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ABSTRACT

The non-selective cation channel TRPAL is expressed in neurons of dorsal root ganglia and
trigeminal ganglia and also in vagal afferent neurons that innervate the lungs and
gastrointestinal tract. Many TRPAL agonists are reactive electrophilic compounds which form
covalent adducts with TRPAL. Allyl isothiocyanate (AITC), the common agonist used to identify
TRPAL, contains a electrophilic group that covalently binds with cysteine residues of TRPA1
and confers a structural change on the channel. There is scientific motivation to identify
additional compounds that can activate TRPA1 with different mechanisms of channel gating.
We provide evidence that ethyl vanillin (EVA) is a TRPAL agonist. Using fluorescent calcium
imaging and whole-cell patch clamp electrophysiology on dissociated rat vagal afferent neurons
and TRPAL transfected COS-7 cells, we discovered that EVA activates cells also activated by
AITC. Both agonists display similar current profiles and conductances. Pretreatment with
A967079, a selective TRPA1l antagonist, blocks the EVA response as well as the AITC
response. Furthermore, EVA does not activate vagal afferent neurons from TRPA1 knock out
(KO) mice, showing selectivity for TRPAL in this tissue. Interestingly, EVA appears to be
pharmacologically different from AITC as a TRPAL agonist. When AITC is applied before EVA,
the EVA response is occluded. However, they both require intracellular oxidation in order to
activate TRPALl. These findings suggest that EVA activates TRPA1l but via a distinct
mechanism that may provide greater ease for study in native systems compared to AITC and

may shed light on differential modes of TRPA1 gating by ligand types.
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INTRODUCTION

Transient receptor potential ankyrin subtype family A 1 (TRPAL), also known as ANKTM1, is
a non-selective calcium permeable cation channel found in nociceptive sensory neurons and
vagal afferent neurons (Nagata et al., 2005; Story et al., 2003). TRPA1 is predominantly co-
expressed with TRPV1, a heat sensitive TRP channel, in small and medium diameter sensory
neurons of dorsal root ganglia (DRG) and trigeminal ganglia (TG) (Kobayashi et al., 2005; Story
et al., 2003). The vagal afferent neurons that co-express TRPA1 and TRPV1 are unmyelinated
C-type fibers or lightly myelinated Ad-type fibers that sense temperature, potently initiate
cardiorespiratory and gastrointestinal reflexes, and noxious stimuli to convey sensations of pain
(Brierley et al., 2009; Choi et al., 2011; Fajardo et al., 2008; Hsu et al., 2013; Kobayashi et al.,
2005; Lin et al., 2013; Lin et al., 2015; Liu et al., 2015; Nassenstein et al., 2008; Shen et al.,
2012; Story et al., 2003; Taylor-Clark et al., 2008; Wang et al., 2013; Yu et al., 2009). Receptor
co-expression has been shown via mRNA, immunohistochemistry, and treatment with agonists
and antagonists in somatosensory afferents and to a lesser degree in visceral afferents
(Alvarez-Berdugo et al., 2016; Chen et al., 2008; Green et al., 2016; Hondoh et al., 2010; Huang
et al., 2012; Kamakura et al., 2013; Kobayashi et al., 2005; Story et al., 2003; Su et al., 2016;
Weller et al., 2011; Weng et al., 2015). Originally characterized as a detector of noxious cold
temperature (<17°C) (Story et al.,, 2003), current studies now establish that TRPA1
thermosensitivity is species specific: warm sensing in insects and cold sensing in rats and mice
but unresponsive to temperature in primates (Chen and Kym, 2009; Chen et al.,, 2008;
Gracheva et al., 2010; Sokabe et al., 2008; Viswanath et al., 2003; Zhong et al., 2012).
Furthermore, TRPAL1 can be manipulated to detect warmer temperatures potentially causing
increasing sensitivity to heat and thermal hyperalgesia (Everaerts et al., 2011; Jabba et al.,

2014; Moparthi et al., 2016).
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TRPA1 is activated by many pungent compounds derived from plants such as allyl
isothiocyanate (AITC), allicin, wasabi, and cinnamaldehyde (Bandell et al., 2004; Bautista et al.,
2005; Jordt et al.,, 2004; Macpherson et al., 2007; Macpherson et al., 2005). Most TRPAL1
agonists are characterized as reactive electrophiles, undergoing reversible covalent modification
with cysteine and lysine residues on the ankyrin repeat domains of TRPA1 (Hinman et al., 2006;
Macpherson et al., 2007). This characteristic can significantly affect TRPAL1 channel gating by
prolonging the open configuration of the TRPA1 channel, causing pain and neurogenic
inflammation in nociceptive neurons (Bautista et al., 2006; Hinman et al., 2006; Macpherson et
al., 2007; Paulsen et al., 2015). However, not all TRPA1 agonists are reactive electrophiles and
some agonists are non-electrophilic, activating TRPA1 via traditional orthosteric ligand /
receptor binding (Del Prete et al., 2015; Riera et al., 2009; Ryckmans et al., 2011). Thus,
current efforts are underway to fully understand TRPA1 gating and synthesize or identify

agonists that activate via distinct mechanisms.

