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Transient receptor potential ankyrin 1 (TRPA1) is expressed by nociceptive neurons of the dorsal root ganglia (DRGs) and trigeminal
ganglia, but its roles in cold and mechanotransduction are controversial. To determine the contribution of TRPA1 to cold and mechanotransduction in cutaneous primary afferent terminals, we used the ex vivo skin–nerve preparation from Trpa1 ⫹/⫹, Trpa1 ⫹/⫺, and
Trpa1 ⫺/⫺ adult mouse littermates. Cutaneous fibers from TRPA1-deficient mice showed no deficits in acute cold sensitivity, but they
displayed striking deficits in mechanical response properties. C-fiber nociceptors from Trpa1 ⫺/⫺ mice exhibited action potential firing
rates 50% lower than those in wild-type C-fibers across a wide range of force intensities. A␦-fiber mechanonociceptors also had reduced
firing, but only at high intensity forces (⬎100 mN). Surprisingly, the firing rates of low-threshold A␤ and D-hair mechanoreceptive fibers
were also altered. TRPA1 protein and mRNA expression was assessed in DRG neurons and cutaneous innervation by using Trpa1 in situ
hybridization, an antibody for TRPA1, and an antibody for placental alkaline phosphatase (PLAP) in mice in which PLAP was substituted
for Trpa1. DRG neurons of all sizes expressed Trpa1 mRNA or PLAP immunoreactivity. TRPA1 or PLAP immunolabeling was detected
not only on many thin-caliber axons and intraepidermal endings but also on many large-caliber axons as well as lanceolate and Meissner
endings. Epidermal and hair follicle keratinocytes also express TRPA1 message and protein. We propose that TRPA1 modulates mechanotransduction via a cell-autonomous mechanism in nociceptor terminals and possibly through a modulatory role in keratinocytes,
which may interact with sensory terminals to modify their mechanical firing properties.

Introduction
Transient receptor potential ankyrin 1 (TRPA1) is a member of
the transient receptor potential (TRP) ion channel family, which
is implicated in thermosensation (McKemy et al., 2002; Peier et
al., 2002a; Moqrich et al., 2005), osmosensation (Liedtke and
Friedman, 2003), and mechanosensation (Walker et al., 2000;
Tracey et al., 2003). TRPA1 has six-transmembrane domains,
cytoplasmic N and C termini, passes Na ⫹ and Ca 2⫹, and probably forms tetrameric channels in native neurons. TRPA1 has an
extended ankyrin repeat domain in the N-terminal. Ankyrin repeats have been hypothesized to modulate ligand binding
(Lishko et al., 2007) or tether the channel to cytoskeletal components (Howard and Bechstedt, 2004; Sotomayor et al., 2005).
Previous studies indicate that TRPA1 is expressed in small- to
medium-diameter, peptide-containing neurons that express its
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relative, TRPV1 (Story et al., 2003; Bautista et al., 2005; Kobayashi et al., 2005; Nagata et al., 2005), a multimodal channel
activated by capsaicin, heat, and inflammatory chemicals (Caterina et al., 2000). Like TRPV1, TRPA1 is a proposed molecular
integrator of chemical and physical sensory stimuli. TRPA1 is
directly activated by pungent or irritating compounds in mustard
oil (allyl isothiocyanate), cinnamon oil (cinnamaldehyde), garlic
(allicin), and exhaust fumes (acrolein) (Bandell et al., 2004; Jordt
et al., 2004; Macpherson et al., 2005; Bautista et al., 2006). In
contrast, evidence for TRPA1 activation by physical stimuli is
ambiguous. TRPA1 has been proposed to directly transduce noxious cold: one group found that TRPA1-transfected heterologous
cells are activated by 17°C (Story et al., 2003); however, other
groups found no direct cold activation (Jordt et al., 2004; Nagata
et al., 2005; Zurborg et al., 2007). Behavioral deficits to noxious
cold have been found in Trpa1 ⫺/⫺ mice (Kwan et al., 2006), but
another group found no cold deficits (Bautista et al., 2006).
TRPA1 has been implicated in behavioral cold hyperalgesia after
injury (Obata et al., 2005; Katsura et al., 2006).
TRPA channels have also been proposed to be involved in
mechanotransduction. Drosophila larvae deficient in painless, an
invertebrate TRPA, have reduced mechanical nociception
(Tracey et al., 2003). Caenorhabditis elegans Trpa1 mutants fail to
show head withdrawal after nose touch (Kindt et al., 2007). Mice
deficient in TRPA1 have decreased behavioral responses to noxious force (Kwan et al., 2006), although defects were not observed
in another Trpa1 mutant (Bautista et al., 2006). Behavioral tests
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are complicated by multiple factors, including influence of central descending pathways, different test methods, and other
mechanotransduction components in sensory neurons (Price et
al., 2000, 2001; Jones et al., 2005; Mogil et al., 2005; Wetzel et al.,
2007).
To understand the role of TRPA1 in cold and mechanical
sensation, it is important to consider the cellular milieu (native or
heterologous cells), the tissue setting (injured, inflamed, or naive
tissue), the physiological relevance of the region studied (somata
or nerve terminal), and the components integrated into the response (animal behavior or single-cell responses). Therefore, we
used the skin–nerve preparation from noninjured mice to determine the contribution of TRPA1 to acute cold and mechanical
force at the sensory terminal in situ.

