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Abstract

Introduction: Transient receptor potential (TRP) channels
comprise a group of nonselective calcium-permeable
cationic channels, which are polymodal sensors of environ-
mental stimuli such as thermal changes and chemicals.
TRPM8 and TRPA1 are cold-sensing TRP channels activated
by moderate cooling and noxious cold temperatures,
respectively. Both receptors have been identified in trigem-
inal ganglion neurones, and their expression in nonneuro-
nal cells is now the focus of much interest. The aim of this
study was to investigate the molecular and functional
expression of TRPA1 and TRPM8 in dental pulp fibroblasts.
Methods: Human dental pulp fibroblasts were derived
from healthy molar teeth. Gene and protein expression
was determined by polymerase chain reaction and Western
blotting. Cellular localization was investigated by immuno-
histochemistry, and TRP functionality was determined by
Ca”* microfluorimetry. Results: Polymerase chain reaction
and Western blotting showed gene and protein expression
of both TRPA1 and TRPM8 in fibroblast cells in culture.
Immunohistochemistry studies showed that TRPA1 and
TRPM8 immunoreactivity co-localized with the human
fibroblast surface protein. In Ca®* microfluorimetry studies
designed to determine the functionality of TRPA1 and
TRPMS in pulp fibroblasts, we showed increased intracel-
lular calcium ([Ca®*]) in response to the TRPM8 agonist
menthol, the TRPA1 agonist cinnamaldehyde, and to
cool and noxious cold stimuli, respectively. The responses
to agonists and thermal stimuli were blocked in the pres-
ence of specific TRPA1 and TRPM8 antagonists. Conclu-
sions: Human dental pulp fibroblasts express TRPA1 and
TRPM8 at the molecular, protein, and functional levels,
indicating a possible role for fibroblasts in mediating cold
responses in human teeth. (J Endod 2011;37:473-478)
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he cellular and molecular mechanisms underlying thermal transduction in

mammals is being gradually unfolded by recent research on the transient receptor
potential (TRP) family of ion channels. TRP channels comprise a group of nonselective
calcium permeable cationic channels that respond to environmental stimuli such as
thermal changes by activation of calcium fluxes. The TRP family contains nearly 30
members distributed into six subfamilies according to their sequence and function.
The transient receptor potential melastatin-8 (TRPM8) and transient receptor potential
ankyrin-1 (TRPA1) channels are expressed in subpopulations of sensory neurones and
have been proposed to mediate innocuous and noxious cold sensations, respectively
(1-3). TRPA1 is coexpressed in a subpopulation of somatosensory neurones
expressing the heat-sensitive transient receptor potential vanilloid-1 (TRPV1), whereas
TRPMS is expressed in the small dorsal root ganglia neurones and in neurones from the
trigeminal ganglion (1, 4). In addition to their neuronal expression, these channels
have also been shown on nonneuronal cells including keratinocytes (5), epithelial cells
(6), and synoviocytes (7) where their activation has been proposed to coordinate
neural responses. We recently identified TRP channel expression in human odonto-
blasts (8) and hypothesize that pulp fibroblasts also express TRP channels because
these cells modulate pulpal homeostasis (9, 10) and comprise the major cell type in
the dental pulp. Therefore, the aims of this study were to investigate the molecular
expression and localization of TRPA1 and TRPMS8 in human dental pulp fibroblasts
and show their functionality using chemical agonists and cold stimuli.

Materials and Methods

Cell Culture

Human dental pulp fibroblasts were derived from extracted healthy third molar
teeth obtained from patients aged 19 to 30 years old and collected with consent under
the approval of the Office for Research Ethics Committees Northern Ireland. Immedi-
ately after extraction, the teeth were sectioned to remove the pulp and processed for
explant culture as previously described (11). Cells derived from dental pulp explants
were cultured in minimal essential medium with L-glutamine supplemented with
10% fetal bovine serum, 100 Ul/mL penicillin, and 100 wg/mL streptomycin. Cells
between passages 4 and 6 were used in all experiments.