Selectivity of TRP channel agonists is also important when studying TRP channels in native
tissues. TRPAL shares many agonists with TRPV3 in particular (Macpherson et al., 2006; Xu et
al., 2006) including 2-APB, eugenol, carvachol, camphor, cinnamaldehyde, and vanillin (Bandell
et al., 2004; Jordt et al., 2004; Lubbert et al., 2013; Macpherson et al., 2007; Macpherson et al.,
2005; Macpherson et al., 2006). Ethyl vanillin (EVA), another TRPV3 agonist, is 5 to 10 times
more potent compared to vanillin in terms of TRPV3 activation but its activation profile towards
TRPA1 has not been explored (Xu et al., 2006). Although EVA can pharmacologically identify
TRPV3, it also stimulates a large subpopulation of vagal afferent neurons in TRPV3 KO mice
(Wu et al., 2016). This led us to hypothesize that EVA had additional activity at other, more

abundant, TRP channels in vagal afferent neurons.

Here we provide evidence that EVA is an agonist at TRPAL. Using calcium imaging and

whole-cell voltage clamp we show complete overlap of AITC and EVA sensitivity in vagal

5
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afferent neurons and TRPAL transfected COS-7 cells in terms of activation profiles. In addition,
EVA predicts the magnitude of AITC response in vagal afferent neurons and TRPA1 transfected
COS-7 cells. Pre-treatment with A967079, a selective TRPAL antagonist, also inhibits EVA.
Lastly, EVA dose-dependently stimulates dissociated neurons in rat and WT (Wu et al., 2016)
but not TRPA1 KO mice. Furthermore, there are two pharmacologically distinct populations of
EVA sensitive neurons where increased sensitivity to EVA also predicts sensitivity to AITC.
AITC application before EVA prevents the EVA response, but not vice versa, in vagal afferent
neurons and TRPAL transfected COS-7 cells, yet they both require intracellular oxidation to
induce currents. Taken together, these findings demonstrate that EVA directly stimulates

TRPA1 and can identify TRPAL in native tissues with a relatively high degree of selectivity.
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MATERIALS AND METHODS

Animals.

Male Sprague Dawley rats (120-250 g, Simonsen Laboratories) and male C57BL/6 mice (20-
30g) and TRPA1 KO mice (20-30 g) (B6.129P-Trpaltm1Kykw/J, Jackson Laboratories) were
utilized under procedures approved by the IACUC at Washington State University and in
accordance with the Guide for the Care and Use of Laboratory Animals. Animals were housed
under 12h light / 12h dark conditions and fed standard pellet chow ad libitum. Transgenic mice
were genotyped using the protocol for separated PCR using primer pairs suggested by Jackson
Laboratories. Genomic DNA was isolated from tail fragments using NaOH extraction.

Genotyping of DNA from mouse tail fragments confirmed the identity of transgenic null mice.

Nodose ganglia isolations and primary neuronal cultures.

For primary rat and mouse neuronal cultures we removed and pooled both the left and right
nodose using aseptic surgical protocols previously reported (Kinch et al., 2012). Using high-
magnification and blunt dissection, the vagal trunk was dissociated from the common carotid
artery. All surgeries and euthanasia were performed under a deep plane of anesthesia
(Ketamine, 25 mg / 100 g; with Xylazine, 2.5 mg / 100 g). Once isolated, nodose ganglia was
digested in Ca**/Mg* free Hank’s Balanced Salt Solution containing 1 mg/mL of both dispase II
(Hoffmann- La Roche) and collagenase type 1A (Sigma-Aldrich Corp., St. Louis, MO) (90 min at
37°C in 95% air / 5% CO,). Following enzymatic digestion the neurons were dissociated by
gentle trituration through silicanized pipettes, and then washed in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-

streptomycin. Dissociated neurons were plated onto poly-lysine coated coverslips maintained in
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DMEM+10% FBS (37°C in 95% air / 5% CO,) and used within 24-48 hrs of isolation for

ratiometric fluorescent calcium measurements.

Molecular cloning, COS-7 cell culture, and transfection.

To generate TRPA1-GFP, the full-length mouse TRPA1 coding region (NCBI accession number
NM_177781.4) without stop codon was PCR amplified from a previously generated TRPA1
expression vector using the primers below (Zhou et al., 2013) and subcloned into the Kpnl and

BamHI sites of pEGFP-N1 (Clontech).

