase in calcium that was greater than 2 x standard
deviation above the mean baseline 352/380 ratio.
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TRPV1-, TRPA1-, and TRPMS-specific primers. TRPA1
mRNA expression could be observed in all investigated
TRPV1™ cells (12/12 neurons). In TRPV1~ cells, TRPA1
mRNA expression was detected in only 1 out of 10 cells.
TRPMS8 was completely lacking in TRPV1™ neurons, and
was observed in only 1 of 12 TRPV 1" neurons. No specific
PCR products were seen in RNA controls of each individual
cell and bath controls, whereas S-actin, TRPV1, TRPA1
and TRPM8 mRNA could be consistently amplified from
the cDNA of a whole vagal ganglion which was used as
positive control. All PCR products showed the expected
lengths (Fig. 1).

Cinnamaldehyde increases intracellular [Ca?* e in
vagal nerve afferents innervating the airways

In order to investigate TRPA1 and TRPMS at a functional
level we first studied the effect of cinnamaldehyde, a
selective TRPA1 agonist, and menthol, a TRPM8 stimulus,
on intracellular [Ca*"]g.. in dissociated vagal sensory
neurons in general (not necessarily lung-specific neurons).
Neurons were identified based on their morphology
and by a KCl-induced intracellular [Ca’"]g.. increase.

A
238 bp —
229 bp —
393 bp —
313bp —
Figure 1. TRPA1, but not TRPM8, mRNA is B
expressed in vagal airway neurons
Single cell RT-PCR of TRPV1* (A) or TRPV1~ (B) 238 bp —
jugular/nodose cells; 1-12 or 1-10, respectively, -
represent 12 or 10 individual jugular/nodose ganglion
neurons retrograde lung-labelled from the lungs. 229 bp —
Samples in which the reverse transcriptase was omitted 393 bp
('=") served as negative control. cDNA obtained from a
whole jugular/nodose ganglion served as positive
control ('+'); B = bath control (bath solution was used 313 bp —

as a template)

© 2008 The Authors. Journal compilation © 2008 The Physiological Society

Altogether 189 neurons were investigated; 112/189
(59.3%) neurons responded to capsaicin, whereas the
remaining 77 (40.7%) were capsaicin insensitive. Half
(52/112, 46.4%) of these capsaicin-sensitive neurons also
responded to cinnamaldehyde with an increase in intra-
cellular [Ca** .. Menthol stimulated calcium increases
in 14/112 (12.5%) capsaicin-sensitive neurons. Most cells
which were activated by menthol also responded to
cinnamaldehyde (10/14, 71.4%) (Table 2).

The vast majority (69/77; 89.6%, or 74/77, 96.1%,
respectively) of capsaicin-insensitive neurons (presumably
non-nociceptive neurons) were found to be insensitive to
cinnamaldehyde and menthol (Table 2).

In order to investigate if vagal neurons innervating
the airways exhibit a response pattern consistent with
the ganglion as a whole, we evaluated the calcium
response in neurons which were retrograde-labelled
from the lungs. Consistent with the single-cell RT-PCR
data, 15/24 (62.5%) lung-specific Dil* neurons were
responsive to capsaicin and all 15 capsaicin-sensitive
neurons (100%) showed a distinct increase in intra-
cellular [Ca*"] g after stimulation with cinnamaldehyde.
The mean response to cinnamaldehyde (100 um) was

1 2345678911112+ -B

B-Actin
TrpV1

e L Ly ye———

TrpA1

Trpm8

1 2 3 4 5 6 7 8 910 + - B

B-Actin
TrpV1
TrpA1

Trpm8
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Figure 2. Cinnamaldehyde increases intracellular [Ca?t]¢e in
retrogradely labelled vagal afferents

Effect of cinnamaldehyde (100 wm) and capsaicin (1 um) on
intracellular [CaZt]iee (expressed as 352/380 ratio) in dissociated
Dil-labelled bronchopulmonary jugular/nodose afferents;

mean £ s.e.M., n= 15.

comparable to the capsaicin (1 um)-induced response and
significantly different from the mean baseline intracellular
[Ca** e Of each individual cell (P < 0.01). None of the
nine neurons labelled from the lung that were capsaicin
insensitive, responded to cinnamaldehyde (0/9) (Table 2
and Fig. 2).

