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TRPA1 contributes to specific mechanically activated
currents and sensory neuron mechanical hypersensitivity
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Non-technical summary Detecting mechanical stimuli is vital to determining our responses to
environmental challenges. The speed required for this process suggests ion channels are opened
in response to mechanical forces. A specialised membrane protein called the TRPA1 ion channel
mediates chemical based pain; however its role in mechanical pain remains unresolved. Here
we show that TRPA1 contributes to the detection of mechanical stimuli in a select set of pain
sensing neurons. Furthermore, we also show that acute activation of this channel enhances the
mechanical responsiveness of these neurons. Finally, we also show that increasing the expression
of TRPA1 causes a further enhancement in the mechanical response. These findings suggest that
a drug designed to block TRPA1 would be beneficial for the treatment of numerous pathological
conditions associated with mechanical pain.

Abstract The mechanosensoryrole of TRPA1 and its contribution to mechanical hypersensitivity
in sensory neurons remains enigmatic. We elucidated this role by recording mechanically activated
currents in conjunction with TRPA1 over- and under-expression and selective pharmacology.
First, we established that TRPA1 transcript, protein and functional expression are more
abundant in smaller-diameter neurons than larger-diameter neurons, allowing comparison of
two different neuronal populations. Utilising whole cell patch clamping, we applied calibrated
displacements to neurites of dorsal root ganglion (DRG) neurons in short-term culture and
recorded mechanically activated currents termed intermediately (IAMCs), rapidly (RAMCs)
or slowly adapting (SAMCs). Trpal deletion (—/-) significantly reduced maximum IAMC
amplitude by 43% in small-diameter neurons compared with wild-type (4/+) neurons. All
other mechanically activated currents in small- and large-diameter Trpal~/~ neurons were
unaltered. Seventy-three per cent of Trpal™* small-diameter neurons responding to the TRPA1
agonist allyl-isothiocyanate (AITC) displayed IAMCs to neurite displacement, which were
significantly enhanced after AITC addition. The TRPAI antagonist HC-030031 significantly
decreased Trpal*/* IAMC amplitudes, but only in AITC responsive neurons. Using a trans-
fection system we also showed TRPA1 over-expression in Trpal*/* small-diameter neurons
increases IAMC amplitude, an effect reversed by HC-030031. Furthermore, TRPA1 introduction
into Trpal~/~ small-diameter neurons restored IAMC amplitudes to Trpal*/* levels, which
was subsequently reversed by HC-030031. In summary our data demonstrate TRPA1 makes a
contribution to normal mechanosensation in a specific subset of DRG neurons. Furthermore,
they also provide new evidence illustrating mechanisms by which sensitisation or over-expression
of TRPA1 enhances nociceptor mechanosensitivity. Overall, these findings suggest TRPA1 has the
capacity to tune neuronal mechanosensitivity depending on its degree of activation or expression.
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Introduction

TRPA1 is a non-selective, calcium-permeable cation
channel activated by several exogenous and endogenous
compounds including mustard oil, acrolein, formalin,
4-hydroxynonenal and reactive oxygen species (Bandell
et al. 2004; Bautista et al. 2005; Macpherson et al. 2007 a,b;
McNamara et al. 2007; Trevisani et al. 2007; Materazzi
et al. 2008; Taylor-Clark et al. 2008). TRPA1 has also been
implicated as a mechanosensor, but despite considerable
study the contribution of TRPA1 to mechanosensitivity
remains contentious. Interest in TRPA1 as a mechano-
sensor originated from its unique anykinin repeats,
thought to act as a spring to gate TRPA1 in response
to mechanical stimuli, and from studies in lower species
(Corey, 2003; Tracey et al. 2003; Corey et al. 2004;
Lin & Corey, 2005; Sotomayor et al. 2005). In higher
species this observation initially appeared confirmed with
TRPA1 messenger RNA expression in hair cell epithelia
coinciding developmentally with the onset of mechano-
sensitivity (Corey et al. 2004), whilst inhibition of TRPAI
protein expression via siRNA decreased receptor cell
function (Corey et al. 2004). However, these results
were subsequently tempered by the observation that
two different lines of Trpal~/~ mice failed to show
deficitsin auditory mechanosensation (Bautista et al. 2006;
Kwan et al. 2006). The role of TRPA1 in mechanically
induced pain was similarly equivocal, since only one of
two lines of Trpal~/~ mice displayed deficits in sensing
noxious punctate cutaneous mechanical stimuli. These
mice had both higher mechanosensory pain thresholds
than Trpal*/* mice and reduced responses to supra-
threshold stimuli (Kwan et al. 2006). More recent data
from isolated neurons (Bhattacharya et al. 2008; Vilceanu
& Stucky, 2010), cell lines (Rugiero & Wood, 2009)
and mechanosensitive sensory afferent fibres (Brierley
et al. 2009; Kerstein et al. 2009; Kwan et al. 2009)
have been interpreted both for and against TRPA1 as a
mechanonociceptor. Interpretation is further complicated
by reports showing TRPA1 expression in different sized
neurons, contained within varying sensory ganglia (Story
et al. 2003; Nagata et al. 2005; Kwan et al. 2009) and
within non-neuronal structures (Purhonen et al. 2008;
Doihara et al. 2009; Kwan et al. 2009; Nozawa et al.
2009). As such a mechanosensory role of TRPA1 seems

to be complicated by the setting of expression, the type
of neurons or afferents studied and the methodology
used. In particular conflicting mechanosensory studies
from isolated neurons (Bhattacharya et al. 2008; Vilceanu
& Stucky, 2010) have not specifically determined if
the neurons tested explicitly express TRPAIL, or if
TRPA1 sensitisation or over-expression alters mechano-
sensitivity. Therefore critical pieces of information are
missing: the relationship between the level of TRPAI
expression and activation and the mechanosensory
responses of individual sensory neurons. This would
provide conclusive evidence for or against a mechano-
nociceptive role. This information is crucial since we
need to know how an organism perceives environmental
challenges, in particular painful stimuli, and whether this
changes in acute and chronic conditions of mechanical
hypersensitivity (Lewin & Moshourab, 2004; Lumpkin
& Caterina, 2007; Brierley, 2010). As such resolving the
mechanosensory nature of TRPA1 and its contribution
to acute and chronic mechanical hypersensitivity would
determine whether or not we should focus on TRPA1 as a
potential therapeutic target for the numerous pathological
conditions associated with mechanical allodynia and
hyperalgesia. Therefore, we determined which population
of dorsal root ganglion (DRG) neurons express TRPA1
and then specifically investigated the mechanosensory
role of TRPA1 in these neurons using patch clamping
with concurrent mechanostimulation. This utilised native
sensory neurons where mechanically activated currents
were evoked within millisecond latency in response to
probing neurites, rather than from the cell body, which is
relatively less sensitive (Hu & Lewin, 2006; Wetzel et al.
2007). This neurite probing technique has been shown
to correlate well with nerve fibre recordings and together
have provided corresponding information regarding the
role of the stomatin-domain protein SLP3 in cutaneous
mechanosensation (Wetzel et al. 2007). By employing a
combination of additional techniques including immuno-
histochemistry, in situ hybridisation, laser capture micro-
dissection and quantitative RT-PCR to determine TRPA1
expression and in conjunction with knockout studies,
TRPA1 pharmacology and over-expression using a neuro-
nal transfection system we have identified a crucial role
for TRPALI in regulating nociceptor mechanosensitivity.
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Methods
Ethical approval

All procedures were performed in accordance with the gui-
delines of the Animal Ethics Committees of the Institute
for Medical and Veterinary Science and the University of
Adelaide, Adelaide, Australia.

