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Acetic acid produces an irritating sensation that can be attributed to activation of nociceptors within the trigeminal
ganglion that innervate the nasal or oral cavities. These sensory neurons sense a diverse array of noxious agents in
the environment, allowing animals to actively avoid tissue damage. Although receptor mechanisms have been
identified for many noxious chemicals, the mechanisms by which animals detect weak acids, such as acetic acid, are
less well understood. Weak acids are only partially dissociated at neutral pH and, as such, some can cross the cell
membrane, acidifying the cell cytosol. The nociceptor ion channel TRPA1 is activated by CO,, through gating of
the channel by intracellular protons, making it a candidate to more generally mediate sensory responses to weak
acids. To test this possibility, we measured responses to weak acids from heterologously expressed TRPA1 channels
and trigeminal neurons with patch clamp recording and Ca*" microfluorometry. Our results show that heterolo-
gously expressed TRPAI currents can be induced by a series of weak organic acids, including acetic, propionic, for-
mic, and lactic acid, but not by strong acids. Notably, the degree of channel activation was predicted by the degree
of intracellular acidification produced by each acid, suggesting that intracellular protons are the proximate stimu-
lus that gates the channel. Responses to weak acids produced a Ca*-independent inactivation that precluded fur-
ther activation by weak acids or reactive chemicals, whereas preactivation by reactive electrophiles sensitized TRPA1
channels to weak acids. Importantly, responses of trigeminal neurons to weak acids were highly overrepresented in
the subpopulation of TRPAI-expressing neurons and were severely reduced in neurons from TRPAI knockout
mice. We conclude that TRPA1 is a general sensor for weak acids that produce intracellular acidification and sug-

gest that it functions within the pain pathway to mediate sensitivity to cellular acidosis.

INTRODUCTION

Acetic acid (also known as ethanoic acid) consumed as
vinegar produces both sour and irritating sensations
and has been prized as a condiment since ancient times.
Recent evidence suggests that the taste of acetic acid is
mediated by a subset of taste cells, defined by expres-
sion of the channel protein PKD2L1, that reside in taste
buds on the tongue and palate epithelium (Huang
et al., 2006; Ishimaru et al., 2006; Lopez]Jimenez et al.,
2006). In contrast, the irritating sensation produced by
weak acids, such as acetic acid, is likely mediated by sen-
sory neurons with cell bodies in the trigeminal ganglion
(TG) and whose processes terminate in the nasal and
oral cavity (Brand, 2006). Consistent with activation of
nociceptors, exposure to acetic acid at concentrations
as low as 10 ppm produces a feeling of irritation in
humans (Ernstgard et al., 2006), and in rats intraperito-
neal injection of acetic acid produces a writhing that
has been the basis for screening of putative analgesic
agents (Ogawa and Kotani, 1987). Direct responses of
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nociceptors to weak acids have been measured using
nerve recording, which showed increases in activity in
response to a variety of acids, including carbonic acid,
formed when COy is dissolved, and propanoic acid (also
called propionic acid [PA]), a food preservative (Silver
and Moulton, 1982).

The defining characteristic of weak acids is that they
do not fully dissociate in solution. In the undissociated
form, weak acids can more easily penetrate the epithe-
lium to reach free nerve endings and can cross the cell
membrane of nociceptive afferents to acidify the cell
cytosol. Thus, the nociceptive effects of weak acids could
be a result of receptors that detect extracellular protons
or ones that detects intracellular protons. Within noci-
ceptors, ion channels that are sensitive to extracellular
protons and might mediate responses to weak acids in-
clude the acid-sensing ion channels (ASICs) (Waldmann
and Lazdunski, 1998) and the capsaicin (Cap) recep-
tor, TRPV1. TRPVI is activated by extracellular protons
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(Caterina et al., 1997; Tominaga et al., 1998), but acetic
acid does not specifically activate TRPV1 in heterolo-
gous cells (Silver et al., 2006), and knockout of TRPV1
does not diminish respiratory changes in response to
inspired acetic acid (Symanowicz et al., 2004). ASIC3,
which is the predominant ASIC isoform expressed in
nociceptors, has been proposed to mediate the response
to tissue acidosis that accompanies cardiac ischemia
(Immke and McCleskey, 2001; Sutherland et al., 2001).
However, on the acetic acid-induced writhing assay
ASIC37™/~, animals show an increase in writhing rather
than a decrease (Chen et al., 2002).