Primer sequences:
5- GGAGGGTACCGCCACCATGAAGCGCGGCTTGAGGAG-3
5- GAAAGGATCCCCAAAGTCCGGGTGGCTAATAGAAC-3

Clonal COS-7 cells (ATCC® Manassas, VA) were plated on glass coverslips at a density
of 250,000 cells per well of a 6-well tissue culture plate. HEK293 cells (ATCC® Manassas, VA)
were plated on glass coverslips at a density of 50,000 cells per well of a 12-well plate. COS-7
and HEK293 cells were maintained in DMEM (Invitrogen), 10% FCS (Atlanta Biologicals), 25
units/ml penicillin & 25 ug/ml streptomycin (Sigma). Approximately 24 h after plating, media was
replaced with DMEM, 10% FCS without pen/strep and cells were transiently transfected
overnight. COS-7 cells were transfected with 2 ug of TRPA1-GFP and 2.4 pl lipofectamine 2000
(Invitrogen) per well. HEK293 cells were transfected with 1 pg of TRPA1-GFP and 1.2 ul
lipofectamine 2000 per well. COS-7 cells were used for calcium imaging 16-24 hours after
transfection. HEK293 cells were used for electrophysiological recordings 40-48 hours following

transfection.

Ratiometric fluorescent calcium measurements.

8
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Intracellular calcium concentrations were monitored using fluorescent Ca®" indicator Fura-2 AM
(Molecular Probes, Eugene, OR) on an inverted Nikon Eclipse Ti microscope (Nikon
Instruments, Melville, NY) with an Andor Zyla digital camera (Andor Technology Ltd, Belfast,
Northern Ireland). Neurons plated on coverslips the day before were loaded with Fura-2 AM (1
MM) for one hour, rinsed, and then mounted onto a closed chamber while constantly perfused
with physiological bath (in mM: 140 NacCl, 5 KCI, 2 CaCl,, 1 MgCl,, 6 glucose, 10 HEPES with
pH adjusted to 7.4 with Tris Base). Cells loaded with Fura-2 AM were alternatively excited with
340 and 380 nm light with fluorescence monitored at 510 nm. Data points were collected with
Nikon Elements software at 6 sec time intervals and ratios of fluorescence intensity were
converted to Ca* nM concentrations using a standard curve. The calcium calibration curve was
determined previously using a sequential calcium titration with Fura-2 in the bath. The resulting
fluorescence ratios were fit to determine the binding parameters using protocols previously
summarized (Helmchen, 2011). The calibration curve is then saved in the imaging software for
conversion of fluorescence ratios to calcium concentrations. Drugs were perfused via a common
manifold and all manipulations were performed at room temperature. Neuron viability was
confirmed through depolarization with a high potassium bath, where 55 mM KCI was used with

an equimolar reduction of NaCl to 90 mM.

Whole cell patch-clamp recordings.

Recording electrodes (3 — 4.5 MQ) were filled with CsCl internal containing (mM): 10 CsCl, 130
Cs-Methanesulfonate, 11 EGTA, 1 CaCl,, 1 MgCl,, 10 HEPES, 2 Na,ATP, and 0.2 Na,GTP.
The intracellular solution was pH 7.4 and 285-295 mOsm. HEK293 cells were visually identified
as transfected with TRPA1-GFP using an Eclipse FN1 microscope with an Intensilight C-HGFI
light source filtered at 488 nm. We studied all cells under voltage clamp conditions with a
MultiClamp 700B or AxoClamp 200A amplifier (Molecular Devices, Union City, CA) held initially
at V,, = -60 mV using pipettes in whole cell patch configuration. Current-voltage relationships

9
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were generated using a voltage step protocol: Vigg = -60 mV with 500 ms steps to -100 mV
through +80 mV in 10 mV increments. Signals were filtered at 10 kHz and sampled at 30 kHz
using p-Clamp software (version 10.3, Molecular Devices). Liquid junctional potentials were not

corrected.

Statistical analysis.

Data for each experiment were collected from 3 or more biological replicates. When possible we
designed within subject protocols and analyzed data using paired t-tests or repeated measures
ANOVA followed by post-hoc comparisons against control. Linear correlations were generated
with a linear regression fit regimen. Data are expressed as the average + SEM with all statistical

analysis performed using SigmaStat software (Systat Software Inc., San Jose, CA).

Reagents

The following reagents were purchased from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO): Allyl
Isothicyanate (AITC) (#203408-Sample-K), Ethyl Vanillin (EVA) (W246409), and Capsaicin
(CAP)(#M2028). A967079 (A96), a selective TRPAL antagonist (#4716), was purchased from

Tocris (Tocris, Minneapolis, MN).