Targeted deletion of Trpa1

Mice with disruption to the Trpal gene were generated by
homologous recombination on a C57/BL6 background
as we have described previously in detail (Kwan et al.
2006). However, of particular note Trpal knockout (—/-)
mice had the entire TRPA1 pore domain deleted and
replaced with placental alkaline phosphatase (PLAP)
reporter gene (Kwan et al. 2006). Subsequently, separate
lines of Trpal~/~ and wild-type (+/+) mice were bred and
the colonies maintained. Mice were grouped housed in
cages, given free access to food and water, and maintained
ona 12 h:12 h light—dark cycle. Animals of both sexes were
used for experiments.

Neuronal culture

TRPA1"/* and TRPA1~/~ mice between 8 and 12 weeks
of age were killed by CO, inhalation and dorsal root
ganglia (DRGs) from T10-L1 removed and digested
with 4mgml™! collagenase II (Gibco) and 4 mgml™!
dispase (Gibco) for 30 min at 37°C, followed by 4 mg ml™!
collagenase II only for 10 min at 37°C. Neurons were
mechanically dissociated into a single cell suspension
via trituration through fire-polished Pasteur pipettes.
Neurons were resuspended in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco) containing 10% fetal calf serum
(FCS; Invitrogen), 2mM L-glutamine (Gibco), 100 um
minimum essential medium (MEM) non-essential amino
acids (Gibco) and 100 mg ml™! penicillin—streptomycin
(Invitrogen). Nerve growth factor (NGF) at 100 ng ml™!
(Sigma-Aldrich) was also included as it has been pre-
viously demonstrated to be critical in maintaining TRPA1
function (Akopian et al. 2007), although it should be noted
that NGF has been shown to be effective in inducing
IAMC (Lechner et al. 2009) and enhances the response
of nociceptors to mechanical stimuli (Di Castro et al.
2006). Neurons were spot-plated on 8 mm HCI treated
coverslips coated with poly D-lysine (800 ugml™') and
laminin (20 g ml™") and maintained at 37°C in 5% CO,.

Transfection of sensory neurons

Neurons were transiently transfected with the use of
commercially available Nucleofector system (Amaxa
Biosystems, Lonza Australia, Mt Waverley, Victoria,
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Australia) (Harty & Waxman, 2007; Wetzel et al. 2007).
For the control green fluorescent protein (GFP) plasmid
we used the pmaxGFP plasmid, contained in the
mouse Neuronal Nucleofector kit (Amaxa Biosystems),
whilst for TRPA1 we used TRPA1-IRES-GFP plasmid
provided by Prof. David Corey (Harvard Medical School).
Neurons were dissociated as above and suspended in
200 ul of mouse neuron nucleofector solution and 5 ug
of either control GFP (Amaxa Biosystems) or mouse
TRPAI-IRES-GFP plasmid DNA at room temperature.
These mixtures were then transferred to a cuvette for
electroporation. After electroporation the cell suspension
was transferred to 250 ul of DMEM (Gibco) containing
10% FCS (Invitrogen), 2 mM L-glutamine (Gibco), 100 um
MEM non-essential amino acids (Gibco) and 100 ng ml~!
NGF, and cells were spot-plated onto glass coverslips for
recording. We observed a transfection efficiency of 5-10%.
Images of control-GFP or TRPA1-GFP neurons were
obtained using an epifluorescence microscope (Olympus
BX51) and confocal scanning microscope (Leica SP5).

Whole-cell patch-clamp recordings from isolated
thoracolumbar DRG neurons

Whole-cell recordings were made from thoracolumbar
(TL) DRG neurons 20-48h after plating, using
fire-polished glass electrodes with a resistance of 2—-5 M.
All recordings were performed at room temperature
(20-22°C). Signals were amplified by using an Axopatch
200A amplifier, digitised with a Digidata 1322A and
recorded using pCLAMP 9 software (Molecular Devices,
Sunnyvale, CA, USA). For all neurons holding potential
was —70 mV. Intracellular solutions contained (mm): KCl,
135; MgCl,, 2; MgATP, 2; EGTA-Na, 5; Hepes-Na, 10;
adjusted to pH 7.4. Extracellular solutions contained
(mmMm): NaCl, 140; KCl, 4; MgCl,, 2; CaCl,, 2; Hepes-Na,
10; glucose, 5; adjusted to pH 7.4. In some experiments a
reduced extracellular Ca** solution was used containing
(mM): NaCl 140; KCl, 4; MgCl,, 4; CaCl,, 0.1; Hepes-Na,
10; glucose, 5; adjusted to pH 7.4. We recorded from
and compared two different populations of neurons in
Trpal™* and Trpal~/~ mice. These were small-diameter
neurons (maximum soma diameter <20 um, cross
sectional area <~300 um and larger diameter neurons
(maximum soma diameter >30 pum, cross sectional area
>1000 um). The exact measurement of soma size was
carried out post hoc for each recorded neuron. Control
solutions and drugs were applied with a gravity driven
multi-barrel perfusion system positioned within 1 mm
of the neuron under investigation, as used previously
(Duffield et al. 2005; Keating et al. 2005; Litjens et al.
2007).

We employed a system to mechanically probe neurons
similar to those used previously (Drew et al. 2002; Di
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Castro et al. 2006; Hu & Lewin, 2006; McCarter & Levine,
2006; Wetzel et al. 2007; Lechner et al. 2009; Lechner &
Lewin, 2009; Rugiero & Wood, 2009; Coste et al. 2010; Hu
et al. 2010; Rugiero et al. 2010; Vilceanu & Stucky, 2010).
However, we focused on the mechanical stimulation of
neurites (Hu & Lewin, 2006; Wetzel et al. 2007; Lechner &
Lewin, 2009; Hu et al. 2010) as opposed to soma probing
(Drew etal. 2002; Di Castro et al. 2006; McCarter & Levine,
2006; Lechner et al. 2009; Rugiero & Wood, 2009; Rugiero
et al. 2010; Vilceanu & Stucky, 2010; Coste et al. 2010)
or radial stretch (Bhattacharya et al. 2008). Specifically,
we applied mechanical stimuli using a heat-polished glass
pipette with a sealed tip (diameter, 1-3 um) and long
taper. The glass pipette probe was positioned at an angle
of 45 deg to the surface of the coverslip and was driven by a
programmable piezo-micromanipulator in 1-5 um steps
at a stable speed of 2.5 um ms™!. Neurites with the most
bulbous ending were selected for mechanical stimulation.
Initially the probe was moved towards the neurite and
positioned as close as possible without touching it. Then
it was retracted diagonally by a previously calibrated
1 pum step and was within ~1 um of the neurite,
as observed through the microscope with calibration
markers. All consequent stimuli were applied from this
starting position. A 2 um stimulus produced an observable
deflection in the neurite, without displacing the neurite,
and elicited a mechanically activated current. Therefore
this 2 um movement is referred to as a 1 um probe.
Similarly, returning the probe to its starting position
~1 pum away from the neurite and applying a 3 um
movement produced an greater observable deflection in
the neurite, again without displacing the neurite, and
elicited a larger mechanically activated current. Therefore
this 3 um movement is referred to as a 2 um probe
and this was the primary stimulus used in this study. In
some experiments 5 um movements, called a 4 um probe,
caused noticeable neurite displacement, and therefore
greater steps were not used to probe neurites. For each
mechanical stimulus, the pipette was moved toward the
neurite or in some cases the soma, paused for >250 ms, and
then moved back to its original starting position. Repeated
2 um probing at a speed of 2.5 um ms™! at 30-60 s inter-
vals allowed full recovery of the mechanosensitive currents
and produced highly reproducible mechanically activated
currents with consistent amplitudes allowing us to test the
effects of a TRPAI agonist (allyl-isothiocyanate; AITC)
or TRPA1 antagonist (HC-030031) on mechanically
activated current amplitude within individual neurons.
In some experiments probing of the cell soma with a
7 um movement (6 um probe) was used to determine
the relative effects of neurite vs. soma probing on
mechanically activated currents. Different types of
mechanically activated current were classified based on
their half-activation (t,) and half-inactivation (t,) times.
Briefly, RAMCs were classified by half-inactivation times
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<10 ms, whereas IAMCs were between 20-50 ms and
SAMCs were greater >100 ms. Neurons with mechanically
activated currents that did not reach half-inactivation
by the end of the 250ms stimulus were given a
half-inactivation 7, of 250 ms. The maximum amplitude
of the inward currents generated in response to mechanical
stimulation from small- and large-diameter neurons
were directly compared between Trpal™/* and Trpal=/~.
Statistical analysis was performed with GraphPad Prism 4
using two-way ANOVA, and Student’s ¢ test for paired
or unpaired data as appropriate. Data are shown as
means + SEM, with significance considered at P < 0.05.