Another candidate to mediate the irritant sensation
of weak acids is the ion channel TRPAl (Story et al.,
2003). TRPALI is coexpressed with TRPVI1 (Story et al.,
2003) in nociceptors that innervate the nasal and respi-
ratory epithelia, and it serves, along with TRPV1, as one
of the principle detectors for environmental irritants
that cause pain and inflammation (Bandell et al., 2004;
Jordtetal., 2004; Bautista et al., 2006; Kwan et al., 2006).
Agents that activate TRPA1 include plant products, such
as mustard oil (MO), cinnamaldehyde (Cin), industrial
products such as formaldehyde and acrolein, and prod-
ucts of oxidative stress (Patapoutian et al., 2009). These
TRPA1 agonists are reactive electrophiles that bind cova-
lently to amino terminal cysteines (Hinman et al., 2006;
Macpherson et al., 2007). Recently, we found that COs,
which is not a reactive electrophile, could activate TRPA1
and that this activation could be attributed to direct gating
of the channel by intracellular protons. Because carbox-
ylic acids such as acetic acid can also diffuse into the cell
and produce intracellular acidification, TRPAI may also
serve as a sensor for this class of compounds.

Here, we show that TRPA1 is both necessary and suffi-
cient to mediate the response of nociceptors to weak ac-
ids. When expressed in heterologous cells, TRPA1 could
be activated by acetic acid and other weak acids, and the
magnitude of current activation was strongly correlated
with the degree of intracellular acidification. In tri-
geminal sensory neurons, responses to weak acids were
correlated with responses to TRPAI agonists and were
dependent on a functional TRPA1 gene. We conclude
that activation of TRPAI in response to carboxylic acids
and COy shares a common mechanism based on gating
of the channel by intracellular protons, and suggest that
TRPALI functions within the trigeminal system to medi-
ate aversive responses to ingested or inspired acids.

MATERIALS AND METHODS

Nerve recording

24 adult male Sprague-Dawley rats (250-400 g) were used in this
study (Harlan). All experimental procedures were approved by
Wake Forest University’s Animal Care and Use Committee. The pro-
cedure for recording from the rat ethmoid nerve has been described
previously (Silver et al., 2006). In brief, animals were anesthetized
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with an intraperitoneal injection of urethane (1.0 g/kg ethyl carba-
mate), and a tracheal tube was inserted toward the lungs to allow the
rat to breathe room air. A second tube was inserted up through the
trachea to the nasopharynx. Rat Ringer’s solution (5.4 mM KCI,
5 mM HEPES, 135 mM NaCl, and 1.8 mM CaCl,, pH 7.2) was
pumped through this tube and allowed to drip from the nose. The
rat was secured in a head holder, and the ethmoid nerve was exposed
and placed on two platinum iridium wire hook electrodes. The cavity
was then filled with halocarbon oil (Sigma-Aldrich) to prevent the
nerve from drying out and to provide electrical insulation.

Multiunit neural activity was amplified (P-511; Grass Technolo-
gies) and monitored using an audio monitor (AM-8; Grass Tech-
nologies). The raw neural output from the ethmoid nerve bundle
was digitized (MP100; Biopac Systems, Inc.) and recorded using
the AcqKnowledge data acquisition program (v3.7.1; Biopac Sys-
tems, Inc.) and integrated using a short time-averaging circuit
with a time constant of 0.5 s.

Rat Ringer’s solution, at room temperature, was delivered con-
tinuously by a pump through the nasophayngeal tube into the
rat’s nasal cavity at a rate of 10 ml/min. Compounds added to rat
Ringer’s solution were delivered in 0.5-mL aliquots injected into
the solution flow, with an 8-min washout period between each test
stimuli. Test stimuli were HCI, formic acid, acetic acid, and PA.
The responses to the acid test stimuli were standardized to the re-
sponse to 100 mM cyclohexanone.

cDNAs and expression in HEK-293 cells

For most experiments, we used a yellow fluorescent protein (YFP)
fusion of rat TRPA1 (rTRPA1; Wang et al., 2008). Where stated
explicitly, the following constructs were used (cotransfected at
20:1 with green fluorescent protein): native rTRPAl, human
TRPA1, mouse TRPAIL, and rat TRPV1. Point mutations were gen-
erated by using the Quick-Change Mutagenesis kit (Agilent Technol-
ogies) and verified by sequencing (Macrogen, Inc.). All constructs
were transiently transfected into HEK-293 cells using TransI'T-LT1
Transfection Reagent (Mirus Bio LLC). Recordings were per-
formed ~24-48 h after transfection at room temperature.