Materials and Methods
Skin–nerve preparation and fiber analysis. The mouse saphenous skin–
nerve ex vivo preparation (Koltzenburg et al., 1997; Stucky et al., 1999)
was used for electrophysiological functional assessments of cutaneous
terminals of primary afferent fibers in situ. Recordings were conducted
on adult male mouse littermates (age 8 –22 weeks) that were wild type
(Trpa1 ⫹/⫹) or that had heterozygous (Trpa1 ⫹/⫺) or homozygous
(Trpa1 ⫺/⫺) deletions in which the entire TRPA1 pore domain was replaced with placental alkaline phosphatase (PLAP) reporter gene (i.e.,
Trpa1 ⫹/PLAP or Trpa1 PLAP/PLAP) (Kwan et al., 2006). All experiments
and data analyses were performed with the operator blind to genotype.
Mice were anesthetized with isoflurane and killed by cervical dislocation.
The saphenous nerve and skin from the medial dorsum of the hindpaw
were rapidly dissected free and placed corium side up into a bath superfused with oxygen-saturated synthetic interstitial fluid containing the
following (in mM): 123 NaCl, 3.5 KCl, 0.7 MgSO4, 1.7 NaH2PO4, 2.0
CaCl2, 9.5 sodium gluconate, 5.5 glucose, 7.5 sucrose, and 10 HEPES, 290
mOsm, at pH 7.45 ⫾ 0.05 and temperature of 32.0 ⫾ 0.5°C. The saphenous nerve was desheathed and teased into fine filaments for extracellular
recordings, as described previously (Stucky et al., 1999). Single afferent
units were identified using either an electrical search stimulus or a mechanical search stimulus as indicated. For electrically identified fibers, a
Teflon-coated steel needle electrode (2 M⍀ impedance; uninsulated tip
diameter of 10 m) was inserted systematically across the skin preparation while square-wave pulses (500 s; 6 mA) were applied. After action
potential identification (signal/noise ratio, ⬎3), the surrounding tissue
was probed to identify the lowest electrical threshold. This point corresponded reliably with the most mechanically sensitive part of the receptive field in mechanically sensitive fibers as determined by calibrated von
Frey filaments. A unit was considered mechanically insensitive if it did
not respond to any force ⱕ147 mN. For mechanically identified fibers, a
blunt glass rod was used to locate units across the skin (Stucky et al.,
1999). Once a unit with a signal/noise ratio of ⬎3 was identified, the
mechanical threshold was determined using calibrated von Frey filaments (range, 0.044 –147.0 mN).
For fibers located with either an electrical or mechanical search stimulus, the conduction velocity was calculated as described previously
(Koltzenburg et al., 1997; Stucky et al., 1999). In agreement with previous
studies from mouse, units conducting slower than 1.2 m/s were classified
as unmyelinated C-fibers; those conducting between 1.2 and 10 m/s were
classified as thinly myelinated A␦-fibers; and units conducting faster than
10 m/s were classified as myelinated A␤-fibers. Mechanically sensitive
A␤-fibers were further categorized as slowly adapting (SA) if they responded throughout a sustained force of 10 s duration, or rapidly adapting (RA) if they responded only at the onset or offset of force. Mechanically sensitive A␦-fibers were classified as A-mechanoreceptor (AM)fibers if they exhibited slowly adapting responses to sustained force, or as
down-hair (D-hair) receptors if they were rapidly adapting. Mechanically sensitive units were further tested with quantitative force using a
custom-made feedback-controlled computer-driven stimulator that
controlled a cylindrical probe (tip diameter, 0.60 mm) placed perpendicular to the most mechanically sensitive spot of the receptive field, as
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previously described (Stucky et al., 1999). Each fiber was tested with
square-wave mechanical force in ascending order of 5, 10, 20, 40, 100,
150, and 200 mN (10 s each; 1 min interstimulus interval).
For cold tests, all fibers were identified using electrical search stimuli,
and C- and AM-fibers were characterized for cold responsiveness. Cold
stimuli were delivered as previously described (Bautista et al., 2007): first,
physiological zero (32°C) was applied to the isolated receptive field for
20 s. Next, a cold ramp was applied in which buffer at the receptive field
changed from 32 to 2°C over a 20 s duration and actual temperature at the
receptive field was measured using a rapid time-constant thermoprobe
(Physitemp Instruments). The number of action potentials evoked during the 32°C buffer stimulus (20 s) was subtracted from the total number
evoked during the cold ramp. For each fiber, cold threshold was identified as the temperature at which the firing rate exceeded five times the SD
of the baseline firing rate sampled during the 32°C stimulus.
Wave forms of action potentials evoked by mechanical, electrical, or
cold stimuli were saved on an oscilloscope for comparison of shape and
profile. All data were collected using a Powerlab 4.0 system and Chart
software (ADInstruments) and saved for off-line analysis. Action potentials were discriminated and counted off-line using a spike histogram
software extension. For fibers that exhibited ongoing firing, a baseline
firing rate was measured for 1 min before stimulus application, and an
average for each 10 s was calculated. Stimulus-evoked action potential
counts were determined by subtracting the baseline firing rate for 10 s
from the action potentials that occurred during each 10 s of mechanical
force.
Values are given as either mean ⫾ SEM, or median and 25th and 75th
percentiles. Statistical comparisons between two groups included an unpaired two-tailed t test for conduction velocity, cold thresholds, and
number of cold-activated spikes. Fisher’s exact test was used to compare
percentage of neurons responding or percentage of neurons with a phenotype between two groups (GraphPad InStat). von Frey thresholds were
compared by a Mann–Whitney U test (Statistica; StatSoft). For comparison of action potentials generated over the entire force continuum between the genotypes, a mixed-effects ANOVA model was used in which
genotype and force were treated as fixed effects (SAS, version 9.1.3, software). The mixed-effects ANOVA model allowed the intercept of the
individual fiber to be treated as a random effect so that the entire effect of
genotype on the force response curve could be accurately modeled and
tested. The p values for force, genotype, and the interaction of the two
variables test the effect of each of these on the response patterns observed
for each fiber type.
Immunostaining and in situ hybridization of tissue. Immunochemical
and mRNA assessments of dorsal root ganglion neurons and immunochemical assessments of cutaneous innervation were conducted on adult
male littermates (6 – 8 weeks of age) that were Trpa1 ⫹/⫹, Trpa1 ⫹/PLAP,
or Trpa1 PLAP/PLAP (Kwan et al., 2006). For hairy skin, Nair (Church &
Dwight) was applied for 5 min before killing and wiped off to remove hair
on the medial dorsal portion of the hindpaw. Some mice were killed and
perfused with ice-cold 0.1 M PBS at pH 7.4 containing 4% paraformaldehyde and postfixed in the same fixative for 4 h. Medial dorsal hairy skin
and ventral glabrous skin were dissected from the hindpaws and rinsed
and stored in cold PBS. Other mice were killed, and the skin and dorsal
root ganglia were removed as quickly as possible in cold HEPES-buffered
saline solution without Ca 2⫹ or Mg 2⫹. Skin from some of these mice was
fixed by immersion in PBS containing 4% paraformaldehyde at 4°C for
4 h. Other unfixed skin was flash frozen in isopentane at a temperature
equilibrated to liquid nitrogen. Fixed skin was cryoprotected with 30%
sucrose and frozen in Neg50. The frozen fixed and unfixed skin was cut
on a cryostat at 14 or 30 m thickness, and the sections were thawed onto
slides. Sections cut from unfixed flash-frozen skin were fixed on slides in
4% paraformaldehyde or acetone for 10 min. Sections were permeabilized with PBS containing 0.1% Triton X-100 treated with Image-iT FX
enhancer (Invitrogen) before incubating in unconjugated goat antimouse monovalent Fab (Jackson ImmunoResearch Laboratories) containing 0.13 g/ml antibody (1:10,000 dilution) at room temperature for
30 min. Slides were then blocked in 1⫻ PBS containing 10% normal goat
serum and 0.1% Triton X-100 for 1 h at room temperature before incubation overnight at 4°C with the same solution containing mouse anti-
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PLAP (Sigma-Aldrich) at 1:100 together with either rabbit anti-human
PGP9.5 (Ultraclone) at 1:500, rabbit anti-bovine 200 kDa neurofilament
protein (NF) (Millipore Bioscience Research Reagents), or anti-human
TRPA1 (AstraZeneca). After primary antibody incubation, slides were
washed with 1⫻ PBS/0.1% Triton X-100 before incubation in secondary
antibody solution containing 1:1000 of both goat anti-mouse IgG␥2a
Alexa Fluor 568 and goat anti-rabbit IgG Alexa Fluor 488 (Invitrogen) for
2 h at room temperature, washed in 1⫻ PBS/0.1% Triton X-100, and
rinsed in 1⫻ PBS before mounting in antifade reagent.
Dorsal root ganglia (DRGs) (lumbar 2– 6) were also removed from
perfusion-fixed and from unfixed wild-type and mutant mice. Unfixed
DRGs were flash frozen and perfusion-fixed tissue was cryoprotected and
frozen in Neg50 for cryostat sectioning as described above. Fixed DRG
sections were processed for immunochemistry as described above.
For in situ hybridization, a cRNA probe was generated from 2600 –
3338 bp of the Trpa1 coding sequence with digoxigenin (DIG)-labeled
dUTP and hybridized to sections cut from unfixed, flash-frozen skin and
DRG sections as described previously (Corey et al., 2004). These sections
were then postfixed in 4% formaldehyde for 10 min before continuing
with the immunostaining procedures stated above. The in situ probe was
detected using a sheep anti-DIG antibody (Roche Applied Science) at
1:500 dilution followed by a donkey anti-sheep IgG Alexa Fluor 488
secondary antibody (Invitrogen) at 1:1000 dilution. PLAP immunostaining was done in parallel as described above.
Images were acquired using a Zeiss LSM 510 confocal microscope
equipped with a 40⫻/numerical aperture 1.3 Neofluar objective and an
Olympus Provis AX70 microscope equipped for conventional epifluorescence: (1) Cy3 filters (528 –553 nm excitation; 590 – 650 nm emission)
and (2) Cy2 filters (460 –500 nm excitation; 510 –560 nm emission).
Immunofluorescent images of DRG cell bodies and fibers from tissue
sections were evaluated with the experimenter blinded to the genotype of
the animal from which the tissue was derived. Morphometric analyses of
the double-labeling combinations in DRGs were performed with Neurolucida software (MBF Biosciences) according to procedures described
in detail previously (Cannon et al., 2007). Briefly, the intensity of the
digital images was enhanced to reveal even the weakest profiles because of
likely autofluorescence, and the contours of all the cells were circumscribed to calculate the area and diameter of each cell. The contour outlines were transferred onto the unenhanced images of the separate red
and green channels. In each channel, the labeling of the cell underlying
each contour was rated from 1 to 5 based on the pixel values, with 5 being
the highest values and 1 being the lowest. The independent results from
each channel were combined to determine which cells had labeling for
either or both antibodies. Only those cells regarded as 3–5 in each channel were regarded as “labeled” for the antibody corresponding to the
particular channel.

