IDENTIFYING POTENTIAL AGONISTS OF TRPA1 USING
A HETEROLOGOUS EXPRESSION SYSTEM AND TRANSGENIC MICE

BY
PAIGE M. ROE
A Thesis Submitted to the Graduate Faculty of
WAKE FOREST UNIVERSITY
in Partial Fulfillment of the Requirements
for the Degree of
MASTER OF SCIENCE
in the Department of Biology
May 2009
Winston-Salem, North Carolina
Approved By:
Wayne L. Silver, Ph.D., Advisor

______________________________

Examining Committee:
Gloria Muday, Ph.D., Chairperson

______________________________

Erik Johnson, Ph.D.

______________________________

ACKNOWLEDGEMENTS
First off, I would like to thank Wake Forest University for allowing me the
opportunity to conduct this research. I would also like to thank my advisor, Dr. Wayne
Silver, for introducing me to the world of chemesthesis and TRP channels. Furthermore, I
am grateful for the aid and guidance of my committee members. Dr. Erik Johnson has
answered countless questions regarding methods and allowed me general use of his
equipment and materials. Dr. Gloria Muday has been essential for her constructive
criticism.
Furthermore, this research would not be possible without the contribution of Dr.
David Julius who provided our lab with the stable hTRPA1-HEK 293 cell line.
Additionally, I want to thank Dr. Manju Bhat of Winston-Salem State University as he
was very kind and allowed me to use his calcium imaging equipment to capture videos
for my seminar and get an idea of the time it took for stimuli to elicit a response.
Guidance in determining the chemical reactivity of the tested stimuli was graciously
provided by Dr. Lindsay Comstock.
A special thanks to my family and fellow graduate students is warranted for their
continual love and support over the past two years. I would not have made it to this point
without their listening ears, supportive shoulders, and encouraging pep talks.

ii

TABLE OF CONTENTS
LIST OF TABLES

v

LIST OF FIGURES

vi

LIST OF ABBREVIATIONS

vii

ABSTRACT

viii

INTRODUCTION

1

Chemesthesis

1

Trigeminal Nerve

2

Transient Receptor Potential (TRP) Channels

3

TRPA1

4

Objective

9

MATERIALS AND METHODS

12

Chemical Stimuli

12

Monitoring Intracellular Calcium Levels in HEK Cells

12

Cell Culture

12

Dose-Response Curves

13

Inhibitor Assays

16

Measuring Behavioral Aversion to Stimuli in Whole Animals

17

RESULTS

23

Monitoring Intracellular Calcium Levels in HEK Cells

23

Behavioral Aversion Assay

25

DISCUSSION

41

Which stimuli activate TRPA1?

42

iii

How do these stimuli activate TRPA1?

47

Evaluation of Techniques

49

Implications

53

REFERENCES

60

APPENDIX I: Converting ppm to molarity

68

APPENDIX II: Calcium Imaging using Fura-2AM

69

SCHOLASTIC VITAE

73

iv

LIST OF TABLES
Table I.

Background information about tested chemical stimuli

11

Table II.

Scale used for evaluating behavioral aversion responses

18

Table III.

Stimuli which activate TRPA1 based on cellular and behavioral assays 54

Table IV.

Stimuli which activate TRPA1 based on cellular assays

55

Table V.

Stimuli which activate TRPA1 based on behavioral assays

56

Table VI.

Summary which do not activate TRPA1

57

Table VII.

Solubility and chemical reactivity of tested chemical stimuli

58

Table VIII.

Comparison of concentrations needed for activation by stimulus

59

v

LIST OF FIGURES
Figure 1 Comparison of black-walled and clear-walled plates.

20

Figure 2 Buffer comparison when monitoring intracellular calcium levels

21

Figure 3 Experimental setup for the behavioral aversion assay

22

Figure 4 Comparison of initial fluorescence values

26

Figure 5 Intracellular calcium measurements after alpha-Terpineol addition

27

Figure 6 Intracellular calcium measurements after acetic acid addition

28

Figure 7 Intracellular calcium measurements after allyl-isothiocyanate addition 29
Figure 8 Intracellular calcium measurements after amyl acetate addition

30

Figure 9 Intracellular calcium measurements after benzaldehyde addition

31

Figure 10 Intracellular calcium measurements after capsaicin addition

32

Figure 11 Intracellular calcium measurements after cinnamaldehyde addition

33

Figure 12 Intracellular calcium measurements after cyclohexanone addition

34

Figure 13 Intracellular calcium measurements after denatonium benzoate addition 35
Figure 14 Intracellular calcium measurements after eugenol addition

36

Figure 15 Intracellular calcium measurements after d-limonene addition

37

Figure 16 Intracellular calcium measurements after nicotine addition

38

Figure 17 Intracellular calcium measurements after toluene addition

39

Figure 18 Mean Aversion Score of TRPA1 -/- and wild type mice

40

vi

LIST OF ABBREVIATIONS
aTerp

alpha-terpineol

AA

acetic acid

AITC

allyl-isothiocyanate

Amyl

amyl acetate

Benz

benzaldehyde

Cap

capsaicin

Cin

cinnamaldehyde

Cyclo

cyclohexanone

Den

denatonium benzoate

Eug

eugenol

HEK

human embryonic kidney (cell line 293)

hTRPA1

human transient receptor potential ankyrin 1

hTRPA1-HEK

human embryonic kidney cells (cell line 293) stably expressing
human TRPA1

dLim

d-limonene

Nic

nicotine

Tol

toluene

TRPA1 -/-

TRPA1 knockout

vii

ABSTRACT
Paige M. Roe
IDENTIFYING POTENTIAL AGONISTS OF TRPA1
Thesis under the direction of Wayne L. Silver, Ph.D. Professor of Biology
Chemical irritants stimulate the trigeminal nerve through many different receptor
proteins, including TRP channels. TRPA1, a highly conserved TRP channel, is known to
be activated by over ninety compounds. As TRPA1 is promiscuous in nature, it was
considered a likely receptor for stimuli activating the trigeminal nerve. In this study,
thirteen stimuli were tested to see if they activated TRPA1. Of these stimuli, eight were
potentially novel agonists of TRPA1. Using a fluorescent plate reader and the calciumsensitive fluorescent dye FLUO-3AM, intracellular calcium levels of naive HEK and
hTRPA1-HEK cells were monitored after exposure to a stimulus of interest. If a stimulus
activated TRPA1, intracellular calcium levels increased resulting in increased
fluorescence. Using the TRPA1 inhibitor HC-030031, elicitation of increases in
intracellular calcium was confirmed to be due to TRPA1 activation for several
compounds. Additionally, a behavioral aversion assay was conducted using wild type and
TRPA1-/- mice to determine if TRPA1 was activated by the stimuli. Overall, five novel
TRPA1 agonists (alpha-terpineol, amyl acetate, benzaldehyde, d-limonene, toluene) were
identified. It remains unclear whether acetic acid, cyclohexanone and denatonium
benzoate are TRPA1 agonists. Further study is necessary to determine the precise
interactions of these compounds and TRPA1.

viii

INTRODUCTION

Chemesthesis
Vertebrates of all major lineages are able to detect irritating chemicals (Green et al.
1990). This detection process appears to be one of the major defense mechanisms against
the dangerous effects of noxious compounds (Finger et al., 2003; Frasnelli et al., 2004).
Originally described as the “common chemical sense” (Parker, 1912), the detection of
irritating chemicals by animals is now referred to as chemesthesis. This process involves
chemical stimulation of the somatosensory system, a system which conveys a wide
variety of information to the brain, including information on touch, temperature,
nociception (pain), and proprioception. The somatosensory system can relay information
about diverse stimuli, as different types of stimuli activate different types of receptors on
the nerve. For example, thermoreceptors are sensitive to temperature stimuli while
mechanoreceptors are sensitive to mechanical stimuli. Receptors that respond to several
types of stimuli are referred to as polymodal.
Primarily, chemical stimuli are thought to activate the somatosensory system
through polymodal nociceptors (Bryant and Silver, 2000) on free nerve endings (Green et
al., 1990) or solitary chemoreceptor cells (SCCs) (Lin et al., 2008). Activation of either
polymodal nociceptors or SCCs results in a signal being transferred to the brain via
nociceptive nerve fibers. The brain then processes this signal resulting in the sense of
chemical irritation. Somatosensory fibers capable of relaying this chemically induced
signal are found throughout the skin, upper respiratory, and gastrointestinal tracts
(Bojsen-Moller, 1975; Scheibe et al., 2006).
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Trigeminal Nerve
In vertebrates, sensations elicited from the somatosensory system (e.g.
chemosensation, mechanosensation, and thermosensation) in the head and face are
mediated by the trigeminal (Vth cranial) nerve. This nerve has three branches – the
mandibular, maxillary, and ophthalmic – which innervate the oral cavity, the nasal cavity,
the nasopharynx, and the cornea (Hummel and Livermore, 2002). The nasal cavity is
innervated by both a division of the maxillary branch (the nasopalatine nerve) and a
division of the ophthalmic branch (the ethmoid nerve).
The trigeminal nerve is composed of several different fiber types originating from
cell bodies in the trigeminal ganglion, including polymodal Aδ and C fibers which
express substance P and calcitonin gene related peptide (CGRP) (Lee et al., 1985; Silver
et al., 1991). Aδ fibers have myelinated axons approximately 1 to 5 μm in diameter and
are activated by mechanical, thermal, and chemical stimuli, whereas C fibers are
unmyelinated afferent fibers with axons approximately 0.2 to 1.5 μm in diameter which
respond to chemical, thermal, and mechanical stimulation (Handwerker and Kobal, 1993;
Julius and Basbaum, 2001).
In the nasal cavity, these nociceptive nerve fibers are thought to terminate as free
nerve endings just below a series of tight junctions (Finger et al., 1990). While lipid
soluble chemicals are able to traverse these tight junctions to stimulate the nerve fibers, it
is unclear how water soluble chemicals stimulate the nerve. It is possible that water
soluble chemicals stimulate nerve fibers through solitary chemoreceptor cells (Lin et al.,
2008) or paracellular pathways (Bryant and Silver, 2000).