Also consistent with the single-cell RT-PCR data
showing that TRPMS8 expression was lacking in lung-
labelled neurons, menthol (100 M) had no effect on the
intracellular calcium concentration in any lung-labelled
neuron studied (0 of 24 responded) (Table 2 and Fig. 2).

Cinnamaldehyde depolarizes vagal nerve afferents

We next evaluated whether the results with calcium
were consistent with TRPA1 activation using whole cell
patch clamp techniques. In 7 of 7 capsaicin-sensitive
lung labelled neurons, cinnamaldehyde (100 M)

Vehicle Cinnamaldehyde

P

J 0.1 nA

Figure 3. Cinnamaldehyde induced inward current response in
gramicidin-perforated patch clamp recordings

All recorded jugular/nodose neurons (n = 7) were labelled from lungs
and airways. Depicted is a typical trace of inward current induced by
vehicle (0.1% EtOH) and cinnamaldehyde (100 uMm) application.
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caused an immediate inward current that averaged
—15.93+6.35pApF~!. In contrast, neither menthol
(100 um) (—2.22+0.52pApF!, n= 6) nor vehicle
(—0.42 £ 0.11 pA pF~!) had an effect on inward currents.
This current density is of a magnitude similar to what was
observed with TRPV1 activation using capsaicin (Fig. 3).

Cinnamaldehyde evokes action potential discharge in
bronchopulmonary vagal C-fibres

It would be imprudent to infer information about
electrical activity at the nerve terminals in the tissue from
studies carried out at the distant cell body. We therefore
next evaluated whether cinnamaldehyde and menthol
can evoke action potential discharge from C-fibres in
the vagal-innervated ex vivo lung preparation. We have
previously noted that afferent nerves with conduction
velocities less than 0.7ms™! are routinely sensitive to
capsaicin in this preparation. We addressed the hypothesis
that cinnamaldehyde would evoke action potential
discharge in this subpopulation of nerves. We evaluated
13 C-fibres with conduction velocities less than 0.7 ms™!
(range 0.4-0.6ms'). All fibres responded robustly to
cinnamaldehyde (300 um) with a peak action potential
discharge frequency of 8.5 & 1.5 impulses s~! (Fig. 4). By
comparison, capsaicin (0.3 um) caused action potential
discharge with a peak frequency of 10.2 + 2.3 impulses s !
(n= 6). In the first three experiments we determined
that 10 um trans-cinnamaldehyde was ineffective, and
100 ;M gave a response that was smaller than that observed
with 300 um. Concentrations greater than 300 um were
not studied. Treating the tissue with cinnamaldehyde a
second time 15 min after the initial treatment resulted in a
response that was not significantly different from the initial
response (Fig.4B), i.e. the response did not desensitize.
Treating the tissue with ruthenium red (10 pm for 15 min)
to block TRPA1 (and TRPVI) virtually abolished the
response to cinnamaldehyde (Fig. 4C). Menthol (300 um
or 1 mm), also induced an action potential discharge
(13 £ 5.9 impulsess™!) in 3 out of 4 experiments (data
not shown).

Inhalation of cinnamaldehyde evokes reflexes in vivo
consistent with C-fibre activation

It has previously been noted that stimuli that activate
respiratory C-fibres in the mouse, such as capsaicin,
consistently evoke a breaking response in respiration.
We next evaluated whether cinnamaldehyde is capable
of evoking this stereotypical nocifensor reflex. The time
of braking (Tb) baseline values were comparable to
previously published data (Nassenstein et al. 2006). As
described before, the aerosol of the vehicle control caused
a slight prolongation of Tb. In contrast, cinnamaldehyde
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evoked a dose-dependent marked prolongation of Tb,
significantly greater than the vehicle control, and of
a similar magnitude to that observed previously with
capsaicin (Nassenstein et al. 2006) (Fig. 5).