Results
TRPA1-deficient cutaneous afferent fibers have no loss in
acute cold sensitivity
From psychophysical experiments, noxious cold evokes multiple
percepts that have distinct sensations and time courses (Davis
and Pope, 2002). We tested the contribution of TRPA1 to the
first, acute phase of cold sensation, measuring at the level of the
sensory afferent terminal in skin from naive mice. Recently, we
showed that mice lacking the menthol receptor TRPM8 have a
striking decrease in both the number of cutaneous C-fiber neurons responding and in the number of cold-evoked action potentials (Bautista et al., 2007). Using the same approach and methods, we asked whether cutaneous fibers from mice that lack
TRPA1, which also contain the PLAP marker under the Trpa1
promoter (Kwan et al., 2006), exhibit deficits in cold sensitivity.
Since most cold-sensitive afferents have C- or A␦-fiber axons in
vivo, and since Trpa1 mRNA has been localized to small- and
medium-diameter sensory neurons, many of which are C- and
A␦-fiber nociceptors (Jordt et al., 2004; Kobayashi et al., 2005;
Nagata et al., 2005), we tested the cold sensitivity of C-fibers and
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high-threshold AM-fibers in skin–nerve preparations isolated
from Trpa1 ⫺/⫺ and wild-type littermates. Fibers were located
with an electrical search strategy and characterized by conduction
velocity to identify neurons in a manner unbiased by modality,
and then classified as C-fibers (⬍1.2 m/s) or A␦ AM-fibers
(1.2–10 m/s). Cold stimuli were applied as a ramp of cold buffer
(32 to 2°C over 20 s) delivered to the receptive field. C-fibers from
Trpa1 ⫺/⫺ mice responded normally to the acute cold stimuli. In
both mutant and wild-type mice, 30% of C-fibers responded to
cold (Fig. 1a,b), and cold-sensitive C-fibers from Trpa1 ⫺/⫺ mice
responded with a firing rate comparable with wild-type controls
(Fig. 1c). There was also no difference in the mean cold threshold
for C-fibers from the two cohorts (Trpa1 ⫹/⫹: 11.8 ⫾ 2.0°C;
range, 1.5–24.9°C; Trpa1 ⫺/⫺: 13.8 ⫾ 1.7°C; range, 1.3–30.0°C;
mean ⫾ SEM; p ⬎ 0.5; unpaired t test). Likewise, AM-fibers from
Trpa1 ⫺/⫺ mice responded to cold as well as AM-fibers from wildtype littermates: there were no significant differences in the proportion responding, magnitude of response (Fig. 1d–f ), or cold
thresholds (Trpa1 ⫹/⫹: 7.6 ⫾ 1.8°C; range, 3.0 –11.3°C;
Trpa1 ⫺/⫺: 16.7 ⫾ 4.6°C; range, 2.3–29.6°C; p ⬎ 0.1; unpaired t
test). Together, these data indicate that TRPA1 does not contribute to acute cold transduction at the level of the cutaneous primary afferent terminal in noninjured skin.
Mechanically sensitive cutaneous fibers are present in normal
numbers in TRPA1-mutant mice
Behavioral studies implicate a role for TRPA1 in somatosensory
mechanotransduction in that Trpa1 ⫺/⫺ mice exhibit deficits in
response to intense mechanical force (Kwan et al., 2006) and
pharmacological inhibition of TRPA1 blocks inflammatory mechanical hyperalgesia (Petrus et al., 2007). But clear evidence for
involvement of TRPA1 in the responsiveness of primary afferent
fibers to mechanical stimuli is lacking. Thus, we next asked
whether the absence of TRPA1 alters the mechanical sensitivity of
cutaneous primary afferent terminals. First, to determine
whether TRPA1 is necessary for the presence of mechanically
sensitive afferent terminals in skin, we used an electrical search
technique to identify all subtypes of cutaneous afferents, regardless of sensory modality (Kress et al., 1992; Wetzel et al., 2007).
Fibers were classified by conduction velocity into A␤- (⬎10 m/s),
A␦- (1.2–10 m/s), and C-fibers (⬍1.2 m/s). The mechanical
threshold of each fiber was determined using calibrated von Frey
filaments (0.044 –147 mN) by systematically probing the entire
preparation. If a fiber did not respond to any mechanical stimulus, it was classified as mechanically insensitive. In Trpa1 ⫹/⫹
mice, 86% of A␤-, 96% of A␦-, and 92% of C-fibers responded to
mechanical force. These proportions were the same in Trpa1 ⫺/⫺
mice (Fig. 2a). Thus, TRPA1 is not required for the development
or survival of any subtype of mechanically sensitive afferent terminal in skin.
Mechanically sensitive myelinated cutaneous fibers can be
classified into different subtypes based on their pattern of action
potential firing during a force stimulus. A␤-fibers are almost
evenly divided between SA and RA subtypes, whereas A␦-fibers
are divided between high-threshold mechanoreceptor (AM)fibers and very-low-threshold D-hair mechanoreceptors (Koltzenburg et al., 1997). In a separate set of experiments, we used a
mechanical search stimulus to randomly locate mechanically
sensitive cutaneous fibers and to categorize fibers into these subclasses. There were no significant differences in the proportions
of subtypes of A␤- or A␦-fibers in Trpa1 ⫺/⫺ mice compared with
wild-type littermates (Fig. 2b). Thus, TRPA1 is not required for
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Figure 1. Cold activation in Trpa1 mutant fibers. a, Typical response of wild-type (top) and TRPA1-deficient (bottom) cutaneous C-fiber to a cold ramp (32 to 2°C, over 20 s). Action potential waveform is shown at the right of the trace. b, Percentage of
C-fibers responding to cold ramp in wild-type versus Trpa1 ⫺/⫺ mice. c, Average cold-evoked action potential firing rate in
C-fibers from wild-type and Trpa1 ⫺/⫺ mice. d, Typical response of AM-fiber from wild-type (top) and Trpa1 ⫺/⫺ mouse to cold
ramp (32 to 2°C, over 20 s). e, Percentage of AM-fibers responding to a cold ramp in wild-type and Trpa1 ⫺/⫺ mice. f, Average
cold-evoked action potential firing rate in AM-fibers from wild-type and Trpa1 ⫺/⫺ mice. Error bars indicate SEM.