Drugs

The TRPAI agonist allyl-isothiocyanate (AITGC;
40-400 M) was purchased from Sigma-Aldrich (St Loius,
MO, USA), whilst the TRPA1 antagonist HC-030031
(10 uM) was purchased from Hydra Biosciences Inc.,
Cambridge, MA, USA. Fresh solutions were made each
recording day.

Dissociated ganglion cell culture, laser capture
microdissection and quantitative RT-PCR

Trpal™/* mice were killed by CO, inhalation and DRGs
from T10-L1 removed. Neurons were mechanically
dissociated as described above and resuspended in Hanks’
buffered salt solution (HBSS) (Gibco) and spot-plated
onto 50 mm Zeiss Duplex-Dishes (Carl Zeiss Australia,
North Ryde, NSW, Australia), then maintained at 37°C
in 5% CO, for 2 h allowing optimal cell adhesion. Two
different populations of neuron were captured, those
with soma diameter <20 um, termed small-diameter
neurons, and those with soma diameters >30 pm, termed
large-diameter neurons. These different populations were
isolated using a PALM Microlaser Technologies micro-
dissection system (Carl Zeiss, Germany) and catapulted
directly into a lysis/stabilisation buffer containing carrier
RNA (4ngul™) (Qiagen, Valencia, CA, USA) (Page
et al. 2005; Hughes et al. 2007). Neurons were pooled
from multiple mice with equal numbers of neurons
(200) between populations. RNA was isolated from these
two groups of neurons and extracted using a Qiagen
RNAse micro kit (Sydney, Australia). QRT-PCR was
performed using a Chromo4 real-time instrument and
Opticon Monitor software (M] Research, Watertown,
MA, USA) (Brierley et al. 2008, 2009). We used Qiagen
(USA) QuantiTect SYBR Green RT-PCR one-step Kkits
according to the manufacturer’s specifications, with the
following primers and conditions for TRPAI: forward,
5'-3": ACAAGAAGTACCAAACATTGACACA; reverse,
5'-3": TTAACTGCGTTTAAGACAAAATTCC; B-tubulin
primers: forward 5-3": CCAAGTTCTGGGAGGTCATC,
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reverse 5'-3" TGAGAGGAGGCCTCATTGTAG
(GeneWorks, Hindmarsh, SA, Australia). Reverse
transcription, 50°C (30 min); initial PCR activation,
95°C (15min); PCR cycles, 94°C (15s), 47°C (30s),
and 72°C (30s) repeated for 44 cycles. Size of amplified
products was confirmed by gel electrophoresis. Each assay
was run in at least triplicate in separate experiments.
Control PCRs were performed by substituting RNA
template with distilled RNAse-free water or by omitting
the RT step. The comparative cycle threshold method
was used to quantify the abundance of TRPA1 transcript
in small- and large-diameter neuron mice as previously
described (Brierley et al. 2008, 2009). Quantitative data
are expressed as means & SD, and significant differences
in transcript expression determined by a Mann—Whitney
test.

In situ hybridisation

Trpal™/* mice were anaesthetised with Nembutal
(100 mgkg™!, Virbac Animal Health, Reagents Park,
NSW, Australia) and transcardial perfusion performed
first with warm sterile heparinised saline, followed
by ice-cold 20% sucrose in 4% paraformaldehyde
(PFA)/0.1 M phosphate buffer (PB), pH 7.4. Following
fixation, thoracolumbar DRGs from bilateral spinal
levels T10-L1 were removed and sections (12 um) cut
and post-fixed as described previously (Hughes et al.
2007; Brierley et al. 2008, 2009). Digoxigenin-labelled
oligonucleotide probe anti-sense to 1571-1618 of murine
TRPAI messenger RNA (mRNA) was used to target
TRPA1 (Brierley et al. 2009). Complementary sense
probe was used as a negative control revealing no
labelling above background. Digoxigenin was detected
using CARD amplification (Perkin-Elmer, Waltham, MA,
USA) combined with streptavidin-conjugated AlexaFluor
546 (SAF546) (Invitrogen, Mt Waverly, VIC, Australia).
Only cells with intact nuclei were included for analysis. To
determine TRPA1 expression in small- vs. large-diameter
neurons, data are expressed as the percentage of neurons
expressing TRPA1 transcript in 5 wm bin sizes. Data were
taken from DRG section in four to eight DRG sections per
mouse averaged across five or six mice.

Immunohistochemistry

Trpal™* or Trpal/~ mice were killed by CO,
inhalation and DRGs from T10-L1 removed. Neurons
were dissociated onto HCI treated coverslips and
were fixed for 10 min at room temperature in 4%
paraformaldehyde-phosphate buffered saline (PBS) after
24 h incubation. After fixation, coverslips were flushed
three times with 0.1 M PBS and immediately incubated
with blocking solution, 5% normal donkey serum diluted
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in 0.2% Triton TX-200 (Sigma-Aldrich, USA) in PBS
for 30 min. Coverslips were then incubated with a
rabbit anti-TRPA1 (1/1000; no. AB58844; Abcam) over-
night at 4°C (Brierley et al. 2009). This was followed
by three PBS washes and incubation with secondary
antibody donkey anti-rabbit AF568 (1/400; Molecular
Probes/Invitrogen, Carlsbad, CA, USA) for 1h at room
temperature. The coverslips were then flushed three
times with PBS before being mounted on microscope
slides with antifade mounting solution (Prolong anti-
fade, Molecular Probes/Invitrogen). Negative controls
were prepared as above with the primary antibody
omitted or in tissue from Trpal~/~ mice. Furthermore,
as these Trpal~/~ mice have the placental alkaline
phosphatase gene (PLAP) substituted for Trpal, we
also used mouse anti-PLAP antibody (Sigma-Aldrich)
at 1:100 (Kwan et al. 2009) in addition to the TRPA1
labelling, using 5% normal goat serum and mouse-IgG
(1/10; Jackson ImmunoResearch Laboratories, Inc., West
Grove, PA, USA) in PBS to block non-specific labelling
and visualised with goat anti-mouse AF488 secondary
antibody (1/400; Molecular Probes/Invitrogen). Images
were obtained using an epifluorescence microscope
(Olympus BX51) and confocal scanning microscope
(Leica SP5).