2

Trigeminal nerve fibers contain a variety of different receptor proteins including
acid sensing ion channels (Olson et al., 1998), bradykinin receptors (Kasai et al, 1998),
nicotinic acetylcholine receptors (Alimohammadi & Silver, 2000), purinergic receptors
(Burnstock, 2000), and TRP channels (Caterina and Julius, 1999). Practically all volatile
compounds stimulate nasal trigeminal chemoreceptors if presented at high concentrations
(Bryant and Silver, 2000). The mechanism of stimulation is unknown for many of the
stimuli which activate the trigeminal nerve.

Transient Receptor Potential (TRP) Channels
One of several types of receptors found on the trigeminal nerve, Transient
Receptor Potential (TRP) channels are involved in chemoreception (Venkatachalam and
Montell, 2007), mechanoreception (Raoux et al., 2007), photoreception (Venkatachalam
and Montell, 2007), and thermoreception (McKemy et al., 2002; Talavera et al., 2008).
These channels were originally discovered and investigated in Drosophila photoreceptors
with the first described (Minke, 1977) and first cloned (Montell et al., 1985) TRP channel
coming from studies on this organism. Currently, there are seven or eight subfamilies of
TRP channels (Venkatachalam and Montell, 2007), depending on the classification
criteria, with over 28 different mammalian TRP channels known to exist (Talavera et al.,
2008). It is likely that TRP channels are found in all mammalian organs and cell types
(Talavera et al., 2008). These channels are widely studied for their role in nociception, as
several TRP channels (e.g. TRPV1, TRPA1, TRPM8) appear to play a role in
chemesthesis.
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All TRP channels contain six membrane spanning domains with a cytoplasmic Cand N-terminus. Between the fifth and sixth membrane spanning domain is a pore loop.
This pore loop forms a pore for ions to pass through the channel by combining four
subunits in either a homomeric or hetermomeric fashion (Venkatachalam and Montell,
2007). It is possible that ankyrin repeats, a highly conserved helix-turn-helix motif
comprised of a 33 amino-acid sequence, may aid in connecting the four necessary
subunits to form a functional channel (Schindl and Romanin, 2007) as most TRP
channels contain several ankyrin repeats in their N-terminal domain. These ankyrin
repeats may also be involved in mechanically gating the channel (Venkatachalam and
Montell, 2007).
In general, TRP channels are non-selective cation channels which allow calcium,
sodium, magnesium and other ions to pass through the channel into the cell. However,
some TRP channels show an affinity for calcium (Venkatachalam and Montell, 2007).
Due to this calcium preference, TRP channels are often studied using calcium monitoring
techniques (e.g. calcium imaging).

TRPA1
Human TRPA1, found on the eighth chromosome, was first isolated in 1999 from
a line of cultured fibroblasts (Jaquemar et al., 1999) and originally referred to as
ANKTM1 (Story et al., 2003). Like all TRP channels, TRPA1 has six membrane
spanning regions. It was named for its ankyrin repeats as it can have up to eighteen in its
N-terminus domain depending on the species (Macpherson et al., 2007). TRPA1 is most
highly expressed in the dorsal root ganglia (DRG), auditory hair cells, ovary, spleen, and
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testis (Venkatachalam and Montell, 2007). Double in situ experiments demonstrated that
97% of neurons expressing TRPA1 also express TRPV1, a commonly studied TRP
channel activated by capsaicin (Caterina et al., 1997). However, only 30% of TRPV1expressing neurons express TRPA1 (Story et al., 2003).
TRPA1 appears to be the only member of this TRP subfamily in mammals
(Montell, 2005); however, homologues of TRPA1 can be found in species ranging from
C. elegans (Kindt et al, 2007) where it is involved only in mechanosensation to humans
(Jaquemar et al., 1999) where it may play a role in chemoreception (e.g. Jordt et al.,
2004), mechanoreception (e.g. Petrus et al., 2007) and thermoreception (e.g. Viswanath et
al., 2003; Story et al., 2003; Sawada et al., 2007). The exact nature of TRPA1’s role in
mechanosensation and thermosensation in humans is debatable as reports contradicting
TRPA1’s role in these types of somatosensation exist in the literature (e.g. Kwan et al.,
2006, Bautista et al., 2006).
As TRPA1 is activated by over ninety different chemical compounds of various
structures, it is referred to as a promiscuous receptor. These chemical stimuli include both
natural (e.g. AITC; Jordt et al., 2004) and synthetic (e.g. acrolein; Brone et al., 2008)
compounds which have been identified using a variety of techniques. These techniques
include, but are not limited to, monitoring intracellular calcium levels in dorsal root
ganglion, trigeminal ganglion, and heterologous expression systems, utilizing TRPA1 -/mice in behavioral assays, and using non-specific (ex. Ruthenium red) and specific
inhibitors (ex. HC-030031) in both cellular and behavioral studies. AITC, the active
ingredient in wasabi, is thought to activate the nociceptive nerves solely through TRPA1
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receptors (Jordt et al., 2004) and is therefore is normally used as the control for these
studies.
Many compounds, such as AITC, elicit responses from TRPA1 homologs in
numerous species including fruit flies (Al-Anzi et al., 2006), mice (e.g. Hinman et al.,
2006), rats (e.g. Hinman et al., 2006), and humans (e.g. Hinman et al., 2006). However,
TRPA1 does show some species specificity in responses even when comparing
mammalian versions of the protein. Some compounds, including caffeine (Nagatomo and
Kubo, 2008) and menthol (Karashima et al., 2007), elicit different responses from mouse
and human TRPA1. Menthol appears to activate human TRPA1 at both low and high
concentrations; however, menthol appears to activate murine TRPA1 only at low
concentrations and actually inhibits the channel at high concentrations (Karashima et al.,
2007). Additionally, menthol does not seem to activate TRPA1 in fruit fly, mosquito, or
fugu chemoreceptors (Xiao et al., 2008). In contrast, caffeine appears to activate hTRPA1
and block activation in mTRPA1 (Nagatomo and Kubo, 2008). Recent studies suggest
that the fifth (Xiao et al., 2008) and sixth (Chen et al., 2008) transmembrane regions are
critical for determining species specificity.
There are several modes of activation for TRPA1. Activation of TRPA1 by
exogenous stimuli depends at least partially on their chemical reactivity. Electrophilic
compounds, or ones that are prone to accept electrons during chemical reactions, can
activate TRPA1 through covalent modification of cysteines in the intracellular Nterminus (Hinman et al., 2006; Macpherson et al., 2007) or C-terminus (Hu et al., 2009).
This modification can occur through Michael addition to the cysteine or cysteine
oxidation (Bessac and Jordt, 2008). Whereas electrophilic compounds can undergo
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nucleophilic attack by the cysteine, lysine, or histidine residues of the N- or C- terminus,
non-electrophilic compounds do not have this type of reactivity and most likely stimulate
TRPA1 through a more traditional binding pocket (Peterlin et al., 2007). While there
could be multiple binding pockets, it was recently proposed that activation of TRPA1 by
compounds such as menthol and thymol is due to a binding pocket in the fifth
transmembrane region (Xiao et al., 2008). When considering activation of TRPA1 by
exogenous stimuli, it is important to consider how the stimulus is reaching the receptor as
many compounds activate TRPA1 intracellularly. Lipid soluble stimuli should be able to
traverse the cell membrane, but other stimuli must enter the cell through a channel. For
example, zinc activates TRPA1 by cysteine modification. However, to reach the N- and
C- terminal domains to activate TRPA1, zinc first travels through the TRPA1 channel in
small concentrations. This type of permeability is possible because TRPA1 has a basal
level of activity (Xu et al., 2006; Karashima et al., 2007).
In addition to direct activation by exogenous stimuli, TRPA1 can be activated
indirectly as it is a downstream target of some PLC-mediated pathways when other
receptors, like the bradykinin receptor, are stimulated (Bandell et al., 2004). Components
of PLC-pathways can activate TRPA1 directly by binding a traditional pocket or
modifying cysteines, or components of PLC-pathways can activate TRPA1 indirectly
through release of calcium from internal calcium stores (Trevisani et al., 2007).
Intracellular calcium binds an EF hand motif found on the N-terminus to activate TRPA1
(Doerner et al., 2007; MacPherson et al., 2007), thereby potentiating the response to the
initial stimulus’ receptor.
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There are few known inhibitors that specifically target TRPA1. One compound,
HC-030031, was identified by screening a library for molecules that eliminated AITCevoked responses (McNamara et al., 2007) and appears to selectively inhibit TRPA1
channels. HC-030031 does not bind to at least 41 other receptors, ion channels, and
transporters (Eid et al., 2008). HC-030031 works through an unknown mechanism, but is
thought to be non-competitive in nature (McNamara et al., 2007). A recent study showed
that mutating the fifth transmembrane region does not hinder HC-030031 eliminating
responses from cells containing hTRPA1 (Xiao et al., 2008) suggesting that HC-030031
binds to a different region of the receptor.
Much of the work conducted on TRPA1 channels has been accomplished by
expressing these proteins in alternate cell lines. Cells that have been used for this purpose
include Xenopus oocytes, human embryonic kidney cells (HEK), and Chinese hamster
ovary (CHO) cells. Graham et al. (1977) was the first to transform HEK cells by
exposing them to sheared pieces of the human adenovirus, type 5. These cells were
cultured as the HEK 293 cell line. In recent years, this cell line has been shown to express
particular neurofilament proteins and display a relationship with human neuronal cells
(Shaw et al, 2002). HEK cells are a common heterologous expression system used to
investigate neurotransmitter receptors such as those for serotonin (Qian et al., 1997;
Quirk et al., 2001), glutamate (Cushing et al., 1999; Schiffer et al., 2000; Pasti et al.,
2001; Zhang et al., 2006), and acetylcholine (Buisson et al., 1996; Lax et al., 2002; Cisse
et al., 2007). Like TRP channels, many of these receptors mediate calcium influx into the
cell and some are involved in regulating internal calcium channel stores (Sternfeld et al.,
2007).
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HEK cells do have endogenous calcium channels (Berjukow et al., 1996) and it is
important to understand that many investigated exogenous receptors, such as acid sensing
ion channels or the bradykinin receptor, are found endogenously in HEK cells (Thomas
and Smart, 2005). While TRPA1 is not thought to be endogenous to HEK cells, it is
possible that some potential stimuli may activate endogenous receptors.
In normal conditions, TRPA1 has a basal level of activity (Xu et al., 2006;
Karashima et al., 2007) allowing some ions to enter the cell. In cell culture, this can result
in unhealthy cells. Therefore when TRPA1 is expressed stably in HEK cells, the gene is
often put in a tetracycline (TET)-inducible system to maintain cell health. In this system,
a repressor keeps the TRPA1 gene from being expressed normally. When tetracycline is
added, the tetracycline binds the repressor allowing TRPA1 transcription to occur in the
stably transfected HEK cells.