10
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RESULTS

EVA and AITC activation overlaps in vagal afferents and TRPA1 transfected COS-7 cells.
In a recent study using fluorescent calcium imaging on dissociated TRPV3 KO mouse vagal
afferent neurons, we observed that EVA still activated many neurons (Wu et al., 2016), even
though TRPV3 is the only reported target of EVA (Xu et al., 2006). This suggested the presence
of an additional calcium influx pathway stimulated by EVA. We used calcium imaging on primary
cultures of rat vagal afferent neurons (Figure 1A) and measured increases in intracellular
calcium concentrations following exposure to EVA 3 mM, AITC 300 puM, and capsaicin (CAP)
100 nM (a selective agonist for TRPV1) (Figure 1B). We calculated the percentage of cells that
responded to EVA, AITC, and CAP in vagal afferent neurons for all animal subjects (Figure 1C).
At these doses, we found near complete overlap of EVA and AITC sensitivity, with most of these
neurons also sensitive to CAP. When EVA responses were plotted against AITC response there
was a positive linear relationship (Figure 1D). The average peak EVA response was slightly but
statistically larger than the average peak AITC response (Figure 1E). We considered the native
co-distribution and correlated responses as consistent with EVA and AITC targeting the same
receptor and very likely TRPAL. To test this hypothesis we transfected clonal COS-7 cells with
full-length mouse TRPA1 C-terminally fused to GFP (TRPA1-GFP) and exposed them to EVA (3
mM) and AITC (300 uM). EVA and AITC only activated transfected (GFP+) cells (Figure 1F),
showing that wild type COS-7 cells lack endogenous TRPAL and other potential EVA-induced
calcium influx pathways such as TRPV3. GFP+ cells exhibited a similar positive relationship in
the size of the calcium responses between EVA and AITC (Figure 1G). However, in the clonal
cells the peak AITC response was somewhat larger than the peak EVA response (Figure 1H).
Whole cell voltage-clamp recordings of dissociated vagal afferent neurons confirmed
EVA and AITC activity overlap in nodose neurons (Figure 2A); with both EVA and AITC

producing strong inward currents in sensitive cells (Figure 2B). Furthermore, current-voltage (IV)

11
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relationships revealed that EVA and AITC produced roughly the same magnitude of current in
sensitive cells (Figure 2C and D) and that these curves have similar conductance in comparison
to baseline (Figure 2E). Data were normalized to cell capacitance given the wide range of
neuron size. Taken together, these data demonstrate that EVA has a similar conductance

profile as AITC and activates an overlapping population of vagal afferent neurons.

EVA activates TRPAL.

To test the hypothesis that TRPAL1 mediates the EVA response, we investigated the ability of
the TRPA1 selective antagonist A967079 to eliminate EVA responses using calcium imaging.
Antagonist pre-treatment eliminated the intracellular calcium influx to EVA and in some
instances lowered the basal calcium level (Figure 3A); whereas, time matched control
exposures to EVA did not show statistically significant agonist induced desensitization of the
response (First = 85 + 20 nM vs. 2" = 68 + 16 nM, N = 9 neurons, P = 0.28, paired T-test).
Order of drug exposure was reversed for AITC since multiple exposures diminished the AITC
induced activation (First = 130 + 10 nM vs. 2" = 10 + 2 nM, N = 23 neurons, P < 0.001, paired
T-test). Pretreatment with A967079 eliminated the response to AITC (Figure 3A), consistent with
both agonists activating TRPAL1. Summary data are quantified in Figure 3B. These experiments
were replicated in COS-7 cells transfected with TRPAL1-GFP (graphical data not shown).
Confirming the findings in the native neurons, pretreatment with A967079 completely prevented
AITC and EVA induced calcium influx in GFP+ COS-7 cells (AITC control = 105/ 123 cells, 85%
response rate vs. A967079 = 0/ 78, 0% response rate; EVA control = 103 / 176, 59% response
rate vs. A967079 = 0 / 83, 0% response rate). Crucially, neither EVA nor AITC activated
cultured vagal afferent neurons taken from mice genetically lacking TRPA1 (TRPA1 KO), even

though the neurons were shown to be viable through stimulation by CAP (100 nM) and

12
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depolarization with elevated potassium (Hi-K) (Figure 3C-D). EVA and AITC did activate a
subpopulation of vagal afferent neurons taken from wild-type mice (Figure 3E-F). Collectively,

these results suggest EVA is a direct agonist of TRPAL.

Pharmacologically distinct populations of EVA-responsive vagal afferent neurons.

We exposed vagal afferent neurons to increasing concentrations of EVA to determine the
activation kinetics for this agonist. While conducting this experiment we noticed that EVA
responsive neurons could be grouped empirically based on the threshold concentration of EVA
they responded to (Figure 4). Neurons that responded to EVA at 300 uM or less were
considered ‘high’ sensitivity neurons (Figure 4A, left trace); while those that required greater
than 300 uM to respond were considered ‘low’ sensitivity neurons (Figure 4A, right trace). These
two populations of EVA sensitive neurons had distinguishable concentration-response
parameters when the average response data was fit with a sigmoid function (Figure 4B).
Parameters derived from these fits reveal statistically lower ECs, concentrations (Figure 4C),
higher average peak responses (Figure 4D), and a steeper slope, measured as power, in the
linear range of the fit (Figure 4E) for the highly sensitive neurons compared to less sensitive

neurons.

Extending these findings we tested concentration dependent activation with AITC with
regards to high or low EVA sensitivity (Figure 5). Consistent with the EVA data, we found two
populations of AITC sensitive neurons as categorized based on their sensitivity to EVA at 300
uM. Neurons that respond to EVA at 300 uM are also more sensitive to AITC in terms of
concentration-response curves (Figure 5A, left trace), while neurons non-responsive to EVA
also had smaller AITC response profiles (Figure 5A, right trace). EVA responsiveness was

predictive of lower ECs, and peak responses for AITC (Figure 5C and D) However, the power

13
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between the two different populations of AITC responders was not statistically different (Figure
5E). This is distinct from EVA where the power of neurons highly sensitive to EVA is statistically
lower compared to neurons that are less sensitive to EVA. These observations differentiate two

distinct populations of TRPA1-containing vagal afferent neurons.