establishing the receptor phenotype of any subtype of cutaneous
mechanoreceptor.
Mechanically activated nociceptors from TRPA1 mutants
exhibit markedly reduced action potential firing
We then determined whether absence of TRPA1 alters the response properties of mechanically sensitive fibers. We used a
computer-driven, feedback-controlled mechanical stimulator to apply sustained force of increasing intensity to the most sensitive part
of the receptive field of each fiber. We focused first on C-fibers and

A␦-AM-fibers since many of these slowly
adapting nociceptors normally express
TRPA1.
C-fibers from TRPA1-null mice responded to sustained pressure with approximately one-half as many action potentials at all force intensities compared
with wild-type controls ( p ⬍ 0.0001) (Fig.
3a,b). Furthermore, as force increased, the
difference between Trpa1 ⫺/⫺ and wildtype C-fibers increased proportionally. As
a consequence, the median von Frey
threshold of C-fibers was significantly
higher in Trpa1 ⫺/⫺ mice compared with
wild-type controls (6.82 vs 4.0 mN; p ⫽
0.004). The conduction velocity and electrical thresholds were not different between the two genotypes (conduction velocity: Trpa1 ⫹/⫹, 0.59 ⫾ 0.03 m/s;
Trpa1 ⫺/⫺, 0.58 ⫾ 0.03 m/s; electrical
threshold: Trpa1 ⫹/⫹, 2.90 ⫾ 0.14 mA;
Trpa1 ⫺/⫺, 3.38 ⫾ 0.21 mA). Interestingly,
C-fibers from heterozygous Trpa1 ⫹/⫺
mice displayed an average mechanical
stimulus response function that fell between those of Trpa1 ⫺/⫺ and Trpa1 ⫹/⫹
C-fibers (Fig. 3b), similar to the difference
in behavioral response in heterozygotes
(Kwan et al., 2006). It was significantly
lower than wild-type fibers ( p ⫽ 0.0078)
and higher (but not significantly) than
Trpa1 ⫺/⫺ C-fibers. This suggests that deletion of a single allele of the Trpa1 gene
results in a haploinsufficiency phenotype
that contributes to the mechanical responsiveness of C-fibers.
The absence of TRPA1 also affected
AM nociceptors: Trpa1 ⫺/⫺ AM-fibers
showed reduced action potential firing, albeit only at high-intensity forces ⬎100
mN ( p ⫽ 0.0062) (Fig. 3c,d). At lower
forces, the responses of AM-fibers from
Trpa1 ⫺/⫺ mice were identical with those
from wild-type littermates. Consistent
with this observation, the median mechanical von Frey threshold was not different between the two cohorts (4.0 mN for
both genotypes).

Slowly adapting, low-threshold A␤fiber mechanoreceptors have reduced
action potential firing
Surprisingly, SA A␤-fibers that mediate
light touch exhibited significantly reduced action potential
firing across the entire force range in Trpa1 mutants (Fig. 4a)
despite previous reports that TRPA1 is absent in large DRG
neurons that would be the source of such fibers. The majority
of SA A␤-fibers have low mechanical thresholds and presumably innervate Merkel cells, although up to 20% of rodent
A␤-fibers may be nociceptors (Djouhri and Lawson, 2004).
The majority (86%) of SA A␤-fibers from wild-type mice had
von Frey thresholds of 1 mN or less (median, 0.66 mN); however, a small proportion (14%) had von Frey thresholds ⱖ4
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respectively. Unexpectedly, both D-hair A␦-fibers and RA A␤fibers from TRPA1-deficient mice had higher firing rates in response to force than in wild-type mice (Fig. 4d,e). Whereas
D-hair fibers were more responsive only at low forces, RA A␤fibers were more responsive across the entire range. However,
conduction velocity, electrical threshold, and mechanical threshold were unaltered in mutant mice (data not shown). These data
suggest that TRPA1 normally restrains the action potential firing of
rapidly adapting cutaneous fibers. The TRPA1-dependent properties of each cutaneous fiber type are summarized in Table 1.

Figure 2. Mechanically sensitive afferents are present in normal proportions. a, Percentage
of all A␤-, A␦-, and C-fibers encountered in Trpa1 ⫺/⫺ and wild-type preparations that were
mechanically sensitive or mechanically insensitive. Fibers were identified using an electrical
search protocol. Mechanically insensitive neurons did not respond to von Frey filaments up to
147 mN or a glass rod stimulus. b, Percentage of A␤-fibers that were classified as SA or RA based
on responses to sustained force (left). Percentage of A␦-fibers that were classified as D-hair
receptors or AM-fibers (right).

mN. Thus, we further divided SA A␤-fibers from both genotypes into “low-threshold” (⬍4 mN) and “high-threshold”
(ⱖ4 mN). Like AM-fibers, high-threshold SA A␤-fibers from
Trpa1 ⫺/⫺ mutant mice showed deficits only at high-intensity
forces (ⱖ100 mN) (Fig. 4b). Like C-fibers, low-threshold SA
A␤-fibers from Trpa1 ⫺/⫺ mice were less responsive at all force
intensities (Fig. 4c).
We then examined the adaptation rates to sustained force for
each subtype of slowly adapting fiber. During a 10 s sustained,
high-intensity (150 mN) force, both C- and AM-fibers from
Trpa1 ⫺/⫺ mice exhibited reduced firing both initially and
throughout the duration of the stimulus (Fig. 5a,b). In contrast,
SA A␤-fibers displayed a normal initial firing rate, but adapted
more rapidly, and so had reduced action potential firing throughout the remainder of the sustained stimulus. In the absence of
TRPA1, high-threshold SA A␤-fibers showed almost complete
adaptation by 2 s (Fig. 5c– e). These data indicate that TRPA1 sets
the initial firing rate of nociceptors to intense mechanical stimuli,
and also participates in regulating the slowly adapting mechanical firing properties of myelinated cutaneous afferent fibers.
Rapidly adapting cutaneous fibers from TRPA1 mutants
exhibit increased firing
We next analyzed rapidly adapting A␤-fibers and down-hair A␦
receptors, which innervate guard-hair and down-hair follicles,