Culture of TG neurons

Experimental procedures were approved by the Institutional Ani-
mal Care and Use committee of the University of Southern
California. Mice were derived from crosses of TRPA1~/~ (B6;129P-
Trlfbal""m)"”’/]) and wild-type (B6129PF2/]) mice (The Jackson
Laboratory) and were genotyped by PCR. TG neurons were disso-
ciated from postnatal 1-8-wk-old mice as described previously
(Wang et al., 2010). In brief, the isolated trigeminal ganglia were
sequentially incubated in 0.25% collagenase type I for 40~60 min
at 37°C and in 0.05% trypsin for 1 min at 37°C. The isolated cells
were plated onto glass coverslips coated with matrigel and incu-
bated at 37°C for 24-48 h in culture media supplemented with
100 ng/ml nerve growth factor (NGF). Data shown represent the
results from three to five cultures from 6-10 mice.

Patch clamp recording

Patch clamp electrophysiology was performed as described previ-
ously (Liu and Liman, 2003; Zhang et al., 2007). For whole cell
recordings, the membrane potential was ramped from —80 to
+80 mV (1 V/s). Extracellular solution was exchanged either by
moving a linear array of microperfusion pipes (Warner Instru-
ments) or by gravity flow through the chamber. For most experi-
ments, except where otherwise noted, responses were quantified
as the change in the magnitude of the current as compared with
current before the agonist delivery.

Intracellular pH and Ca?* imaging
Imaging of changes in pH and in intracellular Ca*" was essentially
as described previously (Zhang et al., 2007). To measure changes



in intracellular pH, Oregon Green 488 carboxylic acid diacetate
(carboxy-DFFDA) was loaded into cells, and changes in pH were
measured as the decrease in fluorescent emission at 520 nm upon
excitation at 488 nm. Carboxy-DFFDA was chosen based on its
acidic pKa (4.7), which allowed us to detect the responses to the
strongest stimuli without saturation of the indicator. To measure
changes in intracellular Ca?, cells were loaded with Fura-2 AM,
and Ca* levels were measured from the ratio of emission in re-
sponse to excitation at 340 and 380 nM. All cells showed nonspe-
cific responses to PA (see Fig. S1), which may be attributed to
effects of intracellular acidification on emission by the dye or on
Ca* handling (Lattanzio and Bartschat, 1991; Martinez-Zaguilan
etal.,, 1996). Responses were, therefore, categorized as positive if
the change in F340/F380 after the application of agonist was
more than four standard deviations greater than the average non-
specific response (0.365 AU). The same threshold was applied to
all agonists and all conditions for consistency.

Solutions

For Ca*-imaging experiments, the bath solution was: 150 mM
NaCl, 10 mM HEPES, and 2 mM CaCl,, pH 7.4. HEPES-buffered
acidic solution was bath solution adjusted to pH 6.5. PA solution
contained: 100 mM PA, 60 mM NaCl, and 2 mM CaCl,, pH 6.5.
High K' solution was 150 mM KCI, 10 mM HEPES, and 2 mM
CaCly, pH 7.4. For intracellular pH imaging and whole cell and
cell-attached recordings, the bath solution was (unless otherwise
stated): 150 mM NaCl, 0.5 mM EGTA, and 10 mM HEPES,
pH 7.4. Acidic solutions contained: 150 mM NaCl, 0.5 mM EGTA,
and either 10 mM HEPES, pH 5, 10 mM MES, pH 5, or 10 mM
acetic acid, pH 5, 6, or 7. Other solutions containing weak acids
were similarly composed, and where the concentration of the acid
was >10 mM, the concentration of NaCl was decreased accord-
ingly. Internal solution contained: 145 mM CsCl, 5 mM EGTA,
3 mM CaCl, (100 nM free Ca®"), 2 mM MgATP, and 10 mM
HEPES, pH 7.4 with CsOH. To exclude the possibility that the ob-
served effects were a result of release of Ca** from the chelator in
response to intracellular acidification, in some experiments, Ca*
and MgATP were excluded from the internal solution (as stated
and Fig. 6). For cell-attached and excised patch experiments, the
pipette solution contained: 150 mM NaCl, 10 mM HEPES, and
0.5 mM EGTA, pH 7.4. For excised patch experiments, solution
applied to the cytoplasmic side of the cell contained: 150 mM
KCl, 0.5 mM EGTA, and 1 mM pentasodium tripolyphosphate
hexahydrate (polyPs;) (Kim and Cavanaugh, 2007) buffered with
either 10 mM HEPES, pH 7.4, or 10 mM MES, pH 5.5, or 10 mM
acetic acid, pH 7.3.