Objective
The objective of this project was to examine whether thirteen stimuli known to
activate the trigeminal nerve (Silver et al., 2006; unpublished data) activate TRPA1.
These stimuli came from both synthetic and natural sources (See Table 1) as chemical
irritants plays a role both in industry and ecology. Understanding how irritants stimulate
the somatosensory system is important as exposure to these irritants can impact our
health. For example, the effects of respiratory irritants, such as TDI, are mediated through
TRPA1 (Taylor-Clark et al., 2008). Additionally, recent studies have shown that
exposure to TRPA1 irritants appears to affect respiratory function in mice (Bessac et al.,
2008).

9

Of the thirteen tested stimuli, eight were potentially novel agonists of TRPA1.
These eight stimuli were investigated as the current mechanism through which they
activate the trigeminal nerve is unknown. The promiscuity of TRPA1 made it a likely
target of these stimuli. Five of the thirteen stimuli had previously been tested to see if
they activated TRPA1. Three of these stimuli - allyl-isothiocyanate (AITC),
cinnamaldehyde (Cin), and eugenol (Eug) - were used as positive controls as they were
known to activate TRPA1 channels (Peterlin et al., 2007). While AITC and Cin are
thought to activate TRPA1 exclusively, eugenol is known to work not only through
TRPA1 but also through TRPV1 (Yang et al., 2003) and TRPV3 (Xu et al., 2006). Two
of the chosen stimuli - capsaicin (Cap) and nicotine (Nic) - were used as negative
controls as they were known to activate other receptors on the trigeminal nerve (TRPV1
and nACh receptors respectively) but not TRPA1 (Peterlin et al., 2007; Andre et al.,
2008).
By monitoring intracellular calcium levels using the calcium indicator FLUO3AM, trigeminal nerve stimuli which activate these receptors can be identified. If a
stimulus appears to activate TRPA1, a TRPA1-specific inhibitor, HC-030031, is used to
confirm TRPA1 activation. Additionally, to test whether TRPA1 is required to detect the
stimulus in a whole animal, a behavioral assay comparing wild-type and TRPA1 -/- mice
was conducted. The behavioral assay should indicate if there is possible receptor
redundancy for the tested stimulus.
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MATERIALS AND METHODS

Chemical Stimuli
Thirteen trigeminal stimuli were tested: alpha-Terpineol (IGN), Acetic Acid (Sigma),
Allyl-isothiocyanate (Aldrich), Amyl Acetate (Fisher), Benzaldehyde (Aldrich),
Capsaicin (TCI), Cinnamaldehyde (Tocris), Cyclohexanone (Acros), Denatonium
Benzoate (TCI), Eugenol (Sigma), d-Limonene (Kodak), Nicotine (Alfa-Aesar), and
Toluene (Aldrich).

Monitoring Intracellular Calcium Levels in HEK Cells
Cell Culture
Stable hTRPA1-HEK 293 cells (McNamara et al, 2007) were obtained courtesy of
Dr. David Julius (UCSF). hTRPA1-HEK cells were under a tetracycline inducible system
(Tet-induced). In this system, a repressor (Tet-repressor) keeps the TRPA1 gene from
being expressed normally. When tetracycline is added, the tetracycline binds the
repressor allowing TRPA1 transcription to occur in the stably transfected HEK cells.
There are at least two antibiotic markers in this system, one to select for cells containing
the TRPA1 plasmid and one to select for cells containing the Tet-repressor. BlasticidinHCl (5 ug/mL) was used to select for cells containing the TRPA1 plasmid when
establishing cells from frozen stocks. While zeocin (0.1 mg/mL) can be used to maintain
the Tet-repressor (i.e. utilize antibiotic markers to select for cells containing the Tetrepressor), this antibiotic was generally not used during cell culture based on the
recommendation of the Julius lab. Naive HEK 293 cells were obtained courtesy of Dr.
Erik Johnson (WFU).
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Cells were cultured using Dulbecco’s Modified Eagle’s Medium [DMEM;
(Hyclone)] supplemented with 10% Fetal Bovine Serum (PAA) and 1 %
Antibiotic/Antimycotic solution. Cells were maintained in an incubator at 37° Celsius
and 5% CO2. Cells were split at 80% confluency using Trypsin (CellGro).

Dose-Response Curves
Both hTRPA1-HEK and naive HEK cells were seeded in a poly-lysine coated,
black-walled, 96-well plate (Corning) and allowed to grow in supplemented DMEM.
Black-walled plates produced increased fluorescent responses compared to clear-walled
plates (See Figure 1). When seeded, Tetracycline (1 ug/mL; Sigma) was added to wells
containing hTRPA1-HEK cells to induce expression of TRPA1.
After a minimum of 24 hours, the supplemented DMEM was replaced by assay
buffer [HBSS (Sigma), 10 mM HEPES (OmniPur), and 2.5 mM Probenecid (Sigma)]
containing 5 ug/mL FLUO-3AM (Molecular Probes), a cell-permeable Ca2+-sensitive
fluorescent dye, for thirty minutes. The fluorescent dye was first dissolved in pluronic F127 (0.2 g/mL; Sigma) solution to ensure even spreading in the assay buffer. The mixture
of assay buffer and dye was removed from the wells, and the cells were incubated in
assay buffer without FLUO-3AM for fifteen minutes. Three washes of the plate with
Tyrode’s solution [140 mM NaCl (Fisher), 5 mM KCl (Fisher), 1 mM MgCl2 (OmniPur),
1 mM CaCl2 (Sigma), 10 mM HEPES (OmniPur), 10 mM glucose (Sigma), and 10 mM
sodium pyruvate (Sigma), ~ pH 7.4 with NaOH] were completed by submerging the plate
into the solution and flicking away the excess solution. 100 uL of Tyrode’s solution was
then added to each well. It was determined experimentally that Tyrode’s solution was the
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best buffer of three tested (previously mentioned Assay buffer, PBS, and Tyrode’s) in
which to conduct the assay (See Figure 2).
Intracellular calcium levels were monitored before and after stimulus addition
similar to previously described (Johnson et al., 2003; Birse et al., 2006). A Victor 3
multi-label counter (Perkin Elmer) was used to measure fluorescence. The plate reader
was controlled and measurements gathered using the Wallac 1420 Workstation software.
A fluorescein low lamp setting (lamp energy = 1032) was used with a counting time of 1
second. A preset filter (485 nm wavelength with a 30 nm bandwidth) was used for
excitation. Emissions were monitored using a of 535 nm filter with a 30 nm bandwidth
to determine the calcium level in the cell as FLUO-3AM bound to calcium fluoresces at
this wavelength. After baseline fluorescence was measured for each well, the plate was
removed from the plate reader. As quickly as possible (~ 2-5 sec), 50 μL of a potential
stimulus was added to three replicate wells for both naive and hTRPA1-containing HEK
cells using a repeat pipettor (Eppendorf). The plate was reinserted into the plate reader
and fluorescence was measured again. It should be noted that after inserting a plate, it
takes approximately 30 seconds for the plate reader to begin taking measurements.
Stimuli were applied in concentrations ranging from 0.1 mM to 100 mM for a
final concentration of 0.03 mM to 33.33 mM in the well containing the cells. All stimuli,
except AITC, Cap, and Den, were prepared as 1 M stock solutions in DMSO (Sigma) and
then diluted to the appropriate concentration for experimentation. AITC, Cap, and Den
were prepared as 100 mM stock solutions in DMSO (AITC, Cap) or ethanol (Den) and
then diluted to appropriate concentrations in Tyrode’s solution. With the exception of AA
and high concentrations of Benz (final concentration of 22.22 mM, 33.33 mM), the pH of
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all solutions added to the cells was 7.5. Solutions containing AA or high concentrations
of Benz were at pH 4.5.
In total, stimuli were applied to nine different wells (3 wells on 3 plates) for each
cell type tested. On every plate, the ionophore A23187 (Fisher) was applied to at least
one well containing each cell type to verify proper dye incorporation. The ionophore
causes pores to form in the membrane of the cell allowing calcium to enter the
intracellular domain. If the fluorescent dye had permeated into the cell, large increases (>
2 fold) in intracellular calcium were expected upon ionophore addition. If increases in
fluorescence were not seen upon ionophore addition, the plate was discarded.
Change in fluorescence of each well was calculated by dividing the final
fluorescence level (after stimulus addition) by the initial fluorescence level (prior to
chemical addition). The relative fluorescence (RFU) for this assay was calculated by the
following equation:
Final fluorescence value of well containing hTRPA1-HEK cells
Initial fluorescence value of well containing hTRPA1-HEK cells