PLAP immunostaining correlates with Trpa1 transcript in all
sizes of DRG neurons
Our physiological assays revealed deficits in mechanical responses in multiple subclasses of cutaneous afferent fibers including low-threshold touch receptors. However, TRPA1 expression has been documented only in the cell bodies of small- to
medium-diameter (presumptive nociceptive) DRG neurons.
Since TRPA1-deficient mice express the PLAP marker under the
Trpa1 promoter (Kwan et al., 2006) (Fig. 6a), cells that express, or
would normally have expressed TRPA1, can be labeled for PLAP
in Trpa1 ⫹/⫺, or in Trpa1 ⫺/⫺ mice. We therefore investigated the
distribution of PLAP staining in DRGs. We first developed tissue
sections of lumbar (L2–L6) DRGs from Trpa1 ⫺/⫺ mice in a precipitable PLAP substrate and found a reaction product in many
DRG neurons (data not shown).
We next determined the overlap between PLAP immunolabeling and TRPA1 mRNA expression in the same tissue sections,
using an antibody to PLAP and a TRPA1 in situ hybridization
probe that anneals to the message in wild-type but not mutant
animals (Fig. 6a). In Trpa1 ⫺/⫺ L2–L6 DRG sections, many neurons expressed detectable fluorescence for PLAP labeling, but not
Trpa1 mRNA, as expected. Low levels of fluorescence for Trpa1
mRNA were detected in a few cells presumably representing nonspecific background (Fig. 6d). For example, of all the DRG neurons from Trpa1 ⫺/⫺ mice with detectable fluorescence, 96.8%
had fluorescence only for PLAP labeling, 0.7% only for Trpa1
mRNA labeling, and 2.6% for both (Fig. 6g). In Trpa1 ⫹/⫹ DRGs,
in contrast, virtually no fluorescence for PLAP labeling was
present (2% of all fluorescent cells), whereas many neurons were
positive for Trpa1 mRNA (Fig. 6b). In Trpa1 ⫹/⫺ heterozygotes,
as expected, many DRG neurons that were PLAP-positive were
also positive for Trpa1 mRNA (Fig. 6c). Thus, in heterozygous
animals, the PLAP signal is highly correlated with Trpa1 mRNA,
and in homozygous Trpa1 ⫺/⫺ mutants, most if not all DRG somata that normally would have expressed TRPA1 apparently survived the absence of a functional Trpa1 gene.
Importantly, our PLAP immunostaining and Trpa1 mRNA
labeling was distributed across a full range of small- to large-size
DRG neurons (Fig. 6h,i), although previous studies indicate that
TRPA1 is limited to small- to medium-size neurons. Furthermore, double labeling with antibodies against the 200 kDa NF
protein and PLAP revealed that PLAP was coexpressed in small,
medium, and large NF-positive neurons (Fig. 6e,f ). The NF staining was not exclusively correlated to PLAP since some large NFpositive neurons lacked PLAP and some small NF-negative neurons were PLAP-positive (Fig. 6e,f ).
TRPA1 is expressed by keratinocytes in the epidermis and
hair follicles
Interestingly, considerable PLAP staining was present in keratinocytes of the epidermis in Trpa1 ⫺/⫺ mice in glabrous skin (Fig.
7b) as well as in keratinocytes of the epidermis and hair follicles in
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Figure 3. Nociceptors are less responsive to mechanical force. a, Example of response of a C-fiber from a wild-type (top) and Trpa1 ⫺/⫺ (bottom) mouse to sustained mechanical force (40, 100,
150 mN; 10 s each). b, Average action potential firing rate per second to increasing sustained force (each stimulus 10 s) in wild-type (⫹/⫹), heterozygote (⫹/⫺), and mutant (⫺/⫺) C-fibers.
C-fibers from Trpa1 ⫺/⫺ mice responded with significantly fewer action potentials at all force intensities compared with Trpa1 ⫹/⫹ C-fibers (***p ⬍ 0.0001 between genotypes; mixed-model
ANOVA). Furthermore, as force increased, the difference increased proportionally between Trpa1 ⫺/⫺ and wild-type C-fibers, and this was evident by a significant interaction between force and
genotype ( p ⫽ 0.0074). C-fibers from Trpa1 ⫹/⫺ heterozygotes also fired significantly fewer action potentials to force than wild-type C-fibers (**p ⫽ 0.0078 between genotypes; mixed-model
ANOVA). c, Example of an AM-fiber from a Trpa1 ⫹/⫹ (top) and Trpa1 ⫺/⫺ (bottom) mouse to sustained mechanical force. d, Average action potential firing rate to increasing force in AM-fibers.
AM-fibers from Trpa1 ⫺/⫺ mice responded with significantly fewer action potentials than those from wild-type mice at intense forces ⬎100 mN as evident by a significant interaction between force
and genotype (**p ⫽ 0062; mixed-model ANOVA). Error bars indicate SEM.

hairy skin from the dorsum of the hindpaw (Fig. 8d). Since PLAP
is extracellular, the keratinocytes appear in a confocal section as
prominent membrane fluorescence surrounding a dark cell body.
PLAP labeling was lacking on keratinocytes in Trpa1 ⫹/⫹ mouse
skin (Figs. 7a, 8c). Consistent with the PLAP results, TRPA1 antiserum labeled keratinocytes in the epidermis and hair follicles of
Trpa1 ⫹/⫹ skin (Figs. 7d, 8b) but not in Trpa1 ⫺/⫺ skin (Figs. 7c,
8a). The sebaceous glands were also PLAP-positive in the mutants (Fig. 8d) and TRPA1-immunopositive in the wild-type mice
(Fig. 8b). However, both sebaceous glands and hair shafts also
exhibited substantial autofluorescence in Trpa1 ⫺/⫺ mutants
(Fig. 8a).
To confirm the presence of Trpa1 mRNA in keratinocytes,
total RNA was prepared from glabrous skin and hairy skin taken
from wild-type and mutant animal hindpaws, and was subjected
to real-time PCR. A primer pair for cytokeratin 14, a
keratinocyte-specific structural transcript, was used to normalize
transcript levels. A primer pair that anneals to the wild-type but