Chemicals

Cin, MO, formic acid, PA, lactic acid, tartaric aid, and citric acid
were purchased from Sigma-Aldrich. Acetic acid was purchased
from EMD. Carboxy-DFFDA and Fura-2 were from Invitrogen.
Collagenase type I, DMEM, F-12, trypsin, gentamicin, and NGF
were from Invitrogen. Matrigel was from BD.

Online supplemental material

Fig. S1 shows the distribution of response magnitudes mea-
sured in calcium imaging from trigeminal neurons and trans-
fected HEK-293 cells. All cells showed nonspecific responses
to PA, which may be attributed to effects of intracellular acidi-
fication on emission by the dye or on Ca** handling (Lattanzio
and Bartschat, 1991; Martinez-Zaguilan et al., 1996). Re-
sponses were, therefore, categorized as positive if the change in
F340/F380 after the application of agonist was more than four
standard deviations greater than the average nonspecific re-
sponse (0.365 AU). The same threshold was applied to all ago-
nists and all conditions for consistency. Fig. SI is available at
http://www.jgp.org/cgi/content/full/jgp.201110615/DCI.

RESULTS

Nerve responses to carboxylic acids

Previous experiments have showed that nerve fibers
that innervate the nasal and oral cavities can be acti-
vated by weak acids (Silver and Moulton, 1982; Bryant
and Moore, 1995), but whether this activity can be at-
tributed to changes in extracellular pH or to the spe-
cific properties of weak acids has not been well defined.
To investigate the receptor mechanisms that contribute
to the irritant sensation produced by weak acids, we
measured responses from the ethmoid nerve of the rat,
a branch of the ophthalmic division of the trigeminal
nerve, which innervates the anterior nasal cavity (Fig. 1 A).
Test stimuli were delivered to the rat’s nasal cavity
through a nasopharyngeal tube. The stimuli chosen
were a series of carboxylic acids that differed in chain
length: formic acid, acetic acid, and PA. HCl was used to
test the effect of extracellular protons alone. Each acid
was tested at increasing concentration (decreasing pH).
Representative data shown in Fig. 1 B demonstrate that
the response to acetic acid is robust and dose depen-
dent. To compare responses across stimuli, we normal-
ized the data to the response evoked by cyclohexanone
and plotted the normalized response as a function of
pH. As can be seen in Fig. 1 C, the response magnitude
increased as the pH of the solution decreased for each
acid tested. However, the relationship between pH and
response magnitude was not invariant across acids; pro-
pionic and acetic acid elicited much larger responses
than did formic acid or HCI at the same pH (approxi-
mately pH 4). In addition, we noted a trend for the
response magnitude to increase as the chain length
increased, suggesting that degree of membrane perme-
ability may be a partial determinant of the response
magnitude. Collectively, these data indicate that the
irritating sensation produced by weak acids cannot
be solely attributed to extracellular acidification.