Results

TRPA1 is expressed predominantly in small-diameter
DRG neurons

Before determining the mechanosensory role of TRPA1
we first had to determine in which DRG neurons it
is expressed. This in itself is a controversial issue and
depends on which sensory neurons are investigated
(Story et al. 2003; Nagata ef al. 2005; Kwan et al
2009). Firstly, utilising in situ hybridisation for TRPA1
on DRG sections revealed that in TL DRG, TRPA1
mRNA is predominantly localised in smaller-diameter
neurons (<25 pum). Indeed we found that in DRGs
from the TL region ~90% of the TRPAl expressing
neurons had small diameters (Fig. 1A). To determine if
this was also the case in the setting in which patch
clamp recordings would be performed, we also performed
laser capture microdissection of dissociated neurons.
Subsequent QRT-PCR analysis revealed a significantly
greater expression of TRPA1 transcript in neurons with
soma diameters <20 um compared with larger soma
diameters >30 um (Fig. 1B). Taken together these results
confirmed TRPA1 is enriched within small-diameter
DRG neurons. To confirm that mRNA expression trans-
lated to protein expression we also performed immuno-
histochemistry on dissociated neurons. This also revealed
that neurons expressing TRPA1 protein were pre-
dominantly of smaller diameter (Fig. 1C). As Trpal =/~
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mice have the placental alkaline phosphatase gene (PLAP)
substituted for Trpal, we also used a PLAP antibody,
which also confirmed expression in small-diameter DRG
neurons (Fig. 1C). On the basis of these results patch
clamp recordings were performed on two different
populations of neurons, (i) smaller neurons with soma
diameters <20 um, a TRPA1-rich population, or (ii) larger
neurons with soma diameters >30 um, a TRPA1-poor
population.

Mechanically activated currents elicited by neurite
displacement in small-diameter DRG neurons

We recorded mechanosensory currents in response to
probing the neurites of isolated TL DRG neurons, which
provides an improved environment for testing of direct
mechanosensory function (Hu & Lewin, 2006; Wetzel
et al. 2007). Neurite stimulation induced three different
types of current (Fig.2A) as previously described (Hu
& Lewin, 2006). The mechanically activated currents
were termed slowly adapting (SAMCs), rapidly adapting
(RAMCs) and intermediate-adapting (IAMCs) based
on their significantly differing half-inactivation times
(Fig. 2B). SAMCs, RAMCs and IAMCs were all evoked
at sub-millisecond latency as observed previously (Hu &
Lewin, 2006; Wetzel et al. 2007). However, the time to
half-activation of IAMCs was significantly shorter than
RAMC s (Fig.2C). By contrast some neurons did not
respond to mechanical neurite probing and were termed
no response (NR) neurons. In small-diameter neurons
IAMC (67.6%) was the predominant current followed by
SAMC (11.7%), RAMC (10.3%) and NR (10.2%).
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TRPA1 deletion alters specific mechanically activated
currents in small-diameter neurons

We then determined whether the absence of TRPA1 alters
the response properties of mechanically activated currents.
We found that the rapid peak of the IAMC was significantly
reduced in amplitude by ~43% in small-diameter DRG
neurons from Trpal~/~ mice (Fig. 3Aand B, Table 1). Data
shown in Fig. 3A and B are for responses to a submaximal
(2 um) mechanical stimulus, although responses were
proportional in amplitude to the size of graded stimuli,
all of which were reduced in Trpal=/~ small-diameter
neurons (Fig.3C). Responses of DRG neurons to a
different type of stimulus — probing of the cell soma —
were evoked at higher displacement thresholds than those
to neurite deformation, but were likewise significantly
reduced in the Trpal~/~ neurons (Fig. 3D). By contrast,
we found that TRPA1 deletion had no effect on RAMC
(Fig. 4A) or SAMC (Fig. 4B) amplitude in small-diameter
neurons. Overall, the electrical properties of Trpal=/~
DRG neurons, including resting membrane potential,
voltage gated Na* and K™ currents and I-V relationships,
were unaffected (Table 1, and data not shown). We also
encountered similar proportions of the different types
of mechanosensory currents in Trpal*/* and Trpal=/~
neurons (Fig. 4C, Table 1), indicating no difference in basic
mechanosensory phenotype.

In contrast to data from small-diameter DRG neurons,
large-diameter neurons, which we found to generally
lack TRPA1, displayed no alterations in IAMC (Fig. 54,
Table 1). Furthermore, large-diameter Trpal~/~ neurons
displayed no change in RAMC (Fig.5B, Table 1) or
SAMC (Fig. 5C, Table 1) amplitudes. Furthermore, similar

O

TRPA1/P-LAP TRPA1 P-LAP

T

TRPA1++

*
- I . | g
soma soma E
<20um =30pum

Figure 1. TRPA1 mRNA and protein is predominantly localised in smaller-diameter neurons

A, in situ hybridisation revealed that in thoracolumbar (TL) dorsal root ganglion (DRG) TRPA1T mRNA is pre-
dominantly localised in smaller-diameter neurons (<25 um). B, laser capture microdissection of dissociated neurons
and subsequent QRT-PCR analysis revealed a significantly greater expression of TRPA1 transcript in neurons with
soma diameters <20 um compared with larger soma diameters >30 um (*P < 0.05, unpaired t test, n = 3 mice
for each population). C, immunohistochemistry on dissociated neurons revealed TRPA1 protein expression in
small-diameter 7rpa7t/* DRG neurons. As Trpa?~/~ mice have placental alkaline phosphatase (PLAP) substituted
for Trpa, we also used a PLAP antibody, which confirmed TRPA1 expression in small-diameter DRG neurons. Note
the lack of TRPA1 expression in the larger-diameter neuron. On the basis of these results patch clamp recordings
were performed on 2 different populations of neuron, (i) smaller neurons with soma diameters <20 um and (ii)
larger neurons with soma diameters >30 um. Scale bar 15 um.
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proportions of the different types of mechanosensory
currents were present in large-diameter Trpal™/* and
Trpal~/~ DRG neurons (Fig. 5D). Taken together these
data indicate TRPA1 plays a fundamental role in the
initial process and amplitude of mechanical stimulus
detection within a select population of small-diameter
DRG neurons.

A TRPA1 agonist activates small-diameter neurons
and evokes mechanical hypersensitivity

Having shown that deletion of Trpal attenuates IAMC
in small-diameter neurons we then investigated if +/4
neurons functionally expressed TRPAl. To do this we
applied the TRPA1 agonist AITC (mustard oil, 40-400 uM)
to both small- and large-diameter neurons. A recent study
has suggested that AITC may also activate TRPV1 in

A
Rapidly Adapting (RAMC)
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addition to TRPA1 (Everaerts et al. 2011). These authors
demonstrated that 100 uM AITC did not evoke responses
in Trpal~/~ DRG neurons at a temperature of 25°C;
however, this changed in experiments performed at 37°C
whereby a percentage of Trpal~/~ DRG neurons started
responding to 100 uM AITC. They also noted that in
Trpal*/* DRG neurons AITC evokes TRPA1-mediated
responses that are rapid and quickly desensitising, whereas
TRPVI1-mediated responses are slower but sustained
(Everaerts et al. 2011). In the current study, performed
at room temperature, AITC evoked a large rapid
inward current (Fig. 6A) in 52% of the Trpal™/* small
diameter neurons tested, compared with only 10% of
Trpal™/* large diameter neurons. We also found that
none of the Trpal~/~ DRG neurons tested responded
to AITC at concentrations between 40 and 400 um.
Taken together these results strongly suggest that AITC
only produces a TRPA1-dependent effect in the current
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Figure 2. Mechanically activated currents elicited by neurite displacement