not mutant Trpa1 transcript was used for detection of Trpa1
mRNA. Confirming the PLAP expression, Trpa1 message was
detected in both glabrous and hairy skin of wild-type animals, but
not in mutant animals. Only the results from glabrous skin are
shown (Fig. 7f ).
TRPA1 is expressed in small- and large-caliber cutaneous
fibers and endings
To investigate further where TRPA1 sensory fibers terminate and
thus how they contribute to the behavioral response during a
noxious mechanical stimulus, skin was immunostained with antibodies to PLAP, TRPA1, and PGP9.5. Nerves in the dermis of
glabrous skin and hairy skin from Trpa1 ⫺/⫺ mice contained axons that were PLAP-positive (Fig. 7b) and TRPA1immunonegative (Fig. 7g). Conversely, nerves in the dermis of
Trpa1 ⫹/⫹ mice were PLAP-negative (Fig. 7a) and TRPA1immunopositive (Fig. 7h). Consistent with the electrophysiological results and the wide range of sizes of the TRPA1-expressing
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DRG neurons, the labeled axons in the
nerves included both small- and largecaliber fibers.
PGP9.5 immunolabeling revealed
many fine-caliber intraepidermal endings
in close proximity to keratinocytes in glabrous skin (Fig. 7a,b) and hairy skin (Fig.
8c,d). In skin from Trpa1 ⫹/⫹ and
Trpa1 ⫺/⫺ mice, respectively, immunolabeling for TRPA1 and PLAP could be detected on some intraepidermal endings despite the extensive labeling on the
keratinocytes (Figs. 7d, inset; 8d). Consistent with this evidence of TRPA1 on at
least some intraepidermal endings, immunolabeling for TRPA1 and PLAP was also
present, respectively, in Trpa1 ⫹/⫹ and
Trpa1 ⫺/⫺ skin on thin-caliber fibers located at the border of the epidermis and in
the upper dermis (Figs. 7b, 8d). Fibers in
this location are sources of intraepidermal
endings. Immunolabeling was negative for
TRPA1 on intraepidermal endings and
upper dermal fibers in skin from
Trpa1 ⫺/⫺ mice (Figs. 7c, 8a) and negative
for PLAP in Trpa1 ⫹/⫹ mice.
Consistent our physiological results,
TRPA1 and PLAP immunolabeling labeling was present on at least some types of
A␤-fiber endings, especially those thought
to be rapidly adapting low-threshold
mechanoreceptors. A␤-fiber lanceolate
endings that are associated with hair follicles were PLAP-immunonegative and
TRPA1-immunopositive in wild-type
mice (Fig. 8f,g, respectively) and were
PLAP-immunopositive in mutant mice
(Fig. 8e). Meissner corpuscles in glabrous
skin from wild-type mice were also labeled
with anti-TRPA1 (Fig. 7e). We were unable to detect definitive expression of
TRPA1 in Merkel cells or in their associated nerve fibers, which are thought to be
slowly adapting low-threshold mechanoreceptors (data not shown). However,
Merkel cells are embedded among the epidermal keratinocytes, which do express
TRPA1. The proposed expression of
TRPA1 related to specific cutaneous fiber
types is summarized in Table 1.
Together, these data suggest that
TRPA1 is expressed by keratinocytes as
well as by nociceptive and low-threshold
mechanosensitive fibers residing in and
below the keratinocyte layer. TRPA1 in
keratinocytes and sensory neurons may
subserve different physiological functions
in detecting noxious or innocuous mechanical stimuli.

Figure 4. Mechanical firing is differentially altered in slowly versus rapidly adapting mechanoreceptors from Trpa1 mutants. a,
Average action potentials per second in response to sustained force in all slowly adapting A␤-fibers from Trpa1 ⫺/⫺ and wildtype mice. SA A␤-fibers from Trpa1 ⫺/⫺ mice responded with significantly fewer action potentials at all force intensities compared with Trpa1 ⫹/⫹ SA A␤-fibers (**p ⫽ 0.0003 between genotypes; mixed-model ANOVA). SA A␤-fibers were divided into
“high threshold” [von Frey threshold (VFT), ⱖ4 mN] (b) and “low threshold” (VFT, ⬍4 mN) (c). b, High-threshold SA A␤-fibers
from Trpa1 ⫺/⫺ mice responded with significantly fewer action potentials than those from wild-type mice, but the difference was
present only at forces ⬎100 mN as evident by a significant interaction between force and genotype (**p ⫽ 0.0074; mixed-model
ANOVA). c, Low-threshold SA A␤-fibers from Trpa1 ⫺/⫺ mice responded with significantly fewer action potentials at all force
intensities than these fibers from wild-type mice (***p ⬍ 0.0001 between genotypes; mixed-model ANOVA). d, Average action
potentials per second in RA A␤-fibers. RA A␤-fibers from Trpa1 ⫺/⫺ mice responded with significantly more action potentials
than those in wild-type mice over all force intensities (*p ⫽ 0.012 between genotypes; mixed-model ANOVA). e, Average action
potentials per second in D-hair fibers. D-hair fibers from Trpa1 ⫺/⫺ mice responded to force with significantly more action
potentials than those in wild-type mice at forces ⬍100 mN (**p ⫽ 0.0011 between genotypes). Error bars indicate SEM.

Figure 5. Adaptation properties of slowly adapting fibers are altered. Average action potentials per second during a 10 s
sustained, intense (150 mN) mechanical force in subclasses of slowly adapting fibers. Both C-fiber (a) and AM-fiber nociceptors (b)
showed significantly reduced firing initially and during the entire duration of sustained force. SA A␤-fibers (all) (c), including
low-threshold (d) and high-threshold (e) subtypes, exhibited normal firing during the first second of force, but more rapid
adaptation during the remaining stimulus duration. High-threshold SA A␤-fibers showed almost complete adaptation by 2 s (e).
Error bars indicate SEM.

Discussion
The physiological roles of TRPA1 in cold and mechanical sensation have received considerable attention in sensory neurobiol-

ogy. To determine the contribution of TRPA1 to acute cold and
mechanical responses in sensory neurons themselves, we used the
skin–nerve preparation, which allows the receptive terminals of
identified cutaneous neurons to be quantitatively stimulated in
an in situ environment and compared between wild-type and
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Table 1. Summary of fiber properties in the absence of TRPA1
Effects of TRPA1
absence on
mechanical
firing frequency

Fiber type

Adaptation
property

Conduction
velocity

Mechanical
threshold

Known regions of
innervation in hairy
skin

A␤

SA

⬎10 m/s

Low (most)

Merkel cells

Medium- to large-diameter neurons and keratinocytes around
the Merkel cells

2

Fine touch two-point
discrimination

A␦-AM

SA

1.2–10 m/s

High

Free nerve endings
in epidermis and
dermis

Small- to medium-diameter nociceptors and keratinocytes

2

Fast pain nociceptor

C

SA

⬍1.2 m/s

High (Trpa1⫺/⫺ have an
increased threshold)

Free nerve endings
in epidermis and
dermis

Small- to medium-diameter nociceptors and keratinocytes

2

Slow pain nociceptor

A␤

RA

⬎10 m/s

Low

Tylotrich and guard
hairs

Medium- to large-diameter neurons and keratinocytes in the
hair follicle

1

Hair movement

A␦-D-hair

RA

1.2–10 m/s

Very low (⬍1 mN)