Discussion

The data presented here support the hypothesis that
TRPA1 agonists can directly activate vagal C-fibres
innervating mouse airways. Whereas it is well known that
TRPV1 stimuli activate vagal bronchopulmonary C-fibres
in mammals (Coleridge & Coleridge, 1977; Fuller et al.
1985; Kollarik et al. 2003), these results are among the first
to show that TRPA1-selective stimuli can also evoke action
potential discharge from bronchopulmonary C-fibres
and consequent defensive reflexes. Although menthol
induced an action potential discharge of mouse broncho-
pulmonary C-fibres, data obtained by single-cell RT-PCR,
calcium measurement and patch-clamp recording fail to
support an important role for TRPMS8 in lung-labelled
Sensory nerves.

Cinnamaldehyde, a TRPAl1 agonist, evoked a
prolongation in the time of braking, a stereotypical
nocifensor reflex in several species, including the mouse
(Remmers et al. 1986; Alarie, 1998). We argue that
this is most likely to be due to activation of sensory
C-fibres in the airways via direct TRPA1 stimulation. This
prediction is supported by several lines of evidence. First,
lung-specific neurons that expressed TRPV1 mRNA also
expressed TRPA1 mRNA based on single neuron RT-PCR
analysis. Second, capsaicin-sensitive lung-specific vagal
sensory neurons uniformly responded to the TRPAl
agonist cinnamaldehyde with a rapid increase in intra-
cellular calcium. Third, whole cell patch clamp recordings
revealed that these lung-specific neurons also responded
to cinnamaldehyde with large inward currents typical of
TRPA1 gating. Finally, cinnamaldehyde evoked action
potential discharge from the C-fibre nerve ending in the
lungs, by a mechanism that was blocked by ruthenium red,
a non-selective TRPA1 antagonist. Ruthenium red also
blocks TRPV1, but cinnamaldehyde does not stimulate
TRPV1 (we noted several vagal sensory neurons that were
not labelled from the lungs that responded strongly to
capsaicin, but showed no response to cinnamaldehyde in
our calcium imaging studies).

Our data, at the level of both gene expression and
function, indicate that vagal sensory neurons innervating
mouse lungs coexpress TRPV1 and TRPAI, with little
evidence for a population of pulmonary afferent neurons
expressing either channel alone. This may not be the case
for vagal sensory neurons innervating other tissues in the
mouse as approximately 40% of the capsaicin-sensitive
neurons not labelled from the lungs failed to respond to
cinnamaldehyde. This supports the hypothesis that there
is a subpopulation of TRPV1 expressing vagal sensory
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neurons that innervate non-pulmonary tissue which does
not express TRPA1, or at least fail to express the channel
sufficiently to evoke functional responses. This hypothesis
should be considered tentative until studies specifically
addressing this issue are carried out. Neurons coexpressing
TRPA1 and TRPV1 have also been identified in nodose
ganglia labelled from the peritoneal cavity (Peeters et al.
2006), trigeminal neurons (Kobayashi et al. 2005) and
DRG neurons (Elitt et al. 2006; Hjerling-Leffler et al.
2007).