RFU =

Final fluorescence value of well containing naive HEK cells
Initial fluorescence value of well containing naive HEK cells

Wells were paired using a random sequence generator. A RFU close to 1 indicates that
stimulus addition did not activate TRPA1 as larger changes in fluorescence were not seen
in the hTRPA1-HEK cells than naive HEK cells. A RFU of greater than 1 indicates that
larger increases in fluorescence were seen in hTRPA1-HEK cells than naive HEK cells.
A two-tailed independent t-test was conducted between RFUs elicited by each stimulus
concentration tested and vehicle controls (alpha = 0.05).
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Inhibitor Assay
All stimuli, except AITC, were prepared as 1 M stock solutions in Tyrode’s
solution and then diluted to the appropriate concentration. Concentration added was 3X
the final concentration in the plate containing the cells. AITC was prepared as a 100 mM
stock solution in Tyrode’s and then diluted to appropriate concentrations. With the
exception of AA, the pH of all solutions added to the cells was 7.5. Solutions containing
AA were at pH 4.5.
This assay was conducted similarly to the procedure for measuring dose-response
curves. However, instead of adding 100 μL of Tyrode’s solution to each well before
measuring fluorescence, 100 uL of Tyrode’s solution containing 100 uM HC-030031
(BioMol), a TRPA1 inhibitor (McNamara et al., 2007), was added to each well. This
solution was left on the cells for a minimum of fifteen minutes before measuring
fluorescence. Since stock solutions of HC-030031 were prepared using DMSO, wells not
receiving the inhibitor solution received a mixture of Tyrode’s solution and 1% DMSO.
In general, stimuli were tested at concentrations that elicited responses based on
the dose-response curves. Nicotine was tested at high concentrations to elicit non-specific
responses that should not be eliminated by the inhibitor. AITC was tested at a final
concentration of 0.03 mM. Benz, Cin, Eug, and Nic were tested only at a final
concentration of 11.11 mM. aTerp and AA were tested at both 11.11 and 22.22 mM,
while Amyl, dLim, and Tol were tested at 11.11, 22.22, and 33.33 mM.
Change in fluorescence was again calculated by dividing the final fluorescence
level (after stimulus addition) by the initial fluorescence level (prior to chemical
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addition). Relative fluorescence (RFU) for this assay was calculated by the following
equation:

RFU =

Final fluorescence value of well receiving stimulus
Initial fluorescence value of well receiving stimulus
Final fluorescence value of well receiving vehicle
Initial fluorescence value of well receiving vehicle

Wells were paired for this calculation according to cell type and the presence of the
inhibitor (e.g. hTRPA1-HEK containing wells exposed to the inhibitor were paired) using
a random sequence generator. A RFU close to 1 indicates increases in fluorescence seen
with stimulus addition were similar to those seen with vehicle addition. A RFU of greater
than 1 indicates stimulus addition caused increases in fluorescence. A two-tailed
independent t-test was conducted between the RFU of hTRPA1-HEK 293 cells with and
without inhibitor addition (alpha = 0.05). A minimum “n” of 9 was used for all
comparisons.

Measuring Behavioral Aversion to Stimuli in Whole Animals
Subjects
Five female CJ57BL/6 mice (wild-type or TRPA1 +/+) and five female TRPA1
knockout mice (TRPA1 -/-) were used for this portion of the project. All mice were
obtained from the Jackson Laboratory (Bar Harbor, Maine). Mice were kept in a central
care facility in Winston Hall on the Wake Forest University Reynolda Campus where
they were given water and food ad lib and maintained on a 12 hour light/dark cycle.
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Behavioral Aversion Assay
This assay was conducted similarly to one previously described (Alimohammadi,
2004). All procedures were approved by the WFU animal care and use committee
(Protocol A08-075). A wild-type and TRPA1 -/- mouse were always tested at the same
time of day. Except for Cap and Den, trigeminal stimuli were prepared by dipping a
cotton applicator into the undiluted chemical (i.e. liquid stocks as ordered by the
supplier). Cap and Den were prepared by dipping the cotton applicator into a 10 mM
solution. Chocolate powder (Hershey’s cocoa, Nestle’s cocoa, and Nesquik) and whole
wheat powder stimuli were prepared by dipping the applicator first in deionized water
and then into the stimulus which was bought from a grocery store
Mice were placed individually into an opaque cage with a 1 cm2 opening on one
side. Mice were allowed to acclimate for ten minutes. After this time, a cotton-tipped
applicator (Puritan) was
inserted through the cage
opening (Figure 3). After 1-2
minutes, the behavioral
response of the mouse to the
cotton swab was recorded.
Behavioral responses were evaluated on a qualitative scale ranging from -2 to +2 (Table
II). After this initial test, an applicator dipped in whole-wheat powder (a positive
stimulus) was presented to the animal and its behavioral response evaluated. Following
this initial positive presentation, presentation of stimuli alternated between trigeminal
stimuli and positive stimuli (e.g. chocolate powder, whole wheat powder, water). Mice
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were given at least two minutes between each stimulus presentation. A different
applicator was used for each stimulus. Each stimulus was presented to the mouse at least
three separate times during this paradigm for three technical replicates. The average
response of each mouse to the stimulus was recorded to give biological replicates.
Responses were then compared between the wild-type and TRPA1 -/- mice using a twotailed, Mann Whitney U Test (p<.05). Responses compared were the five biological
replicates for each type of mouse.
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Figure 1. Comparison of black-walled and clear-walled plates.
Representative mean responses elicited by 0.03 mM AITC (n=3) when assay is
conducted either in clear-walled or black-walled 96 well plates. Each column represents
one tested plate. Error bars = standard error. It was determined that larger responses could
be seen using a black-walled plate.
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Figure 2. Buffer Comparison when monitoring intracellular calcium levels.
(A) Mean responses elicited by 1 mM AITC (n=3) when assay is conducted using one of
three different buffer solutions in a clear-walled plate. All solutions were tested on the
same plate. Error bars = standard error. (B) Change in fluorescence of wells containing
naive HEK cells upon vehicle addition. From (A) it was determined that PBS quenched
any differences in fluorescent responses between the two cell lines, but assay buffer and
Tyrode’s solution both allowed these differences to be seen. It was determined from (B)
that assay buffer innately quenched fluorescence upon addition even though differences
in responses could still be detected. Considering both of these conclusions, it was decided
that Tyrode’s solution was the best buffer solution to use when measuring intracellular
calcium levels.
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Figure 3. Experimental setup for the behavioral aversion assay.
Mice were presented with a cotton applicator dipped in a stimulus. Behavioral responses
to the stimulus were evaluated within one minute of the mouse approaching the
applicator based on the scale presented in Table 2. In the top left picture are two opaque
cages that were used for testing. A Trpa1 -/- and wild type mouse were always tested at
the same time although individually housed. The top right picture shows the hole on the
side of the cage through which the cotton applicator was inserted. On the bottom left is a
mouse approaching the cotton applicator. Depending on the activity level of the mouse,
approach can take seconds to minutes. In this case, once the mouse approached the
applicator it reacted with a score of +1 indicating a moderately positive behavioral
response. This behavior is depicted in the bottom right panel. If the stimulus was
aversive, the mouse would have reflexively withdrew or turned its head from the
applicator. Normally, these cages have lids upon them as depicted in the top panels;
however, the lids were removed during photography of the bottom panels to improve
picture clarity.
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RESULTS

Monitoring Intracellular Calcium Levels in HEK Cells
In general, hTRPA1-HEK cells not induced with tetracycline had smaller
increases in fluorescence than tetracycline-induced hTRPA1-HEK cells when a known
TRPA1 stimulus (e.g. AITC) was applied (data not shown). In some cases, non-induced
cells did not show any increase in fluorescence upon known TRPA1 agonist addition
(data not shown). As such, only responses elicited from induced TRPA1 are included in
the results. Additionally, wells containing hTRPA1-HEK cells always displayed
significantly different baseline fluorescent readings compared to wells containing naive
HEK cells (See Figure 4). In dose-response curves this baseline was lower in hTRPA1HEK cells than naive HEK cells, whereas, in inhibitor assays this baseline was higher in
hTRPA1-HEK cells than naive HEK cells. Additionally, baseline fluorescence values
were lower in inhibitor assays than concentration dependence assays.

Dose-Response Curves
Dose-response curves are included for stimuli in alphabetical order (Figures 517). hTRPA1-HEK cells had normalized increases in fluorescence that were statistically
different than vehicle addition when nine (aTerp, AA, AITC, Amyl, Benz, Cin, Eug,
dLim, Tol) of the thirteen stimuli were applied (p<0.05). Addition of Cap, Cyclo, and
Den did not elicit statistically different responses from hTRPA1-HEK cells and naive
HEK cells (p>0.05) at any concentration tested.
Nic addition did elicit a significantly different response from HEK cells at 0.03
mM (p=0.009); however, responses to Nic at this concentration were lower than vehicle
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addition. Applications of 0.33 mM Nic did not cause significant changes in fluorescence
compared to vehicle addition. Addition of the known TRPA1 agonist, AITC, evoked
significant increases in fluorescence at every concentration tested, but other known
TRPA1 agonists, Eug and Cin, did not. Eug caused significant increases when applied at
3.33 mM, 11.11 mM, and 22.22 mM; however a higher concentration of 33.33 mM did
not elicit a response. Cin and a previously untested stimulus, Tol, elicited significant
responses at the highest concentration tested, 0.33 mM and 33.33 mM respectively.
Additionally, significant increases in fluorescence were obtained with the addition of
aTerp at every concentration tested below 22.22 mM, whereas d-Lim application only
caused significant fluorescence increases when tested at 22.22 mM or above. Addition of
AA elicited significant increases in fluorescence at every concentration except 11.11
mM. At concentrations of 0.33 mM, 22.22 mM, and 33.33 mM Amyl application educed
significant changes in fluorescence. Benz had significantly different fluorescence levels
at all concentrations tested from 0.33 mM and 22.22 mM. Benz concentrations below or
above this range did not elicit significantly different fluorescence levels.