AITC masks the EVA response.

We observed that the order in which we bath applied EVA and AITC to vagal afferent neurons
and TRPA1-GFP transfected COS-7 cells determined EVA sensitivity and the fidelity of EVA
and AITC agonist overlap. Application of high dose EVA before application of high dose AITC
(Figure 6A, left) yields high intracellular calcium responses to both agonists (Figure 6B, left) and
suggests complete overlap of EVA and AITC sensitivity in rat vagal afferent neurons. However,
application of AITC before EVA (Figure 6A, right) appears to prevent the subsequent EVA
response yielding only high AITC intracellular calcium response and either no EVA responses or
very low EVA responses (Figure 6B, right). The order in which we bath applied AITC and CAP
to vagal afferent neurons (Figure 6C) did not have any effect on magnitude of AITC or CAP
response (Figure 6D) suggesting the effect is specific to TRPAL. To test this phenomenon we
replicated the AITC inhibition of EVA using TRPA1-GFP transfected COS-7 cells (Figure 6E-F).
These data suggest EVA and AITC are both TRPAL agonists that activate the receptor via
different mechanisms such that AITC activation of TRPA1 diminishes binding or activation by

EVA.

AITC and EVA induced currents are diminished by intracellular oxidative buffering. One
possible difference in the mechanism of activation between AITC and EVA was the extent to
which they rely on intracellular oxidation to activate the TRPA1 channel. To investigate this

14
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possibility we recorded AITC and EVA induced whole-cell currents from TRPA1 transfected
HEK293 cells with control intracellular solutions or in the presence of oxidative buffer
glutathione (10 mM) (Figure 7). We found that intracellular glutathione significantly reduced the
mean AITC current compared to control recordings, consistent with diminished electrophilic
interactions (Figure 7A and B). The EVA induced currents were reduced to a similar extent as
the AITC currents (Figure 7C and D) suggesting EVA also requires the ability to oxidize TRPAL
to activate the channel. These data suggest that differences in oxidative capacity alone do not
explain differences in channel activation between AITC and EVA and might indicate additional

irreversible ligand/channel interactions for AITC which EVA lacks.
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DISCUSSION

The primary finding of this study is that EVA is an agonist of TRPAL in native vagal afferent
neurons and TRPA1-GFP transfected COS-7 cells with a distinct pharmacological profile from
AITC. Using AITC as a reference agonist for TRPAL, we show complete overlap of AITC and
EVA sensitivity in vagal afferent neurons using calcium imaging and whole-cell voltage clamp
experiments. Furthermore, EVA response predicts the AITC response in vagal afferent neurons
and TRPAL-GFP transfected COS-7 cells while pre-treatment with A967079, a specific TRPAL
antagonist, eliminates EVA responses. EVA dose-dependently stimulates dissociated neurons
in rat and WT mice (Wu et al.,, 2016) but not TRPA1 KO mice. In addition, application of
increasing concentrations of EVA revealed two distinct populations of EVA sensitive neurons
with distinct kinetic parameters. Threshold of EVA sensitivity also predicted two distinct
populations of AITC sensitive neurons with characteristic kinetic parameters. Lastly, application
of AITC before EVA occludes the EVA response at a maximum concentration of 3 mM
suggesting that AITC activation alters TRPAL in such a way to prevent binding or activation by
EVA. Therefore, EVA application may be useful for investigating how TRPA1 gating is
differentially affected by ligand types. EVA should also be advantageous for studying TRPAL in
vagal afferent neurons and other native tissues because EVA appears to have minimal
interference with TRPAL gating; for instance, covalent modification of TRPA1 by AITC has been
associated with prolonged channel activation causing tissue damage (Hinman et al., 2006;

Macpherson et al., 2007).

TRP channel signaling in vagal afferent neurons.

There are a multitude of TRP channels that are expressed in vagal afferent neurons with a wide

range of neurophysiological functions both in the periphery and at the central terminals (Wu et
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al., 2014). However, our understanding of the actions and interactions of many of these TRP
channels in the context of vagal afferent signaling is still developing. Thus far, we know that
TRPV1 expression at the terminals of vagal afferent neurons contributes to asynchronous and
spontaneous release of glutamate, a characteristic that enables adaptive synaptic transmission
(Peters et al., 2010; Shoudai et al., 2010). TRPAL is as abundant as TRPVL1 in vagal afferent
neurons and seems to co-express in TRPV1 expressing neurons (Kobayashi et al., 2005; Lin et
al., 2015; Nassenstein et al., 2008), yet the role of TRPAL in afferent neurotransmitter release is
currently unexplored. In order to study the function of TRPAL in vagal afferent signaling, we
have found a way to selectively stimulate it pharmacologically in native vagal afferent neurons

via EVA, which activates TRPAL differently than the standard TRPA1 agonist AITC.