TRPV1 is well recognized to provide a mechanism
through which disparate stimuli (arachidonic acid
metabolites, certain autacoids, acid, increases in
temperature) can lead to nociceptor activation (Jia & Lee,
2007). This supports the idea that developing TRPV1
antagonists would decrease nociceptors activity in the
face of various stimuli. The observation that virtually all
TRPV1 nerves innervating the mouse lung also express
TRPALI indicates that these nerves may also be activated

A Vehicle

Ruth. Red

CA (300 uM) CA (300 uM)
B C #
12 12 1
n=8 n=5
=10 = 10
=3 <
Fry 8 > 8
= =
S 6 = 6
(=n (=2
£ £
- 4 &< 4
m []
] [:1]
a 2 a 2
0
control wvehicle control Ruth. Red

CA (300 uM) CA (300 M)

Figure 4. Cinnamaldehyde stimulation of nerve terminals
evokes action potential discharges

A, representative trace of extracellular recordings in response to
cinnamaldehyde (CA) during perfusion with vehicle (Krebs-bicarbonate
buffer solution) and after 15 min pretreatment with ruthenium red
(30 uM). B, repeated stimulation with cinnamaldehyde evokes similar
action potential discharges (mean £+ s.e.m., n = 8). C,
cinnamaldehyde-induced action potential discharge can be blocked by
pretreatment with ruthenium red (mean £ s.e.m.; *P < 0.05; n = 5).
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by a large array of potential stimuli, even in the presence
of a TRPV1 antagonist. Both TRPA1 and TRPV1 may be
regulated by neurotrophic factors, proteases, and certain
autacoids such as bradykinin (Shu & Mendell, 1999;
Kollarik et al. 2003; Amadesi et al. 2004; Bandell et al.
2004; Diogenes et al. 2007; Dai et al. 2007).

Both TRPA1 and TRPV1 may contribute to the
development of hypersensitivity to noxious stimulations
(i.e. hyperalgesia) (LaMotte et al. 1992; Obata et al. 2005;
Bautista et al. 2006; Kwan et al. 2006; Dhaka et al. 2006).
In addition, TRPALI is activated by certain environmental
irritants such as acrolein (Bautista et al. 2006) that fail
to activate TRPV1. TRPAI may be activated by cold
temperature (Story et al. 2003) associated with inhalation
of cold dryair, a stimulus known to provoke asthma attacks
in susceptible individuals (Giesbrecht & Younes, 1995).
Parenthetically, it is interesting that in the present model,
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TRPA1 may be more relevant in this regard than TRPMS.
Large concentrations of menthol activated action potential
discharge in 3 of 4 lung C-fibres. Considered with the
other data presented, however, it would seem unlikely that
this effect was a consequence of stimulation of neuronal
TRPMS8. Menthol may have stimulated the C-fibres by
mechanisms other than TRPMS8 (Schafer et al. 1986),
or alternatively it remains possible that menthol acts on
C-fibres in the lungs indirectly by stimulating TRPMS in
non-neural tissue (Yang et al. 2006).

Considered together, the present findings support the
hypothesis that TRPA1 may be another important conduit
for bronchopulmonary C-fibre activation. This would
indicate that it may be more rational to find mechanisms
that non-selectively inhibit both TRPV1 and TRPA1 when
trying to decrease airway nociceptor activity than to
attempt to selectively block either channel alone.

A
Baseline
. | Vehicle
c
E
E
g 1 3 mM CA
i
30 mM CA
300 mM CA
1 sec
B
3501 e
3007 Figure 5. Cinnamaldehyde aerosol
| Lk provocations elicit central reflexes
250 The time of braking (Tb) was measured in
v | *% response to vehicle (20% EtOH in PBS) and
E 200 increasing doses of cinnamaldehyde. A,
,'E breathing pattern of a mice while breathing
150 . : P . .
% # room air (baseline), during inhalation of vehicle
1004 3 (20% EtOH in PBS), and during
cinnamaldehyde aerosol provocation,
50 - respectively. Scale bar = 1's. B, quantification
of Tb during inhalation of increasing
0 concentrations of cinnamaldehyde aerosol
-3 (mean £ s.e.M., n= 16); *P < 0.05 compared
o N1 3 10 30 100 300
.,_,e'-\" Qe':-’ e@" to vehicle; **P < 0.01 compared to vehicle;
< 3 mM Cinnamaldehyde #P < 0.05 compared to baseline.
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