Inhibitor Assay
If increases in intracellular calcium were seen at any tested concentration, a graph
displaying the results of the inhibitor assay is included with the dose-response curve
(Figures 5-17). Baseline fluorescence values were not different between wells containing
the inhibitor dissolved in 1% DMSO and wells without the inhibitor containing 1%
DMSO (p>0.05); however baseline fluorescence values were lower in inhibitor assays
than concentration dependence assays (See Figure 4). With the inhibitor assay
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preparation, five stimuli (0.03 mM AITC, 11.11 mM Benz, 11.11 mM Cin, 11.11 mM
Eug, and 33.33 mM Tol) elicited increases in intracellular calcium in wells containing
hTRPA1-HEK cells. These responses were reduced in wells containing the inhibitor HC030031 (p<0.05; Figures 7, 9,11,14,17). Four other stimuli (aTerp, AA, Amyl, dLim) did
not educe increases in fluorescence in wells containing hTRPA1-HEK cells in 1% DMSO
although tested at the same concentrations that elicited responses previously (Figures
5,6,8,15). Therefore, the effect of inhibitor addition could not be evaluated for these four
compounds. Addition of high concentrations of nicotine (11.11 mM) caused an increase
in intracellular calcium in both naive HEK and hTRPA1-HEK cells which was not
reduced by the inhibitor (Figure 16).

Behavioral Aversion Assay
Responses of both TRPA -/- and wild type mice to tested stimuli are displayed in
Figure 15. In general, the initial presentation of the cotton applicator elicited a response
greater than zero in wild type and TRPA1 -/- mice. Both wild-type and TRPA1 -/- mice
demonstrated a mean aversion score (biological replicates) of greater than zero to all
positive stimuli (three types of chocolate, wheat, water) and capsaicin (p>0.05).
Equivalent aversive responses (mean aversion score < 0) were seen in wild-type and
TRPA1 -/- mice when presented with AA, Benz, Eug, Nic, or Tol (p>0.05). Significantly
larger aversive responses were seen in wild-type mice compared to TRPA1 -/- mice when
presented with aTerp, AITC, Amyl, Cin, Cyclo, Den, or d-Lim (p<0.05). Generally,
TRPA1 -/- mice retained some aversion to these stimuli. Individually, mice did display
some variability in response; however, no patterns could be detected in this variability.
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Figure 4. Comparison of initial fluorescence values
Mean initial fluorescence values from wells containing either hTRPA1-HEK or naive
HEK cells when place in one of three buffer solutions from a subset of tested plates. The
first solution (Tyrode’s) was used in the dose-response curves. A significant difference in
baseline was seen between hTRPA1-HEK and naive HEK cells in this solution (2-tailed
independent t-test assuming unequal variance; p<0.05; n=57) Tyrode’s + 1% DMSO and
Tyrode’s + 1% DMSO + 100 uM HC-030031 were used in the inhibitor assay. These
solutions were kept in the well 15 minutes before baseline fluorescent values were
recorded. A two-factorial ANOVA confirmed that HEK cells had significantly lower
baseline fluorescent levels than hTRPA1-HEK cells in this assay; however, no significant
difference was seen between wells with or without the inhibitor, HC-030031.
Additionally, it was noted that baseline values for hTRPA1-HEK cells in the inhibitor
assay were approximately 58% of those seen in the dose-response curves. Baseline values
for naive HEK cells were also lower in the inhibitor assay than the dose-response set-up
(~ 45 %).

26

Figure 5. Intracellular calcium measurements after alpha-Terpineol addition.
(A) Mean relative fluorescence (RFU) when alpha-terpineol is applied at various
concentrations. In this RFU calculation hTRPA1-HEK cell responses are normalized to
naive HEK cells (see Methods). Stars indicate statistical significance relative to the
vehicle (p<0.05) using a two-tailed, independent T-test. Error bars = standard error. n=9
(B) Mean RFU after alpha-terpineol addition to wells containing hTRPA1-HEK cells
either with or without 0.1 mM HC-030031, a TRPA1 inhibitor. In this RFU calculation
hTRPA1-HEK cell responses are normalized to vehicle addition (see Methods). Although
11.11 mM aTerp elicited responses from hTRPA1-HEK cells in the concentration
dependence assay, this concentration did not elicit a response in the inhibitor assay.
Therefore, the effect of the inhibitor on aTerp-induced responses could not be evaluated.
Stars indicate statistical significance between wells with and without the inhibitor
(p<0.05) using a two-tailed, independent T-test. Error bars = standard error. n=9
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Figure 6. Intracellular calcium measurements after acetic acid addition.
(A) Mean relative fluorescence (RFU) when acetic acid is applied at various
concentrations. In this RFU calculation hTRPA1-HEK cell responses are normalized to
naive HEK cells (see Methods). Stars indicate statistical significance relative to the
vehicle (p<0.05) using a two-tailed, independent T-test. Error bars = standard error. n=9
(B) Mean RFU after AA addition to wells containing hTRPA1-HEK cells either with or
without 0.1 mM HC-030031, a TRPA1 inhibitor. In this RFU calculation hTRPA1-HEK
cell responses are normalized to vehicle addition (see Methods). Although 22.22 mM AA
elicited responses from hTRPA1-HEK cells in the concentration dependence assay, this
concentration did not elicit a response in the inhibitor assay. Therefore, the effect of the
inhibitor on AA-induced responses could not be evaluated. Stars indicate statistical
significance between wells with and without the inhibitor (p<0.05) using a two-tailed,
independent T-test. Error bars = standard error. n=9
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Figure 7. Intracellular calcium measurements after allyl-isothiocyanate addition.
(A) Mean relative fluorescence (RFU) when AITC is applied at various concentrations.
In this RFU calculation hTRPA1-HEK cell responses are normalized to naive HEK cells
(see Methods). Stars indicate statistical significance relative to the vehicle (p<0.05) using
a two-tailed, independent T-test. Error bars = standard error. n=9 (B) Mean RFU after
AITC addition to wells containing hTRPA1-HEK cells either with or without 0.1 mM
HC-030031, a TRPA1 inhibitor. In this RFU calculation hTRPA1-HEK cell responses
are normalized to vehicle addition (see Methods). The response to AITC was
significantly reduced (two-tail independent T-test; p<0.05) Error bars = standard error.
n=9
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Figure 8. Intracellular calcium measurements after amyl acetate addition.
(A) Mean relative fluorescence (RFU) when amyl acetate is applied at various
concentrations. In this RFU calculation hTRPA1-HEK cell responses are normalized to
naive HEK cells (see Methods). Stars indicate statistical significance relative to the
vehicle (p<0.05) using a two-tailed, independent T-test. Error bars = standard error. n=9
(B) Mean RFU after Amyl addition to wells containing hTRPA1-HEK cells either with or
without 0.1 mM HC-030031, a TRPA1 inhibitor. In this RFU calculation hTRPA1-HEK
cell responses are normalized to vehicle addition (see Methods). Although 33.33 mM
Amyl elicited responses from hTRPA1-HEK cells in the concentration dependence assay,
this concentration did not elicit a response in the inhibitor assay. Therefore, the effect of
the inhibitor on Amyl-induced responses could not be evaluated. Stars indicate statistical
significance between wells with and without the inhibitor (p<0.05) using a two-tailed,
independent T-test. Error bars = standard error. n=9
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Figure 9. Intracellular calcium measurements after benzaldehyde addition.
(A) Mean relative fluorescence (RFU) when Benz is applied at various concentrations. In
this RFU calculation hTRPA1-HEK cell responses are normalized to naive HEK cells
(see Methods). Stars indicate statistical significance relative to the vehicle (p<0.05) using
a two-tailed, independent T-test. Error bars = standard error. n=9 (B) Mean RFU after
Benz addition to wells containing hTRPA1-HEK cells either with or without 0.1 mM
HC-030031, a TRPA1 inhibitor. In this RFU calculation hTRPA1-HEK cell responses
are normalized to vehicle addition (see Methods). The response to Benz was significantly
reduced (two-tail independent T-test; p<0.05) Error bars = standard error. n=9

31

Figure 10. Intracellular calcium measurements after capsaicin addition.
Mean relative fluorescence (RFU) when capsaicin is applied at various concentrations.
The RFU calculation for normalization of hTRPA1-HEK cell responses to naive HEK
cells is included in the text. Addition of the stimulus did not elicit a response from
hTRPA1-HEK cells at any concentration tested. Stars indicate statistical significance
relative to the vehicle (p<.05) using a two-tailed, independent T-test. Error bars =
standard error. n=9