TRPA1 is activated by carboxylic acids

Many weak acids, in the protonated form, can diffuse
across cell membrane and cause intracellular acidifica-
tion. Our previous results showed that the ion channel
TRPA1, which is expressed in a subset of trigeminal neu-
rons, is activated by intracellular protons (Wang et al.,
2010), making it a possible sensor for weak acids in the
nociceptive pathway. To determine whether TRPA1 could
be activated by weak acids, we expressed rTRPAI in
HEK-293 cells and measured responses to applied acids
with whole cell patch clamp electrophysiology. TRPAI
currents were strongly and rapidly activated by acetic
acid (HOAc), pH 5.0 (Fig. 2, A and B; L = 4,642 pA +
1,276; n = 7). The response to acetic acid, pH 5.0, was
significantly larger than the response to a solution of
pH 5.0 that did not contain acetic acid, indicating
that it could not be attributed to the effects of protons
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binding on the outside of the cell. This current was not
observed in untransfected HEK-293 cells, where instead
acetic acid evoked a rapidly inactivating Na'-selective
ASIC current and a small noninactivating CI~ current
(Fig. 2, A and B). The acetic acid—-activated current in
TRPAl-expressing HEK-293 cells reversed at —3.6 +
1.0 mV (n="7), as expected for a nonselective cation chan-
nel, and showed mild outward rectification (—I.g,/I_g) =
3.3+0.4; n="7;Fig. 2 A). As these experiments were per-
formed with rTRPA1 fused to YFP, we confirmed that ace-
tic acid also activated an rTRPA1 construct not fused to
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Figure 1. Responses of the trigeminal nerve to acetic acid cannot
be attributed to changes in extracellular pH. (A) Diagram show-
ing the method of stimulus delivery and position of the recording
electrode. (B) Integrated nerve responses to acetic acid applied at
increasing concentrations as indicated. (C) Relationship between
the magnitude of the nerve response and the extracellular pH for
each acid tested. Responses were normalized to the response to
cyclohexanone applied immediately before and after exposure to
cach acid. Data represent the mean + SEM.

496 Acid activation of TRPA1

YFP (Fig. 2 B). Acetic acid also activated large currents
in a subset of HEK cells transfected with human TRPAI
(h'TRPAI) or mouse TRPAI (mTRPAI; Fig. 2 B), indi-
cating that activation of the channel by acetic acid
is a conserved property of the channel and may under-
lie irritant effects of weak acids in humans as well as
in rodents.

In contrast and as reported previously (Caterina et al.,
1997; Tominaga etal., 1998), TRPV1 channels expressed
in HEK-293 cells were strongly activated by extracellular
saline buffered to pH 5.0 (Fig. 2 C). The addition of
acetic acid at pH 5.0 produced no further activation of
the currents; instead, we observed an inhibition of the
outward and inward currents (Fig. 2, C and D). The in-
hibition of TRPV1 was poorly reversible, indicating that
acetic acid promoted entry into an inactivated state.

Because intracellular Ca®* can be released from the
chelator EGTA at acidic pH and potentially activate or
inactivate TRPA1 (Wang et al., 2008), we tested whether
the activation of TRPA1 by weak acids could be attrib-
uted to an increase in intracellular Ca** levels. The mag-
nitude of the currents elicited by 10 mM acetic acid,
pH 5, was no different when Ca** was excluded from the
pipette as when it was included (2.4 + 0.5 nAand n=6
compared with 2.3 + 0.6 nA and n =5 at +80 mV). Thus,
the activation of TRPAI by intracellular acidification in
response to weak acids is not secondary to an effect of
intracellular acidification on intracellular Ca** levels.

TRPA1 is activated by conditions that produce
intracellular acidification
We previously reported that CO, activates TRPA1 by
acidifying the cell cytosol (Wang et al., 2010). Acetic
acid and other carboxylic acids are well known to pro-
duce intracellular acidification and thus might activate
TRPAI through the same mechanism. Acetic acid has a
pKa of 4.88, and at pH 5.0, a substantial portion of the
acid (~37%) is in the protonated membrane-perme-
able form. In contrast, the standard pH buffers HEPES
and MES are both zwitterionic, not membrane perme-
able at pH 5.0, and not expected to produce intracellu-
laracidification. We confirmed thatunder the conditions
of our experiments, acetic acid produces intracellular
acidification by measuring the response of HEK cells
loaded with a pH-sensitive fluorescent probe, carboxy-
DFFDA. Acidic extracellular solution containing acetic
acid and not HEPES or MES produced robust intracel-
lular acidification. Moreover, as expected, increasing
the concentration of acetic acid, while holding the ex-
tracellular pH constant, produced a more robust and
rapid acidification of the cell cytosol. Also, as expected,
at more alkaline pH (pH 6 or pH 7), the same concen-
tration of acetic acid produced weaker intracellular acidi-
fication (Fig. 3 A).