RNA Extraction, Complementary DNA Synthesis, and
Reverse-transcrintase Polymerase Chain Reaction

Total RNA from cells grown to 70% confluence in T75 flasks in culture was prepared
using the RNeasy MiniKit (Qiagen, Crawley, UK) according to the protocol provided by the
manufacturer. Complementary DNA was synthesized from 1 ug of extracted RNA with the
Superscript First Strand Synthesis System (Invitrogen, Paisley, UK) and an oligo-dT primer
mix according to the manufacturer’s guidelines. Conventional reverse-transcriptase
polymerase chain reaction (PCR) using primers specific to human TRPA1, (5’-TGGTGCA-
CAAATAGACCCAGT-3', 3'-TGGGCACCTTTAGAGAGTAGC-5) and TRPMS (5'-GATTTTCAC-
CAATGACCGCCG-3/, 3'-CCCCAGCAGCATTGATGTCG-5) were used. PCR reactions were
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Figure 1. Molecular and protein expression of TRPA1 and TRPMS in cultured human pulp fibroblasts using PCR, western blotting and immunohistochemistry. (4)
Two percent agarose gel electrophoresis showing PCR amplification products for TRPA1 and TRPMS at the predicted sizes. (B) Western blots for TRPA1 and TRPM8
showing immunoreactive bands at the predicted molecular masses of 140 kDa and 125 kDa, respectively. (C and D) Confocal photomicrographs showing cellular
localization of TRPA1 and TRPMS in cultured human pulp fibroblasts. Fibroblast cells were positively identified by staining with FSP (green). These cells also stained
positively for TRPA1/TRPMS (red), and colocalization was evident when the images were merged (yellow). Cells were counterstained with 4',6 diamidino-2-

phenylindole for nuclear enhancement (blue).

performed using Platinum 7ag DNA polymerase (Invitrogen) with the
following parameters: denaturation at 94°C for 30 seconds, annealing at
56°C for 45 seconds, and extension at 72°C for 90 seconds. A total of
33 cycles was performed, followed by a final extension at 72°C for 10
minutes. PCR products were analyzed by electrophoresis in 2% agarose
gel and visualized by ethidium bromide staining. Parallel reactions were
run for each RNA sample in the absence of reverse transcriptase to confirm
the absence of genomic DNA contamination.

Western Blotting

Cultured cells were lysed for 30 minutes on ice with 10 mmol/L
Tris-HCL buffer (pH = 7.4) containing 1% sodium dodecyl sulfate
(SDS) and “complete” protease inhibitors cocktail (Roche, Hertford-
shire, UK). The total protein was determined using the bicinchoninic

acid protein assay, and equal amounts of protein (27 ug) were frac-
tioned by SDS-polyacrylamide gel electrophoresis and blotted onto
nitrocellulose. The blots were blocked in 5% nonfat milk for 1 hour
before probing with rabbit polyclonal primary antibody to TRPA1
(1:500) or TRPM8 (1:500) (Abcam, Cambridge, UK). Detection of
the bound primary antibody was achieved using appropriate antispecies
antibody conjugates (Dako, Glostrup, Denmark) and chemilumines-
cent substrates. Western blotting and PCR images were visualized using
a G:Box chemiluminescent imaging system (Syngene, Cambridge, UK).

Immunohistochemistry

For double-staining fluorescence immunohistochemistry, cells
were grown on cover slips, acetone fixed, and processed for indirect
immunohistochemistry using primary rabbit polyclonal antibodies
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Figure 2. Pharmacological activation of TRPA1 and TRPMS in human pulp fibroblasts. Representative traces of (Ca®*); in response to agonists and antagonists.
(4) An increase in (Caz")i, in cultured fibroblasts in response to 50 umol/L cinnamaldehyde, which was blocked in the presence of the TRPA1 antagonist HC-
030031 (P < .001). (B) The response of fibroblasts to 1 mmol/L, menthol was attenuated by the TRPM8 antagonist capsazepine (P < .001). (C and D) Bar graph
summaries of cell responses to agonists and antagonists. Error bars indicate the standard error of the mean.

against human TRPA1 (Abcam) or TRPMS (Alomone Labs, Jerusalem)
and mouse monoclonal antihuman fibroblast surface protein (FSP)
antibody (Abcam). Appropriate antispecies Alex Fluor 488 and Alexa
Fluor 594 secondary antibody conjugates (Invitrogen) were used for
secondary detection. Briefly, specimens were incubated with
anti-TRPA1 or anti-TRPM8 antibodies diluted 1:100 overnight at
room temperature and then washed extensively with PBS before incu-
bation overnight with anti-FSP (1:500). Secondary antibodies
(1:500) were applied for 45 minutes at 37°C and the tissue sections
washed again. Cover slips were mounted in VectaShield with 4,6
diamidino-2-phenylindole (Vector Labs, Peterborough, UK) to coun-
terstain the nuclei. Images were obtained using a Leica TCS SP5 confocal
microscope (Milton Keynes, UK). Control sections incubated in the
absence primary were negative.