32

Figure 11. Intracellular calcium measurements after cinnamaldehyde addition.
(A) Mean relative fluorescence (RFU) when Cin is applied at various concentrations. In
this RFU calculation hTRPA1-HEK cell responses are normalized to naive HEK cells
(see Methods). Stars indicate statistical significance relative to the vehicle (p<0.05) using
a two-tailed, independent T-test. Error bars = standard error. n=9 (B) Mean RFU after
Cin addition to wells containing hTRPA1-HEK cells either with or without 0.1 mM HC030031, a TRPA1 inhibitor. In this RFU calculation hTRPA1-HEK cell responses are
normalized to vehicle addition (see Methods). The response to Cin was significantly
reduced (two-tail independent T-test; p<0.05) Error bars = standard error. n=9
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Figure 12. Intracellular calcium measurements after cyclohexanone addition.
Mean relative fluorescence (RFU) when cyclohexanone is applied at various
concentrations. The RFU calculation for normalization of hTRPA1-HEK cell responses
to naive HEK cells is included in the text. Addition of the stimulus did not elicit a
response from hTRPA1-HEK cells at any concentration tested. Stars indicate statistical
significance relative to the vehicle (p<.05) using a two-tailed, independent T-test. Error
bars = standard error. n=9
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Figure 13. Intracellular calcium measurements after denatonium benzoate
addition. Mean relative fluorescence (RFU) when denatonium benzoate is applied at
various concentrations. The RFU calculation for normalization of hTRPA1-HEK cell
responses to naive HEK cells is included in the text. Addition of the stimulus did not
elicit a response from hTRPA1-HEK cells at any concentration tested. Stars indicate
statistical significance relative to the vehicle (p<.05) using a two-tailed, independent Ttest. Error bars = standard error. n=9
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Figure 14. Intracellular calcium measurements after eugenol addition.
(A) Mean relative fluorescence (RFU) when Eug is applied at various concentrations. In
this RFU calculation hTRPA1-HEK cell responses are normalized to naive HEK cells
(see Methods). Stars indicate statistical significance relative to the vehicle (p<0.05) using
a two-tailed, independent T-test. Error bars = standard error. n=9 (B) Mean RFU after
Eug addition to wells containing hTRPA1-HEK cells either with or without 0.1 mM HC030031, a TRPA1 inhibitor. In this RFU calculation hTRPA1-HEK cell responses are
normalized to vehicle addition (see Methods). The response to Eug was significantly
reduced (two-tail independent T-test; p<0.05) Error bars = standard error. n=9
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Figure 15. Intracellular calcium measurements after d-limonene addition.
(A) Mean relative fluorescence (RFU) when dLim is applied at various concentrations. In
this RFU calculation hTRPA1-HEK cell responses are normalized to naive HEK cells
(see Methods). Stars indicate statistical significance relative to the vehicle (p<0.05) using
a two-tailed, independent T-test. Error bars = standard error. n=9 (B) Mean RFU after
dLim addition to wells containing hTRPA1-HEK cells either with or without 0.1 mM
HC-030031, a TRPA1 inhibitor. In this RFU calculation hTRPA1-HEK cell responses
are normalized to vehicle addition (see Methods). Although 33.33 mM dLim elicited
responses from hTRPA1-HEK cells in the concentration dependence assay, this
concentration did not elicit a response in the inhibitor assay. Therefore, the effect of the
inhibitor on dLim-induced responses could not be evaluated. Stars indicate statistical
significance between wells with and without the inhibitor (p<0.05) using a two-tailed,
independent T-test. Error bars = standard error. n=9
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Figure 16. Intracellular calcium measurements after nicotine addition.
(A) Mean relative fluorescence (RFU) when Nic is applied at various concentrations. In
this RFU calculation hTRPA1-HEK cell responses are normalized to naive HEK cells
(see Methods). Addition of the stimulus did not elicit a response from hTRPA1-HEK
cells at any concentration tested. A significant decrease does not indicate that TRPA1
was activated. Stars indicate statistical significance relative to the vehicle (p<.05) using a
two-tailed, independent T-test. Error bars = standard error. n=9 (B) Mean RFU after Nic
addition to wells containing hTRPA1-HEK cells either with or without 0.1 mM HC030031, a TRPA1 inhibitor. In this RFU calculation hTRPA1-HEK cell responses are
normalized to vehicle addition (see Methods). Responses were elicted upon Nic addition
that were not eliminated by the inhibitor (p>0.05). These responses were also seen in
naive HEK cells (data not shown) indicating they were non-specific responses. Error bars
= standard error. n=9
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Figure 17. Intracellular calcium measurements after toluene addition.
(A) Mean relative fluorescence (RFU) when Tol is applied at various concentrations. In
this RFU calculation hTRPA1-HEK cell responses are normalized to naive HEK cells
(see Methods). Stars indicate statistical significance relative to the vehicle (p<0.05) using
a two-tailed, independent T-test. Error bars = standard error. n=9 (B) Mean RFU after Tol
addition to wells containing hTRPA1-HEK cells either with or without 0.1 mM HC030031, a TRPA1 inhibitor. In this RFU calculation hTRPA1-HEK cell responses are
normalized to vehicle addition (see Methods). The response to Tol was significantly
reduced (two-tail independent T-test; p<0.05) Error bars = standard error. n=9
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Figure 18. Mean Aversion Score of TRPA1 -/- and wild type mice
Mean aversion score calculated from the average response of five wild type and five
TRPA1 -/- mice. Scores are based on the scale in Table 2. Each stimulus, except the
cotton applicator, was presented to each mouse three times. The cotton applicator was
presented once to each mouse at the beginning of the experiment. Error bars indicate
standard error. Stars indicate statistical significance (p<0.05) between wild-type and
TRPA1 -/- responses based on a two-tailed Mann Whitney U test.
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DISCUSSION
Increased intracellular calcium concentrations were used to monitor differences in
responses to irritants from naive HEK and stably transfected hTRPA-HEK cells using the
membrane permeable, calcium dependent fluorescent dye Fluo-3AM. Comparing the
responses from these two cell lines helped identify potential agonists for TRPA1. In this
assay, it took approximately 35 seconds from stimulus addition until the plate reader
measured the fluorescence of the well. By comparing this time frame to the time frame
from calcium imaging experiments (See Appendix II), it was determined that
fluorescence is being measured during activation although most likely before the peak
fluorescence.
The inhibitor, HC-030031, was then utilized to confirm increases in fluorescence
were due to activation of TRPA1 and not non-specific responses. A significant reduction
or elimination of responses in the presence of the inhibitor means the stimulus most likely
activates TRPA1 as HC-030031 does not bind to at least 41 other receptors, ion channels,
and transporters including several other TRP channels (Eid et al., 2008). If responses are
not eliminated, increases in fluorescence are probably not due to TRPA1 activation and
are probably non-specific indicating other receptors are involved. Responses to five
compounds (AITC, Benz, Cin, Eug, Tol) were significantly diminished in the presence of
the inhibitor. All three of the known TRPA1 agonists are included in this group,
confirming HC-030031 inhibits TRPA1 activation. Additionally, in this experiment high
concentrations of nicotine (11.11 mM) were used to elicit non-specific responses from
HEK cells, most likely from native nACh receptors (Thomas and Smart, 2005) As
increased intracellular calcium levels were seen in both hTRPA1-HEK and naive HEK
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cells, non-specific activation was confirmed. Responses were not eliminated by HC030031 as a confirmation that HC-030031 did not eliminate at least one type of nonspecific response.