A, 4 distinct types of mechanically activated current termed rapidly adapting (RAMC), intermediately adapting
(IAMC), slowly adapting (SAMC) and no response (NR) were elicited in response to neurite probing. B, the
inactivation currents for each type of response were distinct and significantly different from one another
based on their time of inactivation (*P < 0.05, RAMC: 6.5 £ 0.6 ms vs. IAMC: 29.9 &+ 3.6 ms; ***P < 0.001,
IAMC: 299 £ 3.6 ms vs. SAMC: 233.1 £9.1ms n=7-46; ***P <0.001, RAMC 6.5+ 0.6 ms vs. SAMC:
233.1 £ 9.1 ms, n=7-8). C, the time taken for IAMC to reach half-peak amplitude is significantly quicker
than RAMC (**P < 0.01, 2.39 £ 0.13 ms vs. 3.45 & 0.59 ms after probe onset, n = 7-46).
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study. Of the Trpal*/* responsive small-diameter neurons
73% displayed IAMCs to neurite displacement, whilst
27% displayed RAMCs. None of the AITC responsive
neurons displayed SAMCs or NR to neurite probing.
We also found that when Trpal™/* AITC responsive
small-diameter neurons were subsequently re-tested with
neurite probing they displayed significantly greater IAMC
amplitudes (Fig. 6A), indicating pronounced mechanical

S. M. Brierley and others
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hypersensitivity. This AITC-induced mechanical hyper-
sensitivity required TRPA1 activation, since it occurred
only in IAMC neurons that were responsive directly
to AITC (Fig.6B). IAMC maximal amplitudes in
Trpal™/* small-diameter neurons were not significantly
altered using low external Ca’" solutions (Fig.6C).
However, we found that the mechanical hypersensitivity
induced by AITC was lost in low Ca*" conditions
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Figure 3. Deficits in mechanotransduction occur in intermediately adapting mechanically activated
currents (IAMCs) of small-diameter TRPA1~/~ neurons

A, in Trpal~/~ small diameter neurons the amplitude of the IAMCs generated by 2 um neurite probing was
significantly reduced compared with Trpa?*/* (*** P < 0.001, unpaired t test, n = 40-46). B, examples of original
traces demonstrating the extent of IAMC deficit in TRPA1~/~ small-diameter neurons. Ca, the deficits observed
in IAMCs from Trpa?—/~ small-diameter neurons occur across a range of probing intensities (**P < 0.01, 2-way
ANOVA; *P < 0.05, for 1 um, 2 um and 4 um post hoc tests). Cb and c, original recordings of Trpal™/* (b)
and Trpa1~/~ small-diameter neurons (c) in response to 1 um, 2 um and 4 um neurite displacements. D, IAMCs
were evoked in small-diameter neurons by probing of the cell soma >4 um as found previously (Hu & Lewin,
2006). With a 6 um displacement the peak IAMC was significantly reduced in Trpa?~/~ small-diameter neurons

(*P < 0.05, unpaired t test, n = 12).
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Table 1. Properties of mechanically activated currents evoked by neurite probing

TRPAT and mechanical hypersensitivity

Smaller-diameter neurons

Larger-diameter neurons

Trpalt/+ Trpal=/= Trpal*/+ Trpal—/=
Intermediately adapting mechanically n =146 n =40 n=13 n=38
activated currents
Mean current amplitude (pA) —237.3 £ 19.14 —134.1 £ 15.93*** —249.8 + 34.20 —281.1 + 53.47
Mean RMP (mV) —54.39 + 0.96 —52.86 + 1.249 —58.69 + 2.13 —60.00 + 2.20
Mean soma size (um) 17.22 + 0.48 17.14 £+ 0.49 33.46 + 1.28 32.83 + 1.72
Mean soma area (1xm?) 263.777 + 17.02  277.06 + 15.13 972.72 + 58.92 1013.14 + 116.69
Rapidly adapting mechanically n=7 n=28 n=3 n=3
activated currents
Mean current amplitude (pA) —167.3 £ 33.62 —147.6 £+ 27.36 —212.4 + 82.04 —262.4 + 9.287
Mean RMP (mV) —57.29 + 2.327 —51.63 £ 3.746 —51.00 + 5.360 —55.00 + 1.155
Mean soma size (um) 17.33 £+ 0.66 17.33 £ 1.11 29 +£ 1.5 31.33 £ 0.66
Mean soma area (xm?2) 301.33 + 22.66 270.66 + 34.60 920 + 80 986.66 + 13.33
Slowly adapting mechanically n=38 n=13 n=5 n=3
activated currents
Mean current amplitude (pA) —236.9 + 71.35 —182.8 £+ 22.46 —358.4 + 70.63 —323.0 + 85.03
Mean RMP (mV) —51.63 + 1.812 —49.54 + 1.457 —58.20 + 1.463 —63.57 + 4.028
Mean soma size (um) 16.50 &+ 3.44 16.30 &+ 0.63 324 £+ 1.16 35 4+ 2.88
Mean soma area (um?) 258.4 + 27.26  263.33 £ 22.97 923.2 + 61.85 1166.66 + 218.58
No mechano response currents n=7 n=9 n=4 n=3
Mean RMP (mV) —51.71 £ 1.629 —51.00 + 2.858 —59.50 + 1.936 —61.00 + 3.055
Mean soma size (um) 12.61 + 2.62 16.10 + 1.8 32.50 + 2.21 34.12 + 3.05
Mean soma area (xm?2) 226 £+ 30 268.44 + 26.86 927 + 67.96 1206.66 £+ 277.20
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*“**Mechanosensory currents were significantly reduced in Trpa7~/~ small diameter IAMC neurons compared with Trpa1+/*
small diameter IAMC neurons, (P < 0.001, unpaired t test). All other parameters were unaltered in Trpal—/~.

(Fig. 6D), indicating external calcium may play a key role
in agonist-induced potentiation of mechanosensitivity.
Furthermore, AITC-induced sensitisation did not occur
in neurons with RAMC (data not shown).

TRPA1 antagonism selectively reduces intermediately
adapting mechanically activated currents, but only in
neurons expressing functional TRPA1

A recent study found inconsistencies in their mechano-
sensory findings when comparing data obtained using
Trpal~/~ mice and the selective TRPA1 antagonist
HC-030031 (Vilceanu & Stucky, 2010). Therefore, we
decided to study the effect of TRPA1 pharmacological
blockade on our mechanically activated currents.
Somewhat surprisingly HC-030031 (10 uM) had no
significant effect on IAMC amplitude in small-diameter
neurons, although there was a trend to decrease IAMC
amplitude (Fig.7C). Following a 15min washout of
the TRPA1 antagonist we applied AITC to confirm the
functional expression of TRPA1 in these neurons. When
we then separated neurons based on AITC responsiveness,
this revealed HC-030031 does in fact reduce IAMC
amplitude, but only in Trpal™" small-diameter neurons

© 2011 The Authors. Journal compilation © 2011 The Physiological Society

which respond to AITC (Fig. 7A). By contrast, HC-030031
had no effect on small-diameter JAMC neurons which
were unresponsive to AITC (Fig.7B). None of the
small-diameter neurons with SAMC were responsive
to AITC and correspondingly HC-030031 had no
effect on SAMC amplitude (Fig.7D). Although some
small-diameter neurons with RAMC responded weakly
to AITC, the TRPA1l antagonist had no effect on
RAMC amplitude (Fig.7E), which corresponded with
our findings in Trpal~/~ neurons. Overall these
results confirmed that TRPAI contributes to IJAMC in
small-diameter neurons.