We had originally overlooked the importance of TRPAL in vagal afferent neurons, turning
our attention towards TRP channels stimulated by warm temperatures such as TRPVS.
However, EVA also stimulated a significant number of vagal afferent neurons in TRPV3 KO
mice demonstrating that EVA is not a selective TRPV3 agonist (Wu et al., 2016). Using a more
selective TRPV3 agonist (farnesyl pyrophosphate (FPP)), we pharmacologically determined that
TRPV3 was present in vagal afferent neurons in extremely small amounts (Wu et al., 2016), and
therefore was likely negligible to the overall EVA response observed in wild type animals. These
observations combined with our current findings suggest that EVA primarily targets TRPAL in
vagal afferent neurons. Crucially, whereas EVA concentration-dependently stimulated a sizable
portion of vagal afferent neurons in TRPV3 KO mice, EVA did not stimulate any vagal afferent
neurons in TRPA1 KO mice. This shows that EVA, at the concentrations used in this study, is
not an agonist for any other calcium-conducting channel expressed in vagal afferent neurons.
While this does not preclude EVA activity at other TRP channels, the reported expression of
many TRP channels in vagal afferent neurons and lack of EVA signaling suggests a fairly high

degree of specificity to TRPAL (Buniel et al., 2004; Elg et al., 2007; Glazebrook et al., 2005;

17

202 ‘02 YoIe N Uo sjeudnor 134SY e Bio'seuinofiedse ed[ wody papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on June 15, 2017 as DOI: 10.1124/jpet.116.239384
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #239384

Staaf et al.,, 2010; Zhang et al., 2004; Zhao et al., 2010) In TRPA1-GFP transfected COS-7
cells, we found similar overlap of EVA and AITC activation, effectiveness of TRPA1 antagonism,
and linearity of fit between EVA and AITC as in native vagal afferent neurons (Figure 1). These
findings strengthen the argument that EVA is an agonist of TRPAL. Our findings suggest that

EVA is a selective agonist of TRPAL in vagal afferent neurons.

Potential Importance of EVA as a TRPAL agonist.

Many reactive compounds, similar to AITC, activate TRPAL via covalent modification of the
channel versus traditional lock and key binding. However, there are also numerous non-reactive
compounds, such as menthol, that activate TRPA1l at alternative structural sites without
covalently modulating the channel (Xiao et al., 2008). Despite these findings, the underlying
mechanism of non-covalent TRPA1 agonism is relatively unknown. Several lines of evidence
suggest that EVA is a TRPAL agonist that activates TRPAL differently than AITC. The chemical
structure of EVA and AITC reveals that both compounds contain electrophilic nucleophile
groups and intracellular buffering with glutathione (Figure 7) diminishes activation of TRPA1 by
both ligands; indicating oxidation is required for increased TRPA1 gating (Materazzi et al.,
2012). Yet, when AITC is applied prior to EVA it decreases the response to EVA; but EVA does
not decrease the response to AITC when applied first (Figure 6). These observations suggest
that EVA’'s mode of TRPA1 activation is in some way different than that of AITC and may
suggest that AITC is a chemically more reactive nucleophile than EVA. There are several
potential advantages to the differential gating kinetics of EVA activation. A less reactive
nucleophile that presumably does not covalently bind to the receptor is less likely to irreversibly
change channel confirmation and may provide advantages from an experimental standpoint as

well as perhaps in the design of compounds for potential clinical use. Our experiments involving
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AITC required extended wash times to return the experimental system back to its original state.
Perhaps via covalent modification of residues on the intracellular ankyrin binding domains or
differential unbinding from orthosteric versus allosteric sites (Lane et al., 2013), AITC induces a
change on the experimental system by keeping the TRPAL channel in a ligand bound / open or
ligand bound / inactive configuration for longer periods of time compared to EVA. As a result,
EVA can be used repeatedly and requires shorter wash times. It was originally reported that
vanillin, the pre-cursor to EVA, is also a TRPA1 agonist and to a small extent TRPV1 agonist
(Lubbert et al., 2013). In contrast to vanillin, EVA does not appear to be a TRPV1 agonist at the
concentrations we tested since it had no effect in neurons from TRPA1 KO mice which
maintained their expression of TRPV1 (Figure 3). Furthermore, the differences in pharmacology
between AITC and vanillin have largely not been explored. Concentration-response curves of
EVA and AITC reveal that there are two distinct populations of sensitive cells with distinct
magnitudes of ECsy, peak response, and power. These different populations may be a
consequence of differential expression of TRPAlb, a TRPAL splice variant. However, TRPA1b
is not reported to be expressed in the rat nor alter the ECys, of AITC activation (Zhou et al.,
2013). The difference may also arise as a product of TRPA1 expression level. More specifically,
one would predict that large amounts of TRPA1 would exhibit a lower ECs, and increased
apparent sensitivity to agonists compared to cells with lower amounts of TRPAL. Alternatively,
additional TRP channels capable of modifying the activity of TRPAL1 may be present (Everaerts
et al., 2011; Hondoh et al., 2010; Huang et al., 2012; Lin et al., 2015; Lubbert et al., 2013,
Weller et al., 2011; Weng et al., 2015; Wu et al., 2014). While we identified pharmacological
subpopulations of EVA and AITC sensitive vagal afferents, the extent to which these differences

in signaling have physiological importance is unknown.
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Summary and Perspectives.