Down hairs

Medium-diameter neurons and
keratinocytes in the hair follicle

1

Hair movement

TRPA1-deficient mice. Here, we show that, in normal skin,
TRPA1 is not required for acute cold transduction but does modulate the mechanically evoked firing rate of multiple classes of
cutaneous sensory neurons.
Whether TRPA1 is directly gated by cold has been hotly debated. Some studies (Story et al., 2003), but not others (Jordt et
al., 2004), found that TRPA1 expressed in heterologous cells is
activated by cold. Single-channel recordings suggest that prolonged cold stimuli can activate TRPA1 by a membranedelimited mechanism (Sawada et al., 2007). TRPA1 has also been
shown to function as a calcium-activated channel (Jordt et al.,
2004), and mutations that abolish the calcium-binding capability
of the EF-hand motif in TRPA1 eliminate its calcium-dependent
activation (Doerner et al., 2007; Zurborg et al., 2007). Thus, colddependent elevation of intracellular Ca 2⫹ has been proposed to
explain activation of TRPA1 by cold temperatures in a heterologous expression system (Zurborg et al., 2007). Our data demonstrate that the terminals of native cutaneous C- and A␦-fibers in
situ do not require TRPA1 to respond to acute (20 s) cold stimuli.
Using the same approach, we recently showed that TRPM8deficient mice have a striking loss in cold-sensitive C-fibers and
cold-evoked action potentials (Bautista et al., 2007). The finding
that cold responsiveness is normal in TRPA1-deficient C- and
A␦-fibers indicates that TRPM8 is responsible for most or all of
the acute cold sensitivity in both TRPA1-deficient and wild-type
animals, although compensatory mechanisms or other unidentified mechanism(s) may exist. Our findings are consistent with the
observation by Bautista et al. (2006) that Trpa1 ⫺/⫺ mice show no
behavioral deficit in the latency to respond to acute cold stimuli.
Whereas TRPA1 is not necessary for acute cold transduction, our
results do not exclude the possibility that TRPA1 may be involved
in the painful sensations associated with sustained cold exposure
(Kwan et al., 2006). A recent study suggests that prolonged cold
exposure activates heterologously expressed TRPA1 in a calciumindependent manner, and also found a reduction in a population
of cold-sensitive trigeminal neurons and a deficit in avoidance of
prolonged noxious cold in Trpa1 ⫺/⫺ animals (Karashima et al.,

Proposed TRPA1 expression related to fiber properties

Physiological role in
hairy skin

2009). TRPA1 may also contribute to cold hyperalgesia or allodynia after tissue injury (Obata et al., 2005).
The role of TRPA1 in sensation of painful mechanical stimuli
has also been controversial (Bautista et al., 2006; Kwan et al.,
2006). We found that TRPA1 is required for normal mechanical
responsiveness in multiple subtypes of cutaneous sensory neurons. In the absence of TRPA1, slowly adapting C-fiber nociceptors exhibited only one-half the normal rate of mechanically
evoked action potentials at all force intensities, whereas A␦ mechanonociceptors showed reduced firing only to intense force
(⬎100 mN). The finding that both C- and AM-fiber nociceptors
from TRPA1 mutants had reduced firing at the onset of force as
well as throughout the duration of intense force indicates that
TRPA1 participates in setting the action potential firing rate of
nociceptors to intense force. The decreased mechanically evoked
firing rate in nociceptors is consistent with the behavioral deficit
in responses to intense mechanical force observed in Trpa1 ⫺/⫺
mice (Kwan et al., 2006).
Unexpectedly, slowly adapting A␤-fibers from TRPA1 mutants, originating from a neuronal subtype not known to express TRPA1, also exhibited reduced firing across all force
intensities. Whereas their initial firing rate was normal, they
exhibited faster adaptation to a sustained stimulus compared
with wild-type controls. Thus, for SA A␤-fibers, TRPA1 does
not affect the initial rate of mechanically evoked firing but
does modulate their characteristic slow adaptation to sustained force. In contrast to the reduced firing in all subclasses
of slowly adapting fibers, rapidly adapting hair follicle afferents, including D-hair and RA A␤-fibers, exhibited increased
mechanically evoked firing in absence of TRPA1. Thus,
TRPA1 differentially modulates the mechanical firing rate in
all classes by conversely facilitating slowly adapting fibers and
restraining rapidly adapting fibers.
It is not clear how TRPA1 differentially modulates the firing
rate, but it may depend on the ion channel portfolio expressed in
the two fiber classes. For instance, activation of TRPA1 in slowly
adapting fibers might depolarize the terminals to assist in gener-
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ating action potentials, whereas, in rapidly
adapting fibers, calcium influx through
TRPA1 might open calcium-activated potassium channels to inhibit generation of
action potentials.
Mechanically sensitive A␤-, A␦-, and
C-fibers in skin were present in normal
proportions in the absence of TRPA1, suggesting that TRPA1 is not required for the
general development and survival of these
fibers. In addition, the fact that subclasses
of rapidly and slowly adapting A␤- and
A␦-fibers were present in the expected
proportions indicates that TRPA1 does
not regulate the phenotypic class of cutaneous sensory neurons.
The reduced mechanical firing rate in
C- and AM-nociceptors is consistent with
the expression of TRPA1 by small- to
medium-diameter nociceptive DRG neurons (Story et al., 2003; Bautista et al.,
2005; Kobayashi et al., 2005; Nagata et al.,
2005), which have fine-caliber unmyelinated or thinly myelinated fibers that can
be distinguished by differential NF labeling (Fundin et al., 1997; Rice et al., 1997).
Although TRPA1 expression in sensory fibers in skin was not previously documented, we were able to detect TRPA1 immunolabeling and PLAP expression in
small-caliber axons within nerves as well as
on some sensory endings in the epidermis.
The number of TRPA1-positive endings in
the epidermis may be an underestimate because of the difficulty of discerning them
among TRPA1-expressing keratinocytes.
In contrast to previous studies that
showed TRPA1 expression exclusively in
small-diameter DRG neurons (Story et al.,
2003; Kobayashi et al., 2005; Nagata et al.,
4

Figure 6. Correlation of Trpa1 transcript with PLAP reporter. In situ hybridization using a Trpa1 mRNA probe and PLAP immunostaining were sequentially performed on L2–L6 DRG sections. a, The in situ hybridization probe for Trpa1 mRNA, which encodes
the last two transmembrane domains and a portion of the C terminus, is represented by a green line. Only fluorescent DRG cell
bodies were counted and analyzed. b, In confocal images (three panels), Trpa1 mRNA was present but no PLAP immunoreactivity
PLAP-IR) was observed in small, medium, and large DRG cell bodies (small, medium, and large green arrows, respectively) from
Trpa1 ⫹/⫹ animals. Total DRG neurons analyzed, n ⫽ 488. c, In confocal images (three panels) of Trpa1 ⫹/⫺ heterozygote
animals containing both Trpa1 and the PLAP reporter, the vast majority of fluorescent neurons displayed both Trpa1 message and
PLAP-IR. Total DRG neurons analyzed, n ⫽ 539. Small, medium, and large neurons are double labeled (small, medium, and large
yellow arrows). d, In confocal images (three panels), small, medium, and large DRG neurons (small, medium, and large red arrows,
respectively) from Trpa1 ⫺/⫺ animals showed prominent PLAP-IR but no detectable Trpa1 in situ signal. Total DRG neurons
analyzed, n ⫽ 465. e, In epifluorescence images (three panels), neurofilament immunoreactivity (NF-IR) is present without
PLAP-IR on small, medium, and large DRG neurons in Trpa1 ⫹/⫹ animals (small, medium, and large green arrows, respectively).