Ca?* Microfluorimetry

Intracellular calcium ([CaZ*] i) was estimated fluorometrically
in cultured pulp fibroblasts loaded with the intracellular Ca** probe
fura-2AM (Enzo Life Sciences, Exeter, UK). Cells were grown on glass
coverslips overnight in minimal essential medium supplemented with
10% FBS, 100 U/mL penicillin, and 100 pg/mL streptomycin before
incubation in the dark with fura-2AM (5 umol/L) for 1 hour at
37°C. Coverslips bearing the adherent cells were then placed in
a recording chamber mounted on the stage of an inverted micro-
scope (Nikon Eclipse TE2000, Surrey, UK) and superfused with

Hank’s solution (140 mmol/L NaCl, 5 mmol/L KCl, 5 mmol/L D-
glucose, 1.3 mmol/L. MgCl,, 2 mmol/L CaCl,, and 10 mmol/L
4-[2-hydroxyethyl]-1-piperazineethanesulfonic acid [HEPES]; pH =
7.4) at 37°C. The temperature of the chamber was controlled
with an inbuilt Peltier device (PTC-10; ALA Scientific, Westbury,
NY). Alternating excitation wavelengths of 340 and 380 nm light
were delivered from a dual monochromator (5-nm bandwidth)
using a light chopper (Cairn Research Ltd, Faversham, UK). Emitted
fluorescence was measured from the side port of the microscope via
an adjustable rectangular window, a filter (510 nm), and a photon
counting photomultiplier tube in the light path. Fluorescence equip-
ment was controlled by Acquisition Engine (Cairn) software
(V1.1.5), which was also used for analysis of the fluorescence
data. At the end of each experiment, background fluorescence was
quantified by incubation of the cells with 5 mmol/L. Mn** in Ca**-
free solution. Changes in the ratio of the background-corrected fluo-
rescence emitted at each excitation wavelength (R = F340/F380) was
used as a measure of changes in the cytoplasmic Ca** concentration
(12). A positive Ca>* response was defined as a change in the F340/
F380 ratio greater than 4 standard deviations above the background
noise.

Cells were stimulated with the TRPM8 agonist menthol (Sigma,
Poole, UK) or TRPA1 agonist cinnamaldehyde (Sigma). Thermal
stimuli were induced by decreasing the temperature in the recording
chamber at a rate of 0.13°C/s with an inbuilt Peltier device (PTC-
10). The selective TRPA1 antagonist HC-030031 (Tocris, Bristol,
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Figure 3. Human pulp fibroblasts’ response to thermal stimuli. Simultaneous recording of (Ca**); (top trace) and bath temperature (bottom trace) during the
application of thermal stimuli (4—F) to cultured pulp fibroblasts. (4) Cinnamaldehyde-responsive cell showing the response to noxious cold (threshold 12° 4= 2°C)
(P < .001). (B) The response to noxious cold was abolished in the presence of the TRPA1 antagonist HC-030031 (P < .001). (C) The summary of the fibroblast
response to noxious cold in the presence and absence of antagonists. (D) The menthol-responsive cell showing the response to innocuous cold (threshold 22° +
3°C) (P < .001). (E) The response to innocuous cold was abolished in the presence of the TRPMS8 antagonist capsazepine (P < .001). (F) Bar graph summaries of
cell responses to moderate cold. Error bars indicate the standard error of the mean.

UK) and the TRPMS8 antagonist capsazepine (7) (Sigma) were used
to attenuate the corresponding agonist- and thermal-induced
responses.

Data Analysis

Data are presented as means + standard error of the mean. For
statistical analysis, paired and one-sample Student # tests were used
with P = .05 considered statistically significant.

Resuits

Molecular Identification of TRPA1 and TRPMS
in Pulp Fibroblasts

Gene and protein expression of TRPA1 and TRPM8 was shown by
PCR and Western blotting at the predicted sizes and molecular masses,
respectively (Fig. 14 and B). Double-staining immunohistochemistry re-
vealed the cellular localization of TRPA1 (Fig. 1C) and TRPMS
(Fig. 1D) and established the colocalization of TRP channel expression



with the fibroblast marker FSP, confirming the fibroblast phenotype of the
cells.

Functional Expression of TRPA1 and TRPM8
in Pulp Fibroblasts

The functional expression of TRPA1 and TRPMS was investigated
by Ca** microfluorimetry using chemical ligands and cold stimuli (Figs.
2 and 3). Exposure of cells to 50 umol/L cinnmaldehye produced
a significant increase in (Ca“)i that was substantially reduced in the
presence of the TRPA1 antagonist HC-030031 (Fig. 24; P < .001,
n = 12). The TRPMS8 agonist menthol (1 mmol/L) also induced a signif-
icant increase in (Ca“)i, which was attenuated in the presence of the
TRPMS antagonist capsazepine (Fig. 2B, P < .001, n = 7).