The largely non-selective profile of many TRP channel agonists and antagonists make it difficult
to identify and manipulate specific TRP channels in native tissue. In this study we were able to
pharmacologically identify TRPAL using AITC and characterize the novel agonist EVA. AITC
and EVA shared similarities in terms of overlap, response rate, and conductance profiles. But
key differences in their chemical structures may explain differences in their activation of TRPAL,
perhaps via differences in binding sites and / or affinity. EVA behaves as a low affinity full
agonist compared to AITC and may provide certain advantages for experimental interrogation of

TRPAL.
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FIGURE LEGENDS

Figure 1: EVA and AITC sensitivity overlap in rat vagal afferent neurons. EVA stimulates
AITC sensitive vagal afferent neurons and TRPAL transfected COS-7 cells. A) Fluorescent
photomicrographs of cultured rat vagal afferent neurons loaded with Fura-2 AM calcium
indicator dye at baseline and exposed to EVA 3 mM, AITC 300 uM, and CAP 100 nM (White
arrows = EVA, AITC, and CAP responsive neurons; Red arrows = CAP only responsive). B)
Representative calcium traces showing response profiles of vagal afferent neurons exposed to
EVA 3 mM, AITC 300 uM, and CAP 100 nM. C) Histogram showing the percentage of neurons
sensitive to EVA, AITC, and CAP (N = 75 neurons). D) Scatter plot showing the positive linear
relationship between EVA and AITC calcium response (N = 44 neurons, P < 0.0001, R* = 0.35).
E) Average change in calcium to EVA and AITC in responsive neurons. AITC responses were
statistically smaller on average compared to EVA responses (N = 44, P = 0.01, paired T-test). F)
Calcium traces from non-transfected (GFP-) and transfected (GFP+) COS-7 cells with TRPA1-
GFP. EVA and AITC only activated cells containing TRPA1-GFP. G) Similar to nodose neurons,
transfected COS-7 cells show a positive linear relationship between EVA and AITC calcium
response (N = 83 cells from 3 cultures, P < 0.0001, R? = 0.28). H) Average change in calcium to
EVA and AITC in transfected COS-7 cells. AITC responses were statistically larger on average

compared to EVA responses (N = 83/ 3, P < 0.001, Wilcoxon).

Figure 2: EVA and AITC produce similar current-voltage profiles in rat vagal afferent
neurons. A) Representative current trace of an individual neuron responsive to EVA 3 mM and
AITC 300 uM. B) Average current densities normalized to capacitance of EVA 3 mM and AITC
300 pM held at -60 mV (N = 11 neurons, P = 0.001 and P = 0.005 respectively, paired T-test

against baseline). C) Representative current-voltage (I-V) relationship curve of one cell at
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baseline (a) and in response to EVA (b) and AITC (c) across voltages. D) Average |-V
relationship curve of neurons that respond to EVA (b) and AITC (c) compared to baseline (a)
showing increased inward current due to EVA and AITC exposure. (N = 11 neurons). E)
Average conductance normalized to capacitance of all cells responsive to EVA and AITC (N =
11 neurons, P= 0.003 and P = 0.018 respectively, paired T-test against baseline). Data are

expressed as average + SEM.

Figure 3: Pharmacological and genetic evidence that EVA is a TRPALl agonist. Pre-
treatment with the selective TRPAL1 antagonist A967079 eliminates the AITC and EVA
responses. A) Representative calcium traces comparing EVA (3 mM) and AITC (300 uM)
treatment responses before and after pretreatment with 1 uM of A967079. B) Average EVA and
AITC increase in cytosolic calcium before and after pretreatment with A967079. (EVA: N = 31
neurons, P < 0.001, paired T-test; AITC: N = 12 neurons, P < 0.001, paired T-test). C-D) EVA
did not stimulate any vagal afferent neurons from TRPA1 KO mice. C) Representative calcium
traces from TRPA1 KO mice showing lack of responses to increasing concentrations of EVA
(100 puM to 3 mM) and high dose AITC (300 uM). D) Average change in intracellular calcium
levels across EVA dose from all neurons. (N = 25 neurons). EVA and AITC failed to produce
statistically significant changes in cytosolic calcium (EVA: P = 0.10, ANOVA and AITC: P = 0.34,
T-test), whereas CAP and potassium depolarization did (CAP: P < 0.001, T-test and KCI: P <
0.001, T-test). E) EVA activated vagal afferent neurons taken from wild-type mice that were also
activated by AITC. F) Average change in intracellular calcium levels across EVA dose response
for activated neurons (N = 23 neurons). EVA and AITC produced statistically significant
changes in cytosolic calcium (EVA: P < 0.001, ANOVA and AITC: P = 0.002, T-test), along with
CAP and potassium depolarization did (CAP: P < 0.001, T-test and KCI: P < 0.001, T-test).