Which stimuli activate TRPA1?
Of the eight compounds previously untested on TRPA1, five (aTerp, Amyl, Benz,
dLim, Tol) were identified as TRPA1 agonists. The remaining three compounds (AA,
Cyclo, Den) appeared to stimulate TRPA1 in either the cellular or the behavioral assay;
however, further assays will be necessary to determine if these compounds truly do
activate TRPA1. All three confirmed TRPA1 agonists (AITC, Cin, Eug) were identified
as agonists using these assays. Furthermore, the two compounds known not to activate
TRPA1 (Cap, Nic) were identified as non-agonists in these assays. Overall, four different
types of responses were seen. Either a compound appeared to activate TRPA1 in both
cellular and behavioral assays, only cellular assays, only the behavioral assay, or in
neither type of assay.
Stimuli that activate TRPA1 based on both cellular and behavioral assays
Five compounds (aTerp, AITC, Amyl, Cin, dLim) activated TRPA1 in both
cellular and behavioral assays (See Table III). All of these stimuli elicited significant
increases in intracellular calcium at a minimum of one concentration tested in the cellular
assay. AITC activated TRPA1 at all concentrations tested confirming previous studies
stating AITC is a TRPA1 agonist (e.g Jordt et al., 2004). Furthermore, addition of AITC
had the highest average response of any chemical tested. Cin, another known TRPA1
agonist (Bandell et al., 2004), elicited responses at the highest concentrations tested in the
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dose-response curve (0.33 mM) and even beyond concentrations tested in the doseresponse curve when tested in the inhibitor assay (11.11 mM) confirming previous
studies. Amyl and dLim elicited responses mainly at the higher concentrations tested for
each compound; however, amyl did elicit a response at 0.33 mM. If issues of cell health
or sensitivity were a factor, it is possible that concentrations between 0.33 mM and 22.22
mM also stimulate TRPA1; however, the current data does not support TRPA1 activation
by Amyl at these intermediate concentrations. aTerp appeared to activate TRPA1 at 11.11
mM and all concentrations below; however, no intracellular calcium increases were
elicited when tested at higher concentrations. Perhaps these highest concentrations did
not elicit responses that were statistically significant from vehicle addition due to the
large variance in response. Most likely this variance is due to the elicitation of nonspecific HEK cell responses when high concentrations of aTerp are applied (data not
shown).
With stimulation by two of the compounds (AITC, Cin), increases in intracellular
calcium were eliminated in the presence of HC-030031, a TRPA1 inhibitor, confirming
TRPA1 activation. However, the effects of the inhibitor on aTerp, Amyl, and dLiminduced responses could not be evaluated as no calcium increase was seen in cells at
concentrations that had previously elicited responses. For all five of these stimuli,
presentation to wild-type and knock-out mice educed greater aversion in wild-type mice
than knockout mice. Combining these results, it appears that all five of these compounds
activate human and murine TRPA1.
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Stimuli that activate TRPA1 based on only cellular assays
Cellular assays, but not behavioral assays, suggest four of the compounds (AA,
Benz, Eug, Tol) stimulate TRPA1 (See Table IV). These results would suggest that these
compounds do activate TRPA1; however, they are not required for stimulus detection in
the whole animal. Despite these results, the activation of TRPA1 by AA will need to be
confirmed by additional assays due to possible complications with the cellular assay.
All four of these stimuli elicited responses in hTRPA1-HEK cells at a minimum
of one tested concentration. AA caused increases in calcium at almost every tested
concentration; whereas toluene only elicited a response at the highest concentration
tested. Benzaldehyde and Eugenol both had a parabolic dose-response curve with the
lowest and highest concentrations not eliciting responses, but the intermediate
concentrations causing increases in calcium. This type of response has been reported
previously for TRPA1. For example, menthol (Karashima et al., 2007) and zinc (Hu et
al., 2009) both show bimodal responses, activating the channel at low concentrations but
inhibiting the channel at high concentrations. The current results confirm previous reports
that eugenol activates TRPA1 (Peterlin et al., 2007).
For three of these stimuli, increases in intracellular calcium were eliminated in
the presence of the TRPA1 inhibitor, HC-030031. The effect of HC-030031 on AAinduced responses could not be evaluated as calcium increases were not seen in cells at
concentrations that previously elicited responses. None of these four compounds
produced differences in the behavioral responses of wild-type or TRPA1 -/- mice. This
confirms previous studies demonstrating TRPA1 -/- mice still show behavioral responses
to acetic acid (Bessac et al., 2006). Most likely, this lack of difference is due to
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redundancy of receptors in whole animals. Benzaldehyde and eugenol are both known to
work through other receptors. Both benzaldehyde and eugenol activate TRPV1
(unpublished data; Yang et al., 2003) and eugenol also activates TRPV3 (Xu et al., 2006).
It is likely that acetic acid and toluene also work through multiple receptors, such as acid
sensing ion channels in the case of AA. However, for AA this difference could also be
due to non-specific increases in calcium in HEK cells as inhibitor assays have not
confirmed TRPA1 activation by this stimulus in hTRPA1-HEK cells and previous
literature has shown large responses from naive HEK cells to acetic acid (Silver et al.,
2006). It is possible native HEK cell receptors, like acid sensing ion channels (Thomas
and Smart, 2005) respond to acetic acid. Additionally, activation of TRPA1 might be due
to the low pH of acetic acid rather than the chemical stimulus itself. However, since
previous studies only note TRPA1 activation due to high pH (Fujita et al., 2008; Dhaka et
al., 2009) and another stimulus with equivalently low pH (100 mM Benzaldehyde) did
not cause significant increases in calcium, this may not be the case. A pH control should
be tested to determine if this low pH could elicit responses from hTRPA1-HEK or naive
HEK cells.
Stimuli that activate TRPA1 based on the behavioral assay
Cyclo and Den both elicited significantly more averse responses in wild-type
mice compared to TRPA1 -/- mice; however, neither compound elicited significant
increases in calcium in cellular assays (See Table V). For both compounds, this
behavioral aversion was unexpected and more assays will have to be conducted to
confirm TRPA1 activation. TRPV1 has been shown to mediate the response to
cyclohexanone (Silver et al., 2006; Saunders, 2008), so decreased aversion to the
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compound was not expected. It was hypothesized that the Den would not cause aversion
in the behavioral assay as it is non-volatile.
It is possible that these stimuli activate TRPA1 through a signaling cascade
similar to bradykinin (Bandell et al., 2004), and that the initial receptor required for
indirect activation of TRPA1 by these stimuli is not present in HEK cells. It is also
possible that these stimuli require a particular cofactor that was not present in the HEK
cells. TRPA1 may require cofactors such as inorganic polyphosphates which based on
one study may be essential for TRPA1 activation (Kim and Cavanaugh, 2007).
It is also possible that the waiting period between stimulus presentations in the
behavioral assay were not long enough, and TRPA1 was still activated due to the
previously tested stimuli. For Den, behavioral aversion seen in the wild type mice could
be due to formation of benzoic acid in solution (unconfirmed personal communication) or
aversion to the ethanol in which Den is dissolved. Solvents used to dissolve Cap and Den
in the behavioral assay have yet to be tested.

Stimuli that do not activate TRPA1
All assays confirmed previous studies demonstrating capsaicin (e.g. Peterlin et al.,
2007) and nicotine (e.g. Andre et al., 2008) do not activate TRPA1. Cap and Nic activate
the trigeminal nerve through TRPV1 (Caterina et al., 1997) and nACH receptors
(Alimohammadi, 1998; Bryant and Silver, 2000) respectively. Increases in fluorescence
were not seen in the calcium influx data when Cap and Nic were tested at low
concentrations (0.33 mM or less). In addition, TRPA1 -/- and wild type mice displayed
similar aversive responses to Cap and Nic (See Table VI).
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The positive behavioral response of the mice to capsaicin is most likely due to the
fact capsaicin is non-volatile. Thus, the mice do not detect capsaicin in solution unless
they touch the cotton applicator. The positive response to capsaicin is similar to the initial
response of the mice to a plain cotton applicator.
Addition of higher concentrations of nicotine (33 mM) does cause increases in
intracellular calcium; however, this response was seen in both naive HEK and hTRPA1HEK cells and is not eliminated by inhibitor addition. Therefore, nicotine activates an
endogenous HEK receptor but TRPA1 does not potentiate the response.

How do these stimuli activate TRPA1?
There are several possible ways for a compound to activate TRPA1. When
considering how stimuli activate TRPA1, two factors – hydrophobicity and
electrophilicity – should be considered. These properties are included in Table VII for the
thirteen tested stimuli. Hydrophobicity is important as this property could limit the
number of ways for the compound to interact with the cell. Many stimuli activate TRPA1
intracellularly. As such, many of these stimuli are membrane permeable. Stimuli which
are not membrane permeable must either go through a channel to activate TRPA1
directly or activate TRPA1 indirectly by stimulating a different receptor to initiate a
signaling cascade which will activate TRPA1. In some cases, TRPA1 itself may be the
channel that allows the stimuli to enter the cell as it has basal levels of activity (Xu et al.,
2006; Karashima et al., 2007). For example, TRPA1 is zinc permeable which allows zinc
to enter the cell in low concentrations to interact with the receptor (Hu et al., 2009).
Electrophilicity is important as chemical reactivity seems to be a predominant
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determinant in how exogenous compounds directly interact with TRPA1 (Peterlin et al.,
2007). It is likely that electrophilic compounds activate TRPA1 through cysteine
modification, whereas non-electrophilic compounds activate TRPA1 by binding through
a traditional binding pocket (Peterlin et al., 2007)
For the eleven tested compounds that are potential TRPA1 agonists, five (AITC,
Amyl, Benz, Cinn, Cyclo) are likely electrophilic under the physiological conditions
associated with TRPA1. The reactivity of these compounds suggests they could
covalently modify cysteine, lysine, or histidine residues to activate TRPA1. AITC is
known to activate TRPA1 by covalently modifying cysteine residues (Macpherson et al.,
2007). The other six potential TRPA1 agonists are non-electrophilic meaning they most
likely stimulate TRPA1 by binding to a traditional binding pocket (Peterlin et al., 2007).
Of course, it is possible that many of the tested stimuli do not activate TRPA1
directly. Of the eleven stimuli activating TRPA1, three compounds (aTerp, Cylo, Den)
seem the most likely to work through signaling cascades. For aTerp, activation through a
signaling cascade is possible as endogenous HEK receptors were stimulated by alphaTerpineol (data not shown). As calcium can activate TRPA1 directly (Doerner et al.,
2007), any increases in intracellular calcium elicited in naive HEK cells could be
augmented by TRPA1 in hTRPA1-HEK cells. The activated endogenous receptor would
have to present in TRPA1-containing neurons for this mechanism to be plausible. Cyclo
and Den elicited behavioral responses that were not supported by cellular assays. As
such, it is possible these stimuli activate TRPA1 through a signaling pathway and the
receptor they initially bind is not present in HEK cells. In any case, the method of TRPA1
activation would need to be identified based on additional experimentation.