Transfection of TRPA1 into small-diameter neurons
alters intermediate adapting mechanically activated
currents

In order to determine the mechanosensory role of TRPA1
in isolation, we expressed TRPA1 recombinantly in HEK
cells. However, preliminary experiments revealed that this
resulted in a constitutively active TRPA1 current, as has
been described previously (Karashima et al. 2008), which
could be reversed by the TRPA1 antagonist HC-030031
(data not shown). As such we decided instead to
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transfect DRG neurons to achieve our aim with a
different approach. Using a nucleoporation technique
(Harty & Waxman, 2007; Wetzel et al. 2007) we first
transfected small-diameter 4+/4 neurons with a control

GFP plasmid cDNA and fluorescent neurons were selected
for recordings. Their IAMC amplitudes did not differ
from those of untransfected 4-/4 neurons (Fig. 8A and
B), indicating that the transfection process alone did not
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Figure 4. TRPA1 does not contribute to other mechanically activated currents in small-diameter neurons
Aa, rapidly adapting (RAMCs, NS, P > 0.05, unpaired t test, n = 7-8) mechanically activated currents are unaltered
in small-diameter Trpa?~/~ neurons. B, original traces from small-diameter neurons showing no change in RAMCs
between Trpa1*/* and Trpal=—/~ neurons. B, slowly adapting (SAMCs, NS, P > 0.05, unpaired t test, n = 8-13)
mechanically activated currents were not significantly altered in small diameter Trpa?~/~ neurons. B, original traces
from small-diameter neurons showing no change in SAMCs between Trpal*/+ and Trpa?—/~ neurons. Ca, the
proportions of each type of mechanically activated current were also unaltered by TRPA1 deletion as indicated
by no significant difference in the proportion of each mechanically activated current type generated by neurite
probing in Trpa?~/~ neurons (NS, x2 > 0.05). b, example of small-diameter neurons from Trpa7+/* and Trpa?—/~

mice which were unresponsive to neurite probing.
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alter mechanically activated current properties. We then
transfected DRG neurons with a TRPA1-GFP plasmid,
thus over-expressing TRPA1 above native levels. This
significantly increased the IJAMC amplitude compared
with normal Trpal™* small-diameter neurons (Fig. 8A
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and C) and those expressing control-GFP alone (Fig. 84),
demonstrating that the extent of TRPAI expression
determines the size of the IAMC. We also found that this
increase in IAMC could be reversed to normal levels by
the addition of HC-030031 (10 M) for 5 min (Fig. 8A),
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Figure 5. TRPA1 deletion does not alter mechanically activated currents evoked in large-diameter

neurons

We showed that large diameter Trpal*/* DRG neurons generally lack TRPA1. Correspondingly, IAMCs (A,
NS, P > 0.05, unpaired ttest, n = 8-13), RAMCs (B, NS, P > 0.05, unpaired t test, n = 3) and SAMCs (C, NS,
P > 0.05, unpaired t test, n = 3-5) were all unaltered in Trpa’~/~ large-diameter neurons. Original traces from
large-diameter neurons showing no change in IAMC (Ab), RAMC (Bb) or SAMC (Cb) between Trpalt/* and
Trpal~/~ neurons. Da, similarly the proportions of the various types of mechanically activated current were not
significantly changed by TRPA1 deletion (NS, x2 > 0.05). b, example of large-diameter neurons from Trpa?*/*
and Trpa1~/~ mice which were unresponsive to neurite probing.
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indicating TRPA1 had retained its pharmacological profile
in recombinant expression.

We also determined if the phenotype of Trpal~/~
neurons could be restored by introducing TRPA1
into these neurons via transfection. Correspondingly,
we found that the IAMC amplitude of Trpal/~
small-diameter neurons expressing TRPA1-GFP was

S. M. Brierley and others
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significantly increased compared with untransfected
Trpal~/~ neurons (Fig. 8A). Furthermore, these currents
were restored to the same amplitude as in untransfected
+/4+ neurons, whilst HC-030031 reduced IAMC
amplitude back to Trpal=/~ levels (Fig.8A). Overall,
these results suggest that TRPA1 not only contributes to
normal JAMC amplitude in small-diameter neurons but
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Figure 6. Activation of TRPA1 increases IAMC amplitude

The TRPA1 agonist AITC (mustard oil) predominantly actives +/+ small-diameter neurons. Fifty-two per cent
of Trpa1*/+ small diameter neurons responded to AITC (40-400 pm) with the vast majority displaying IAMCs in
response to neurite displacement. Aa, Trpa?t/* small-diameter neurons that were responsive to AITC subsequently
displayed significantly greater IAMC maximal amplitudes (**P < 0.01, paired t test, n = 10) indicating pronounced
mechanical hypersensitivity. b, representative example of a whole cell recording from a Trpa7+/* small-diameter
neuron showing IAMC evoked in response to 2 um neurite probing, then an inward current to AITC and a
subsequent increase in IAMC amplitude. Ba, Trpa7t/* small-diameter neurons that were non-responsive to AITC
did not display enhanced IAMC amplitudes (NS, P > 0.05, paired ttest, n =9). b, representative example of
whole cell recording from a Trpa?*/+ small-diameter neuron showing IAMC evoked in response to neurite 2 um
probing, then an lack of response to AITC and no subsequent change in IAMC amplitude. C, IAMC in Trpal*/+
small-diameter neurons were not significantly altered using low external Cat solutions (0.1 mm CaCly; 4 mm
MgCl; vs. 2 mm CaCly; 2 mm MgCly; NS, P > 0.05, unpaired t test, n = 8-17). D, however, using low external
Ca?t solutions prevented the TRPA1 agonist AITC from causing enhanced IAMCs in Trpa?™/* small-diameter

neurons (NS, P > 0.05, paired t test, n = 8).
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over-expression of TRPA1 results in mechanical hyper-
sensitivity.

Discussion

It is clear that TRPA1 contributes to chemically induced
pain as it is activated by numerous pungent chemicals
and environmental irritants such as mustard oil (Band-
ell et al. 2004; Macpherson et al. 2007a) acrolein and
formalin (Bautista et al. 2006; Macpherson et al. 2007a;
McNamara et al. 2007). However, the contribution of
TRPAI1 to mechanosensory function and mechanically
evoked pain remains unresolved due to a series of contra-

TRPAT and mechanical hypersensitivity
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sting results. Although it is clear TRPAL1 is not involved
in auditory mechanosensation (Bautista et al. 2006; Kwan
et al. 2006; Prober et al. 2008), its mechanosensory role in
other structures, particularly DRG neurons, is equivocal,
with studies both for (Kwan et al. 2006, 2009; Brierley
et al. 2009; Kerstein et al. 2009; Vilceanu & Stucky, 2010)
and against (Bautista et al. 2006; Bhattacharya et al.
2008; Kwan et al. 2009; Rugiero & Wood, 2009). Due
to contrasting findings the advent of two different lines
of Trpal~/~ mice and a selective TRPA1 antagonist have
added to the debate rather than resolved it. In particular
a mechanosensory role for TRPA1 in cutaneous C-fibres
has been clouded by the observation that firing rates of
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Figure 7. Pharmacological blockade of TRPA1 reduces IAMCs