Black lines indicate time of ligand application.
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Figure 4: Two pharmacologically distinct populations of EVA reactivity in vagal afferent
neurons. Distinct profiles from EVA concentration response curves suggest two functionally
distinct groups of EVA responsive neurons. A) Representiative calcium traces showing profiles
of high sensitivity EVA resonsive neuron (left) and a low sensitivity EVA responsive neourn
(right). Neurons were grouped into the ‘high sensitivity’ group if they responded to 300 uM EVA
or less. B) EVA dose response curves between two different populations of EVA sensitive
neurons (dark circles: highly sensitive neurons; open circles: less sensitive neurons) (High
sensitivity, N = 32 neurons; and low sensitivity, N = 31 neurons). Group data were fit with a
sigmoidal curve and the following parameters were determined. C) Comparison of the ECsg
conentrations between high and low responsive populations of EVA sensitive neurons (P <
0.001, T-test). D) The peak response of EVA-induced increase in cytosolic calcium (P = 0.002,
T-test). E) The slope of the linear phase for the sigmoidal fits between groups of responsive

neurons (P = 0.02, T-test).

Figure 5: Threshold EVA responsiveness predicts two populations of AITC responsive
neurons. A) Representiative calcium traces showing profiles of two distinct populations of vagal
afferent neurons that respond differentially to increasing concentrations of AITC depending on
their sensitivity to EVA at 300 uM (left: responds to EVA at 300uM; right: does not respond to
EVA at 300uM). B) AITC concentration-response curves depending on sensitivity to EVA at 300
uM (dark circles: EVA sensitive; open circles: EVA insensitive) (EVA+, N = 48 neurons; and
EVA-, N = 25 neurons). C) The ECsy concentration between the two different populations of
AITC sensitive neurons depending on sensitivity to EVA at 300 uM was statistically different
(dark column: EVA sensitive; open column: EVA insensitive) (P < 0.001, T-test). D) The

maximum AITC-induced increase in cytosolic calcium between two different populations of
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neurons depending on EVA sensitivity (P = 0.008, T-test). E) The slope of the linear phase in
the sigmoid fit was not statistically different between the two AITC responsive populations (P =

0.39, T-test).

Figure 6: AITC masks the response to EVA. When AITC is applied first the subsequent
response to EVA is diminished. This does not occur to the AITC response when EVA is applied
first. A) Representative trace of a neuron that responds to EVA (3 mM) and AITC (300 puM)
when EVA application precedes AITC (left) and when AITC application precedes EVA (right). B)
Average AITC and EVA increases in cytosolic calcium from vagal afferents where AITC
application precedes EVA (N = 26 neurons) and where EVA application precedes AITC (N = 42
neurons). AITC responses were not statistically different between the two conditions (P = 0.45,
T-test) while EVA was significantly reduced when it followed AITC (P < 0.001, T-test). C)
Representative trace of a neuron that responds to AITC 300 uM and CAP 100 nM when AITC
applications precede CAP (left trace) and when CAP application precedes AITC (right trace). D)
Average AITC and CAP increase in cytosolic calcium from vagal afferents where AITC
application precedes CAP (N = 11 neurons) and where CAP application precedes AITC (N =12
neurons). Neither AITC (P = 0.73, T-test) nor the CAP (P = 0.59, T-test) responses were not
statistically different between the two conditions. E) Representative EVA (3 mM) and AITC (300
HUM) response traces from TRPAL1-GFP transfected COS-7 cells when EVA application precedes
AITC (left) and when AITC application precedes EVA (right). F) Average AITC and EVA
increases in cytosolic calcium from TRPA1-GFP transfected COS-7 cells where AITC
application precedes EVA (N = 125 cells) and where EVA application precedes AITC (N = 78
cells). AITC responses were not statistically different between the two conditions (P = 0.28,
Mann-Whitney) while EVA was significantly reduced when it followed AITC (P < 0.001, Mann-

Whitney). Group data are expressed as average + SEM.
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Figure 7: Intracellular glutathione reduces both AITC and EVA currents. AITC is known to
activate TRPAL via intracellular oxidation, however the extent to which this occurs for EVA is
unknown. Here we compare the responses between standard intracellular solutions or with
glutathione (10 mM) present. A) Representative traces showing AITC induced currents under
control (left) and with intracellular glutathione (right). B, left panel) Average AITC induced
current density from control (N = 9 cells) and glutathione groups (N = 10 cells). The presence of
intracellular glutathione significantly reduced the AITC induced current (P = 0.049, T-test). B,
right) Mean AITC currents normalized to the average control value. C) Representative traces
showing EVA induced currents under control (left) and with intracellular glutathione (right). D,
left panel) Average EVA induced current density from control (N = 9 cells) and glutathione
groups (N = 10 cells). Intracellular glutathione significantly reduced the EVA current (P = 0.003,
T-test). D, right panel) Mean EVA currents normalized to the average control value. Currents

have been normalized to cell capacitance to control for differences in cell size.
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