48

Evaluation of Techniques
Monitoring Intracellular Calcium Levels
While increases in intracellular calcium were observed using this assay, the assay
was not as sensitive as similar assays in published studies. For example, one study
reported an average change in fluorescence of almost 2.5 (McNamara et al., 2007) using
a similar analysis method (Final fluorescence/Initial fluorescence) whereas the highest
average change in fluorescence elicited in current experiments was 1.52. Additionally,
tested concentrations were much higher than known thresholds for nerve activation. It is
possible that the assay still needs further optimization. Comparing nerve activation
thresholds and concentrations that elicited responses in the dose-response assay, a similar
pattern is noted where compounds eliciting the lowest ethmoid nerve thresholds also
activated hTRPA1-HEK cells at the lowest concentration (See Table VIII).
Different methods of normalization could be used in the future which would
simplify data analysis and perhaps show the responses in a way that is easier to
understand. For example, similar assays normalize responses to the maximum response
elicited by an ionophore (e.g. Koizumi et al., 2009) or AITC (e.g. Hinman et al., 2006).
Variance in cell health or expression levels of TRPA1 may be accounted for in this type
of normalization. In order to do this type of normalization, an ionophore or AITC should
be added to every well after stimulus addition which was not done in the current study.
Alternatively, future assays should test AITC on every plate as another possible way to
normalize data and to verify proper induction of TRPA1 expression in the stable line.
Additionally, data analysis could be simplified by testing all concentrations of a

49

particular stimulus on the same plate. In this project, additional concentrations were
added after data collection had commenced so simultaneous testing was not possible.
Using the stably transfected hTRPA1-HEK cells minimized variance in responses
between wells, eliminated issues with transfection efficiencies, and ensured that every
transfected cell expressed TRPA1. However, even with stably transfected cells,
individual cells may show different expression levels of the protein. This variation could
introduce a level of variance in elicited responses. To complicate matters, if the stimulus
activates endogenous HEK receptors, intracellular calcium levels will increase. This
increase may be augmented in hTRPA1-HEK cells. TRPA1 can be activated by signaling
cascades and calcium can activate TRPA1 directly (Doerner et al., 2007) by binding the
EF hand motif in the intracellular N-terminus. In this situation, if a larger fluorescence
change is seen in hTRPA1-HEK cells compared to naive HEK cells, it would be difficult
to tell if the stimulus actually activated TRPA1 (i.e. if those signaling pathways are
normally found in TRPA1-containing neurons) or if the activation of endogenous
receptors confounded the results.
Additionally, differences in baseline fluorescence values for hTRPA1-HEK cells
and naive HEK cells were seen. It was expected that hTRPA1-HEK cells would exhibit
higher baseline fluorescence values than naive HEK cells as they are basally active (Xu et
al., 2006; Karashima et al., 2007); however, this was only true in inhibitor assays. In
dose-response curves, higher baseline fluorescence in naive HEK cells could be due to
better dye incorporation or better cell health. As final fluorescence of a well is divided by
initial fluorescence of a well, a higher baseline level of fluorescence should not influence
results unless the baseline levels were high enough to cause a “ceiling affect” meaning
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that the high levels of baseline fluorescence masked any response. It is not believed that
baseline fluorescence levels were high enough to cause such an effect in the current
study; however, differences in baseline fluorescent levels could indicate problems with
cell health or the assay procedure.
Inhibitor assays had much lower baselines in fluorescence in both hTRPA1-HEK
and naive HEK cells although there was not a difference in wells containing the inhibitor
versus wells without the inhibitor of the same cell type. These results suggest that the
inhibitor itself does not cause alterations in baseline; however, some part of the inhibitor
assay resulted in dramatic decreases in baseline fluorescence. As four stimuli (aTerp, AA,
Amyl, dLim) did not elicit any responses in the inhibitor assay at the same concentration
that elicited responses previously and the baseline fluorescence was so low, it is possible
that cells lost dye due to DMSO permeabilizing the membrane. With the exception of
benzaldehyde, responses in the inhibitor assay were not as high as those seen in the
concentration curves. The main difference in the inhibitor assay and dose-response assays
was the addition of DMSO to the wells for fifteen minutes before measuring
fluorescence. DMSO was added to wells receiving HC-030031 as it was used to dissolve
the inhibitor, and a solution of equivalent DMSO concentration was used in wells not
receiving the inhibitor as a control. Perhaps DMSO addition interfered with the assay. In
the future, the inhibitor could be dissolved in other solvents such as methylcellulose (Eid
et al., 2008). The inhibitor could also be added at the same time as the stimulus to
eliminate the fifteen minute waiting period. Perhaps eliminating this waiting period
would remove whatever complication DMSO addition is causing. However, it is also
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possible that eliminating the waiting period would not allow enough time for the inhibitor
to fully inhibit TRPA1.
For future studies, it should be noted that HC-030031 may not eliminate TRPA1
responses to every stimulus. Although HC-030031 has eliminated responses elicited by
every tested TRPA1 agonist, the exact mechanism of action for HC-030031 is still
unknown. As no stimulus in this assay elicited seemingly TRPA1 specific responses
based on concentration curves that were not eliminated HC-030031, this consideration is
not a factor in the interpretation of the current data.
Behavioral Aversion Assay
Mice were more “relaxed” (i.e. less running around the cage or crawling on the
top of the cage) when given a minimum of ten minutes to acclimate compared to
previously used acclimation periods of two minutes (Alimohammadi, 2004). With this
extended acclimation period, mice approached the cotton applicator in a shorter time
frame and tended to give more consistent responses. When a positive stimulus was
presented first, mice seemed to be more consistent in their behavior toward the following
stimulus and less hesitant to approach the cotton applicator or positive stimuli in general.
Even in cases where TRPA1 -/- mice did show significantly less aversion to the tested
stimulus, some aversion remained. The remaining aversion could be due to olfactory
input, which is still intact in the knockout mice, or the stimulation of other receptors.
Possible complications for this assay include the mice learning aversion to the
cotton applicator, the exposure of mice to these chemicals previously in other assays, and
individual variability (i.e. variability in technical replicates). Learning aversion was
minimized with the initial presentation of a positive stimulus and the alteration between
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negative and positive stimuli. However, TRPA1 channels can demonstrate electrical
currents even ten minutes after a stimulus has been removed (MacPherson et al., 2007)
indicating the possibility of prolonged activation. If a previous stimulus activated TRPA1
and the activation was sustained, this could interfere with responses elicited by the
following stimulus presentations. In the future, stimuli should either be presented in a
random order or with a larger waiting time between stimuli to minimize possible
interactions between previously tested chemicals and the stimulus currently presented.
Additionally, when a stimulus is dissolved in a solvent during the behavioral aversion
assay, the solvent should also be tested to clarify interpretation of the results.

Implications
Understanding how sensory systems work is important as a functioning sensory
system increases an organism’s probability of avoiding danger and reproducing (Menashe
and Lancet, 2006; Breer et al., 2006). Knowing which stimuli activate the trigeminal
system is only the first step in understanding chemesthesis. In the future, the mechanism
of activation for these stimuli should be examined. Moreover, the role these compounds
play in ecological and human interactions should be explored. For example,
benzaldehyde is a common allomone released by arthropods as a possible defense
mechanism (Conner et al., 2007). Additionally, the trigeminal system could play a role in
several diseases (Flockerzi, 2007) and trigeminal stimuli play a role in building-related
illness (Sunesson et al., 2006). By examining which stimuli activate TRPA1, the role of
the trigeminal system in these interactions may be better understood.
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APPENDIX I
Converting ppm to molarity
For Table I, the threshold molarity for nerve activation was calculated from ppm (Bryant
and Silver 2000; unpublished data). This conversion was made using a calculator found
on the Center for Disease Control’s website (http://www.cdc.gov/niosh/docs/2004101/calc.htm) to convert from ppm to mg/m3. This calculator used the following
equation:
Y mg/m3 = (X ppm)(molecular weight)/24.45
The value in mg/m3 was then divided by 1000 to convert to g/m3, and then by the
molecular weight to convert to moles/m3. One mol/m3 is equivalent to 1 mM.
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APPENDIX II
Calcium Imaging Using Fura-2
Imaging was conducted at Winston-Salem State University in the lab of Dr.
Manju Bhat. Cells were cultured as described in Methods. hTRPA1-HEK cells were
seeded on a poly-lysine coated, round coverslip. Coverslips were placed in a 24-well
plate with supplemented DMEM. When seeded, Tetracycline (1 ug/mL; Sigma) was
added to the media to induce expression of TRPA1.
Cells were imaged at approximately 70% confluency using an inverted
microscope. In preparation for imaging, cells were incubated with 5μM Fura-2 AM (a
ratiometric, calcium indicator dye) dissolved in Hepes-buffered saline solution (BSSCa+); [140 mM NaCl, 5 mM KCl, 1.2 mM MgCl2, 2 mM CaCl2, 10 mM HEPES, 5.5
mM glucose, ~ pH 7.4 with NaOH]). Three washes of the plate with Tyrode’s solution
[140 mM NaCl (Fisher), 5 mM KCl (Fisher), 1 mM MgCl2 (OmniPur), 1 mM CaCl2
(Sigma), 10 mM HEPES (OmniPur), 10 mM glucose (Sigma), and 10 mM sodium
pyruvate (Sigma), ~ pH 7.4 with NaOH]. After fifteen minutes at room temperature, the
media with the dye was removed. Several washes were completed with BSS-Ca+ to
ensure dye removal from extracellular fluid. Coverslips were then placed in a specialized
chamber of the inverted microscope. This chamber allows fluid to surround the cells for
imaging and stimulus delivery. It was also equipped with a flow-through system so that
solution is constantly flowing through the chamber. Excitation wavelengths of 340 nm
and 380 nm were administered to the cells through a fluorescent light source. Fura-2AM
is excited at 340 nm when bound to calcium and 380 nm when unbound. As such,
TRPA1 activation should cause calcium influx resulting in increases in fluorescence
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when excited at 340 nm and decreases in fluorescence when excited at 380 nm. Normally
these data are reported as a ratio of 340 nm/380 nm where increases in the ratio indicate
increases in intracellular calcium.
Initially, BSS-Ca+ with no stimulus was running through the system as baseline
fluorescence values were taken. After a baseline was established, a stimulus (dissolved in
BSS-Ca+) was applied to the cells using a perfusion system. This application is marked
by the first arrow on the graphs of responses elicited by AITC and Acetic Acid. Due to
the kinetic properties of the chamber/flow-through system, it took the cells ~ 75 secs to
be exposed to the stimulus once applied (Indicated by 2nd arrow). A minimum of five
minutes was waited for a stimulus to elicit a response. For stimuli eliciting a response,
washout with BSS-Ca+ occurred (Indicated by 3rd arrow) after a plateau was reached in
the measured responses. This washout occurred by switching off the stimulus solution
and applying the BSS-Ca+ solution.
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