f, In epifluorescence images (three panels), NF-IR is present
on small, medium, and large neurons that are also PLAP positive in Trpa1 ⫹/⫺ animals (small, medium, and large yellow
arrows, respectively). Small PLAP-labeled neurons are also
present that lack NF (small red arrow), as well as large PLAPnegative neurons that are NF-positive (green arrow). g, Percentages of DRG neurons containing Trpa1 mRNA and PLAP
immunoreactivity from each genotype of mice (n ⫽ 4 mice
for each genotype). h, Size distribution of PLAP-positive neurons in Trpa1 ⫺/⫺ and Trpa1 ⫹/⫺ DRGs. The open bars are
proportions of all neurons in each size range. The solid bars
are only those neurons with PLAP immunofluorescence rated
from 3 to 5 on a scale of 1–5. Since no differences in PLAPpositive neurons in Trpa1 ⫺/⫺ and Trpa1 ⫹/⫺ mice were observed, the genotypes were combined for the histogram. i,
Size distribution of neurons expressing Trpa1 mRNA in
Trpa1 ⫹/⫹ and Trpa1 ⫹/⫺ DRGs. The open bars are proportions of all neurons in each size range. The solid bars are only
those neurons with Trpa1 mRNA levels rated from 3 to 5 on a
scale of 1–5. Since no differences in Trpa1 mRNA-expressing
neurons were observed in Trpa1 ⫹/⫹ and Trpa1 ⫹/⫺ mice,
the genotypes were combined. Scale bar, 50 m.
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tion for Trpa1 mRNA, and immunoreactivity for TRPA1 protein, all of which were
controlled for by using tissue from wildtype, heterozygote, and mutant littermates.
TRPA1 expression in large-diameter DRG
neurons is further supported by large-caliber
axon labeling, labeling of known anatomical
types of A␤-fiber endings (lanceolate and
Meissner corpuscles), and altered electrophysiological properties in A␤-fibers. In addition to cell-autonomous effects, adjacent
cellular structures expressing TRPA1 could
alter the mechanical firing properties of
these sensory fibers.
Although we were unable to definitively
detect TRPA1 in Merkel cells or Merkel endings, which are regarded as part of the lowthreshold SA A␤ mechanoreceptive complex, the mechanical firing rate of this class of
fibers was decreased. Since Merkel cells are
embedded among TRPA1-expressing keratinocytes, it makes it difficult to assess their
independent TRPA1 expression status. Conceivably, the impact of TRPA1 on Merkel cell
innervation may be indirectly mediated via
the keratinocytes.
Lanceolate nerve endings affiliated
with hair follicles and Meissner corpuscles
in dermal papillae were TRPA1-positive
and are regarded as low-threshold RA A␤fiber mechanoreceptors. Both types of
endings also lie in close proximity to
TRPA1-expressing keratinocytes in the
hair follicles and epidermis. Conceivably,
some discrepancies between studies may
be attributable to differences among species or to the sensitivity of detection using
different methods.
Indeed, we found that keratinocytes
Figure 7. TRPA1 is normally present in keratinocytes of glabrous skin as well as on some intraepidermal endings and Meissner in the epidermis of both hairy and glaendings. Immunostaining of glabrous (nonhairy) hindpaw skin with PGP9.5, PLAP, and TRPA1 antibodies. Ep, Epidermis; DP, brous skin from the hindpaw express
dermal papillae. a, Double-label confocal images (three panels) of skin from Trpa1 ⫹/⫹ animals lacking the PLAP gene and
TRPA1. The close spatial apposition of
stained for PGP9.5 and PLAP. Intraepidermal endings (small green arrows) and axons located just beneath the epidermis (medium
fine nerve terminals and keratinocytes
green arrows) have PGP9.5 immunoreactivity (PGP9.5-IR) but no PLAP-IR. Some background fluorescence is present the epider⫺/⫺
mis (center panel). b, Double-label confocal images (three panels) of skin from Trpa1
animals having the PLAP gene and suggests that these two cell types may instained with PGP9.5 and PLAP antibodies. Sensory endings in the epidermis are only definitive for PGP9.5-IR (small green arrows). teract in mediating mechanotransducSome axons located just beneath the epidermis have only PGP9.5-IR (medium green arrows), whereas others are immunoreactive tion. Keratinocytes also express other
for both PGP9.5 and PLAP (medium yellow arrows). Nerves slightly deeper in the dermis have axons that are PLAP-positive and TRP channels, including TRPV3,
-negative (large yellow-green arrows). Keratinocytes are intensely labeled for PLAP in all live epidermal layers: stratum basalis TRPV4, and TRPV1, which respond di(SB), stratum spinosum (SS), and stratum granulosum (SG). No PLAP is detectable in the dead keratinocytes of stratum corneum rectly to heat and are thought to com(SC). c, In an epifluorescence image, TRPA1 antibody does not label keratinocytes or innervation in this location in Trpa1 ⫺/⫺ municate with the terminals of sensory
mice. d, In an epifluorescence image, TRPA1-IR is present in live and dead layers of keratinocytes in Trpa1 ⫹/⫹ mice. However, fibers (Peier et al., 2002b; Chung et al.,
TRPA1-IR is lacking in SB. Occasional sensory endings in the epidermis are clearly TRPA1-immunoreactive (2⫻ magnification
2004; Lee and Caterina, 2005). Thus, a
inset). e, In an epifluorescence image, sensory endings in Meissner corpuscles (white arrows), located in dermal papillae, have
plausible explanation is that TRPA1 acTRPA1-IR that is more intense than the TRPA1-IR in the keratinocytes of the adjacent epidermis. f, Real-time PCR traces of total
RNA from three different samples of glabrous skin obtained from Trpa1 ⫹/⫹ or Trpa1 ⫺/⫺ animals. Trpa1 mRNA levels were tivation in keratinocytes modulates the
normalized using cytokeratin 14 (Krt 14) transcript levels to show the presence of Trpa1 transcript in wild-type but not in mutant response properties of the nearby termianimals. g, In an epifluorescence image, the TRPA1 antibody fails to label axons in nerves deep in the dermis of Trpa1 ⫺/⫺ nals of slowly and rapidly adapting A␤animals. h, In an epifluorescence image, TRPA1 antibody labels small- (small arrows) and large-caliber axons (large arrows) in fibers and D-hair receptors.
nerves deep in the dermis of Trpa1 ⫹/⫹ animals. Scale bar, 25 m.
The involvement of TRPA1 in sensing
pungent compounds or endogenous neuro2005), we also found TRPA1 in many medium to large DRG
transmitters related to pain sensation has been well established (Bansomata, and on large-caliber axons within nerves. Evidence for
dell et al., 2004; Jordt et al., 2004; Bautista et al., 2006). However, its
large-diameter, TRPA1-positive DRGs include a PLAP reporter
role in sensing mechanical stimuli is less clear. Here, we describe a
controlled by the endogenous Trpa1 promoter, in situ hybridizamodulatory role for TRPA1 in regulating mechanical firing, and this
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modulation may occur both in primary sensory neurons and in keratinocytes of the epidermis. Understanding how TRPA1expressing keratinocytes and primary
afferent endings interact during somatosensation will assist in generating pharmacological reagents that block TRPA1 function to
reduce mechanosensitivity without inducing complete loss of mechanical pain
sensation.
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