Aa, the TRPA1 antagonist HC-030031 (10 wm) reduces IAMCs but only in small-diameter neurons responding to
AITC (**P < 0.01, paired ttest, n = 10). b, representative example of a whole cell recording showing IAMC in
response to 2 um neurite probing. Application of the TRPA1 antagonist HC-030031 (10 wm) for 3 min subsequently
reduced IAMC amplitude. ¢, after washout of HC-030031 this neuron was confirmed to be AITC responsive. Ba and
b, by contrast HC-030031 had no effect on IAMC amplitude (NS, P > 0.05, paired t test, n = 9) in small-diameter
neurons which were unresponsive to AITC (c). C, when data were not differentiated based on responsiveness to
AITC, HC-030301(10 wum) tended to decrease IAMCs amplitude in Trpal+/+ small-diameter, but did not reach
statistical significance (NS, P = 0.07, paired ttest, n=19). D, the TRPA1 antagonist had no effect on SAMC
amplitude in small-diameter neurons (NS, P > 0.05, n=4), and correspondingly none of these neurons with
SAMC were responsive to AITC. E, although some small-diameter neurons with RAMCs responded weakly to
AITC, the HC-030301(10 M) had no effect on RAMC amplitude (NS, P > 0.05, paired t test, n = 4).
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low-threshold AB and D-hair mechanoreceptive fibres
are increased in Trpal~/~ fibres (Kwan et al. 2009). Such
discrepancies exist because of a lack of direct evidence for a
relationship between the level of expression of the channel
in native sensory neurons and the size of the mechano-
sensory response elicited from them. In the current study
we have addressed this issue, using a specific mechano-
sensory system, in conjunction with Trpal~/~ mice, a
TRPA1 antagonist, transfection techniques and grouping
data based on neurons’ responsiveness to the TRPA1
agonist AITC. Our results provide new evidence that
TRPALI plays a key role in the mechanosensory function of
a specific set of small-diameter nociceptive neurons. We
also demonstrate that other DRG neurons do not require
TRPAL1 for normal mechanosensory function. Therefore,
our results help to bridge the current discrepancies in the
literature by detailing how TRPA1 tunes the mechano-
sensory function of certain DRG neurons.

Our results specifically demonstrate that TRPA1
contributes to intermediately adapting currents (IAMCs),

S. M. Brierley and others
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the most abundant type of mechanically activated current
we observed in murine small-diameter DRG neurons in
response to neurite probing. We observed in TRPA1~/~
small-diameter neurons that maximum IAMC amplitudes
were significantly reduced by 43%. We found this deficit
occured across a range of stimulation intensities and in
response to differing mechanical stimuli. Furthermore,
we also found that a TRPA1 antagonist reduced IAMCs,
but only in small-diameter neurons and only in neurons
that were responsive to the TRPA1 agonist AITC. Notably,
this deficitin Trpal~/~ IAMCs could be reversed by TRPA1
transfection into Trpal~/~ small-diameter neurons, whilst
IAMCs were enhanced by over-expressing TRPA1 into
Trpal™/* small-diameter neurons. Finally, the effect of
Trpal gene deletion, or the mechanical hypersensitivity
induced by over-expression of TRPA1, could be mimicked
or reversed by the TRPA1 antagonist HC-030031. Taken
together these data suggests TRPA1 makes a positive
contribution to mechanosensory function. A positive
contribution to mechanosensation is consistent with
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Figure 8. Altering the expression of TRPA1 in small-diameter neurons determines IAMC amplitude
Trpa1+/* small-diameter neurons transfected with control-GFP had IAMC amplitudes that did not differ from
normal IAMC amplitudes of untransfected Trpa’*/* small diameter neurons (NS, P > 0.05, n = 12-23). By
contrast, over-expression of TRPA1 into Trpa?+/* small-diameter neurons significantly increased IAMC amplitude
compared with control-GFP alone (**P < 0.01, n = 12-15). In Trpa7t/* small-diameter neurons over-expressing
TRPA1, the subsequent application of the TRPA1 antagonist HC-030031 (10 um) reversed the increase in IAMC
amplitude (*P < 0.05, n = 15). The introduction of TRPA1 into Trpa’~/~ small-diameter neurons significantly
increased IAMC amplitude above untransfected Trpa?—/~ small-diameter neuron levels (*P < 0.05, n = 11-40)
and restored IAMC amplitude to Trpa?*/* small-diameter neuron levels. In Trpa?=/~ small-diameter neurons
transfected with TRPA1, the subsequent application of HC-030031 reversed IAMC amplitude (*P < 0.05, n = 11).
Lower panels show original representative traces demonstrating the changes in IAMC amplitude in the respective
conditions. Scale bars apply throughout. B and C, examples of a Trpa?*/* small-diameter neuron transfected with
control-GFP (normal fluorescent image; B) and TRPA1-GFP (confocal image; C). Scale bars 25 um.
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gut- and skin-based afferent recordings (Brierley et al.
2009; Kwan et al. 2009) and concurs with findings in lower
species, where the Drosophila gene painless, the homo-
logue of mammalian Trpal, is expressed in polymodal
nociceptor endings and contributes to the detection of
intense mechanical stimuli (Tracey et al. 2003). Similarly,
mutations to TRPA-1in C. elegans cause deficits in sensory
neurons required for mechanosensory behaviours (Kindt
et al. 2007). Whilst this manuscript was in preparation
another study also found mechanosensory deficits in DRG
neurons from Trpal~/~ mice (Vilceanu & Stucky, 2010).
However, the exact deficits reported differ, potentially due
to the spinal level of DRGs studied or to the differing
experimental protocols utilised. In particular this pre-
vious study utilised soma probing, whilst we mainly
utilised neurite probing, a technique which has pre-
viously been shown to be more sensitive and correlates
well with results obtained with nerve-fibre recordings
(Wetzel et al. 2007). In the current study we found similar
proportions of small-diameter Trpal™/* and Trpal=/~
neurons displaying IAMCs; however there was a 43%
reduction in IAMC amplitude in Trpal~/~ small diameter
neurons. This reduction correlates well with the deficits in
mechanosensory function observed in gut- and skin-based
nerve-fibre afferent recordings, which demonstrated no
overt loss of afferent subtype in Trpal~/~ mice, but a
40-50% reduction in firing in high-threshold colonic
afferent nociceptors and cutaneous C-fibres across a wide
range of force intensities (Brierley et al. 2009; Kwan et al.
2009). Similarly, we found that the TRPA1 antagonist
HC-030031 significantly reduced IAMC amplitude in
AITC responsive Trpal*/* small diameter neurons, a
reduction comparable to the reduced firing rate induced by
HC-030031 in cutaneous C-fibres (Kerstein et al. 2009). By
contrast, Vilceanu & Stucky 2010, showed a complete loss
of mechanically activated current phenotype in Trpal~/~
neurons (Vilceanu & Stucky, 2010). In the current study
we included NGF in our culture medium as it has been
previously demonstrated to be critical in maintaining
TRPAI1 function (Akopian ef al. 2007). As such we
were able to determine which neurons in our mechano-
sensory system specifically displayed TRPAL1 transcript and
protein expression and critically which neurons displayed
functional responses to the TRPA1 agonist AITC. The
potential down side of NGF incubation is that it has been
shown to be effective in inducing IAMCs (Lechner et al.
2009), perhaps explaining the relatively higher proportion
of ITAMCs observed in the current study. NGF has also
been shown to enhance the response of nociceptors to
mechanical stimuli (Di Castro et al. 2006), although it
should be noted that in the current study all neuronal
cultures were incubated identically.

A contribution of TRPA1 to mechanosensitivty contra-
sts with other DRG based studies, which have either
stretched or probed the cell soma (Bhattacharya et al. 2008;
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Rugiero & Wood, 2009). We found that the mechano-
sensory role of TRPA1 was revealed after differentiating
data on the basis of (i) mechanically activated current
type, (ii) size of neuron and (iii) responsiveness to a
TRPAL1 agonist. We also found that our data on the effects
of a TRPAI antagonist HC-030031 on mechanosensory
currents had to be differentiated based on whether or not
neurons could be shown to functionally express TRPAI,
via the use of an agonist. Finally, it was also necessary to
implement a transfection method that did not adversely
affect mechanically activated currents due to the trans-
fection process alone. Our data agree with some other
aspects of these studies (Bhattacharya ef al. 2008; Rugiero
& Wood, 2009) in that not all neurons require TRPA1 for
normal mechanosensation. We observed that other types
of mechanically activated current (SAMC and RAMC)
in small-diameter neurons do not require TRPA1 for
normal mechanosensory function, whilst large-diameter
neurons appear to not require TRPA1 at all. These
findings would therefore suggest the possibility of a specific
pharmacotherapy targeting TRPA1 expressing nociceptors
to reduce their mechanosensory function.