To assess whether intracellular acidification accounts
for the activation of TRPA1 by acetic acid (Fig. 3 B), we



measured responses of TRPA1 to acetic acid at varying
pHs and concentrations. At a constant pH (pH 5), in-
creasing the concentration of acetic acid from 10 to
100 mM produced both a larger and quicker activation
of TRPAI (9,560 = 520 pA; time to peak = 0.9 + 0 s;
n = 5; Fig. 3 C). Conversely, decreasing the concentra-
tion of acetic acid from 10 to 2 or 0.5 mM while holding
the pH constant produced a smaller and slower activa-
tion of TRPAIL (1,324 + 325 pA, time to peak = 11 + 1 s,
and n = 6; and 1,203 + 240 pA, time to peak 48 + 6 s, and
n =5 at +80 mV, respectively). Moreover, when the con-
centration of acetic acid was held constant and the pH
was made more basic (pH 6 and pH 7), we observed
more modest activation of TRPA1 (739 + 92 pA, time to
peak = 20 + 2 s, and n = 5; and 575 + 105 pA, time to peak
127+ 225, and n =5, respectively; Fig. 3 C). Thus, condi-
tions that produced the strongest intracellular acidifica-
tion activated the largest TRPAI currents.

To extend our results, we tested a panel of carboxylic
acids that varied in chain length and differed in their
ability to acidify the cell cytosol. As measured with fluores-
cent pH indicator DFFDA, PA produced strong intracel-
lular acidification, whereas lactic acid and formic acid
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produced modest intracellular acidification, and tar-
taric and citric acid produced virtually no intracellular
acidification (Fig. 3 A). Consistently, we observed strong
activation of TRPA1 by 10 mM PA (pH 5; 5,466 + 1,047
PA; n = 6), modest activation by 10 mM of formic acid
(pH 5; 926 + 212 pA; n = 5) and lactic acid (10 and
100 mM, pH 5; 573 + 85 pA; n=5; and 1,170 = 251 pA;
n = 6, respectively), and no activation by tartaric acid
and citric acid (Fig. 3 C). PA also activated TRPAI at
pH 6.0 (10 mM) and pH 7.0 (10 mM; 1,146 + 93 pA
and 7n = 5; and 654 + 152 pA, respectively; n = 6).

To determine whether the degree of intracellular
acidification correlated with the extent of TRPAI activa-
tion, we plotted the magnitude of the TRPA1 currents
against the relative change in the fluorescent pH indi-
cator DFFDA for all acids under all conditions (Fig. 3 D).
The strong correlation (r = 0.88 and P < 0.005) suggests
that intracellular acidification is the proximate stimulus
that gates TRPALI in response to weak acids.

A prediction of the previous experiments is that it
should be possible to activate TRPA1 channels without
direct exposure of the extracellular surface of the cell
to acids, simply by acidifying the cell cytosol. To test this

rTRPV1 Figure 2. Acetic acid activates
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to acids from untransfected
HEK-293 cells or HEK-293 cells
transfected with YFP-rTRPA1 or
rTRPV1 as indicated. (A) 10 mM
of acetic acid (HOAC) titrated to
pH 5, but not 10 mM MES, pH
5, or 10 mM HEPES, pH 5, ac-
tivated a large, outwardly rectify-
ing current in TRPAl-expressing
cells (right). Current-voltage re-
lationship obtained from ramp
depolarization (1V/s) at the
time indicated shows reversal of
the current near 0 mV and mild
outward rectification. Small cur-
rents were evoked in untrans-
fected cells in response to pH
5.0 solution buffered with MES,
HEPES, or acetic acid (left).
(B) Average data from experi-
ments as in A show that the ac-
tivation of TRPA1 by acetic acid
is conserved in humans and ro-
dents. Significance (compared
with activation of untransfected
cells by acetic acid) was de-
termined with the one-tailed
Student’s ¢ test (n = 4-7). Rep-
resentative traces for responses
from mouse or human trans-
fected cells are shown on the
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right. (C) 10 mM MES, pH 5.0, activated a large TRPV1 current, which was inhibited by subsequent application of 10 mM of acetic acid, pH 5.
(D) Average data (n = 10) from experiments as in C, where current decay was measured during two 10-s windows immediately before
and after acetic acid application. Significance was determined by the Wilcoxon signed-rank test. Average data are represented by the