In addition to treatment with chemical agonists, TRPA1 and
TRPMS were also activated by thermal stimuli. The exposure of cells
to noxious cold by reducing the bath temperature to 12° 4 2°C resulted
in a significant increase in (Ca®"); in cinnamaldehyde-responsive cells
(Fig. 34, P < .001,n = 11). The cellular response to cold was abolished
in the presence of the TRPA1 antagonist HC-030031 (Fig. 3B, P < .001),
suggesting specific mediation of the noxious cold response via TRPAL.
Similarly, introducing moderate cold in the range of 22° £ 3°C resulted
in an increase in (Ca**); in menthol-sensitive cells (Fig. 3D, P < .001,
n = 9), which was abolished in the presence of TRPM8 antagonist,
suggesting a specific TRPM8 response (Fig. 3E, P < .001).

The present report shows for the first time that human dental pulp
fibroblasts express the thermosensitive TRP channels TRPA1 and
TRPMS. The gene and protein expression of these channels was shown
with PCR and Western blotting in concurrence with previous reports of
TRP expression in nonneuronal cells (5, 7, 13). The dental pulp is
populated by different cell types, and pulp cell cultures may be
heterogeneous. However, the cell culture method we used in this
work has been used previously by our research group to derive pulp
fibroblasts from dental pulp explants (11). In the current study, we
cannot exclude the possible contamination by other cells during PCR,
Western blot, and functional assays; however, our immunohistochem-
ical colocalization of TRPA1 and TRPM8 with human fibroblast surface
protein confirms that at least part of these responses are indeed of pulp
fibroblasts. This finding provides a novel role for pulp fibroblasts in
sensing environmental stimuli via the activation of TRP channels as
reported for other nonneuronal cells like skin keratinocytes (5) and
epithelial cells (13).

The physiological significance of thermal sensation by nonneuronal
cells is gradually emerging, and it has been suggested that the activation of
thermo-TRP channels in nonneuronal cells could lead to the release of
diffusible factors that could affect the function of sensory neurones
(14, 15). In this regard, TRPV3 in keratinocytes has been shown
to transmit temperature information to neurones via adenosine
triphosphate and prostaglandin E, release to influence both acute
nociception and hyperalgesia (14, 15). However, whether TRPA1 or
TRPMS could similarly transmit cold temperature sensation to sensory
neurones remains to be investigated.

In addition to their roles as sensors of environmental stimuli, TRP
channel activation has also been associated with the development of
neurogenic inflammation. It is known that TRPA1 is a polymodal
channel, which is activated not only by cold but also by a variety of
chemical irritants including peroxides (16, 17), cigarette smoke
(18), and pungent compounds (2, 19, 20). After activation, TRP
channel expression by dental pulp neurones could have important
roles in transducing thermal stimuli into the sensation of pain (21).

In addition to eliciting pain, it has also been proposed that the activation
of TRP channels on sensory neurones in the airways could evoke
protective responses by local release of neuropeptides from the periph-
eral sensory nerve terminals or by sympathetically or vagally mediated
neuronal reflexes (18). However, peripheral nerve terminals are not
unique sources of neuropeptides, and it has recently been shown that
TRPA1 and TRPMS mediate inflammation via the release of neuropep-
tides and inflammatory cytokines from nonneuronal cells (13, 18). In
the context of the dental pulp, it is known that neuropeptides regulate
the expression of angiogenic growth factors in human dental pulp
fibroblasts (22). Furthermore, in addition to their well-defined roles
in repair and remodelling orchestrated by cytokines, growth factors,
and extracellular matrix molecules, pulp fibroblasts also synthesize
some neuropeptides and their receptors (11, 23). It is reasonable to
speculate that the activation of TRPA1 in dental pulp fibroblasts may
modulate pulpal inflammation through the release or recognition of
neuropeptides and the subsequent development of the neurogenic
inflammatory response. TRPA1 chemical agonists such as peroxides
(24) or cold stimuli (25) can penetrate enamel and dentine to reach
the dental pulp. Peroxides used in bleaching products are known to
cause bleaching sensitivity and pain (26). Bleaching has been shown
to increase pulpal expression of substance P (27), and it is possible
that TRPA1 activation may have a role in modulating this response. Addi-
tional physiological roles for TRPA1 channel activation could involve
cell proliferation/differentiation as has previously been described for
skin keratinocytes (5).

Conclusions
Our findings show the functional expression of TRPA1 and TRPM8
in dental pulp fibroblasts, which may have major physiological impor-
tance for pulpal homeostasis.
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