TRPA1 contributes to enhanced mechanosensory
function

As we showed TRPAI contributed to IAMCs we also
wanted to investigate the potential role of TRPAI in
mechanical hypersensitivity. We found that acute TRPA1
sensitisation, via the addition of the TRPA1 agonist AITC,
subsequently evoked enhanced IAMC amplitude in AITC
responsive neurons. This is consistent with our pre-
vious findings using in vitro afferent fibre recordings
whereby AITC causes pronounced acute mechanical
hypersensitivity in TRPA1™/* mice, which is lost in
Trpal~/~ fibres (Brierley et al. 2009). The current study
now demonstrates that this process can occur via direct
activation of neuronal TRPA1 as opposed to, or in addition
to, an intermediate released by non-neuronal structures
in response to AITC. Although the exact mechanism for
this is not fully known, we have shown in the present
study that it depends on extracellular Ca®*. Recent studies
have shown that TRPA1 can be directly activated by Ca®*
(Zurborg et al. 2007), whilst agonist activation of TRPA1
results in pore dilatation (Chen et al. 2009; Banke et al.
2010), which could potentially contribute to this process.
However, this is a complicated issue as although Ca®"
directly activates TRPA1, changing external Ca’* alone
can have a modulatory effect on mechanogated current
amplitude (Drew et al. 2002; McCarter & Levine, 2006;
Lechner et al. 2009). In particular increasing external
Ca?* inhibits mechanically activated currents (Drew et al.
2002; McCarter & Levine, 2006; Lechner et al. 2009),
although this effect is significantly greater in capsaicin
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unresponsive neurons relative to capsaicin responsive
neurons (Drew et al. 2002) and many TRPA1 neurons
also co-express TRPV1. A recent study has shown RAMC
responses are potentiated via a G-protein-dependent
mechanism (Lechner & Lewin, 2009). Irrespective of
the exact mechanism involved in IAMC sensitisation
these novel results demonstrate transient chemical stimuli
lead to acute mechanical hypersensitivity via TRPAIL
in sensory neurons. As such TRPA1 may be crucial
in tuning the mechanosensory function of nociceptors
in response to environmental challenges. Interestingly,
a recently identified TRPA1 gain-of-function mutation
causes familial episodic pain syndrome (Kremeyer et al.
2010). These patients demonstrate normal baseline
sensory thresholds but an enhanced hyperalgesia to
punctate stimuli on treatment with AITC, providing
evidence that enhanced TRPAl function can induce
human pain perception (Kremeyer et al. 2010). Our data
suggest such hyperalgesia could occur via sensitisation of
neuronal TRPA1 and an enhancement of mechanically
activated currents in select nociceptors. Additionally,
TRPA1 translocation to the cellular membrane occurs
in response to acute activation or inflammatory signals
(Schmidt et al. 2009). Along these lines we have also
identified a mechanism which could underlie chronic
mechanical hypersensitivity. Not only have we shown
that TRPA1 transfection into Trpal™/~ small-diameter
neurons rescues IAMCs to Trpal™™ levels, but we have
also shown over-expression of TRPA1 increases IAMC
amplitudes. Notably both of these effects can be reversed
by HC-030031, providing strong evidence for a role
of TRPA1 in mechanical hyperalgesia. This would be
consistent with previous studies showing AITC induced
mechanical hypersensitivity in Trpal™/* is potentiated
in gut-innervating nociceptors during inflammation
(Brierley et al. 2009), whilst a TRPA1 antagonist has
been beneficial in attenuating somatic inflammatory and
neuropathy induced mechanical hypersensitivity (Petrus
etal. 2007; Eid et al. 2008). Critically, data from the current
study also suggests neuronal TRPA1 contributes directly
to this process, a mechanism independent of TRPA1
functioning in non-neuronal structures (Purhonen et al.
2008; Doihara et al. 2009; Kwan et al. 2009). These findings,
combined with the observation that mice lacking Trpal
(Bautista et al. 2006; Kwan et al. 2006; Macpherson et al.
2007b; McNamara et al. 2007; Bessac et al. 2008) display
reduced pain behaviours indicate a key role for TRPA1 in
both chemical and mechanical pain perception.

A critical question remains as to the exact involvement
of TRPA1 in this mechanosensory process. Indeed whether
ornot TRPA1 expression alone confers mechanosensitivity
remains unclear. Although C. elegans TRPA-1 is activated
by mechanical stimuli when expressed in a cell line (Kindt
et al. 2007), more recent studies are ambiguous (Rugiero
& Wood, 2009; Vilceanu & Stucky, 2010), with the most
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recent study concluding TRPA1 expression in HEK cells is
not sufficient to confer mechanical sensitivity (Vilceanu &
Stucky, 2010). Although we cannot rule out that TRPA1
is a direct mechanosensor, given that our data indicate
a contribution of TRPA1 to JAMC amplitude but only
in small diameter neurons, without a lack of overall
IAMC phenotype in Trpal~/~ neurons; it is possible
that TRPA1 has an indirect rather than a direct role
in mechanosensitivity. If this is the case TRPAI could
be activated concurrently with the mechanosensor or
alternatively TRPA1 could be rapidly activated by calcium
entering viaa mechanosensitive channel, leading to TRPA1
contributing to the overall IAMC amplitude in small
diameter neurons. These scenarios could explain why
deletion or pharmacological blockade of TRPA1 reduces
IAMCs, whilst introduction of TRPA1 into —/— neurons
or over-expression of TRPA1 in +/4 neurons restores or
increases IAMC amplitudes, respectively. We also showed
that Trpal™™ RAMC small-diameter neurons responded
to AITC, although these responses were much weaker
than those observed in IAMC neurons, but deletion or
pharmacological blockade of TRPA1 failed to alter RAMC
amplitude, suggesting although TRPA1 is functionally
expressed in these RAMC neurons it doesn’t contribute
to their overall mechanosensory function. Indeed a recent
study has identified a critical role for Piezo 1 and Piezo 2 in
these RAMCs in DRG neurons (Coste et al. 2010). We also
show that other neurons do not require TRPA1 for normal
mechanosensitivity providing further evidence that a
heterogeneity of channels are involved in determining
mechanosensory function, which is likely to underlie
the specific mechanosensory properties of the plethora
of sensory afferent subtypes innervating cutaneous and
visceral structures (Lewin & Moshourab, 2004; Lumpkin
& Caterina, 2007; Blackshaw et al. 2010; Brierley, 2010).

Irrespective of TRPA1’s direct or indirect contribution
to mechanosensitivity this study clearly shows TRPAI
contributes to determining IAMC amplitude, whilst
sensitisation of TRPA1 in these neurons leads to
acute  mechanical  hypersensitivity.  Furthermore,
over-expression of TRPA1 leads to long-term
enhancement of IAMCs. These results demonstrate
that TRPA1 contributes selectively to normal mechano-
sensation in addition to acute and chronic mechanical
hyperalgesia. Therefore, blocking mechanically activated
TRPA1 could be beneficial in the treatment of numerous
pathophysiological conditions.
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