mean = SEM. *, P < 0.05; **, P < 0.01; *#*¥ P <0.001.
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prediction, we measured activity of TRPAI channels in
cell-attached patches, where the pipette solution was
held at neutral pH (7.4) and acetic acid at pH 5.0 was
applied outside the area of the patch. Under these con-
ditions, we observed robust channel activity (Fig. 4, A
and B; similar results were obtained in six out of six
patches). The amplitude of the channels (—11.52 + 0.65
PA; n=6) at —80 mV was as expected based on the pre-
viously reported unitary conductance of 140 pS (Wang
etal., 2008). No channel openings were observed in un-
transfected cells under the same conditions. Note that
we omitted Ca®** from the extracellular solution, so that
activation of the channel could not be attributed sec-
ondarily to influx of Ca** through TRPA1 channels in
the area outside the patch.

Finally, to directly test whether the acetate moiety or
the proton is responsible for the activation of TRPAI,
we tested responses to each in excised inside-out
patches from TRPAl-expressing HEK cells. These experi-
ments confirmed our previous observation that TRPAI
channels could be activated by intracellular protons
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(Wang et al., 2010). No activation by acetate was ob-
served (n=9; Fig. 4 C).

Relationship between activation and inactivation of TRPA1
by weak acids and reactive compounds
Previous work has shown that the activation of TRPA1
by reactive compounds is mediated by intracellular
N-terminal cysteines (Hinman et al., 2006; Macpherson
et al., 2007). To determine whether intracellular pro-
tons and reactive compounds act on the same site of
TRPAI, we tested responses to acids of TRPAl-mutant
channels that were unresponsive to reactive compounds
because of a mutation in a critical cysteine residue,
C622S. As shown in Fig. 5, this mutation strongly attenu-
ated activation of TRPA1 channels by Cin. Interestingly,
responses to acetic acid were preserved in the mutant,
suggesting that activation by weak acids is mechanisti-
cally distinct from activation by reactive compounds.
TRPA1 channels inactivate in response to reactive
compounds, a process that is dependent on Ca* entry
into the cell (Wang et al., 2008). We also observed a
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TRPA1 is activated by weak acids that acidify the cell cytosol. (A) Changes in emission from the pH-sensitive fluorescent probe

carboxy-DFFDA in HEK-293 cells in response to acetic acid at varying concentrations (0, 0.5, 2, 10, and 100 mM at pH 5) and pH (10 mM;
pH 5, 6, and 7) and to a panel of carboxylic acids (10 or 100 mM; pH 5). A representative experiment is shown on the left. (B) Proposed
model for how acetic acid might activate TRPA1. (C) Currents evoked in HEK-293 cells expressing TRPA1 (peak magnitude at + 80 mV)
in response to acetic acid at varying concentrations and pH, and to other carboxylic acids as indicated. Same color scheme as in A. Data
for 0 and 10 mM of acetic acid, pH 5, were reproduced from Fig. 2 B. Representative traces of current activation by 100 mM of lactic
acid (LA), pH 5, and 10 mM PA, pH 5, are shown on the left. Inset shows the structures of the acids. (D) The magnitude of the TRPA1
current plotted as a function of the change in fluorescence of the pH-sensitive dye carboxy-DFFDA. Colors correspond to the scheme in
Aand B. The correlation between the change in fluorescence and the magnitude of the TRPA1 current suggests that intracellular pH is
the proximate stimulus that gates TRPA1 in response to extracellularly applied weak acids. Data are represented by the mean + SEM.
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rapid decay of the current followed by activation by
10 mM of acetic acid, pH 5.0 (Fig. 6 A; T;,0=5.0+0.6s;
n = 6). This decay of the TRPA1 current represents
entry of the channels into an inactivated state, as addi-
tional responses to acetic acid could not be evoked
during the time period of the recording (Fig. 6 A).
In contrast to inactivation of TRPA1 by reactive electro-
philes, inactivation in response to weak acids occurred
in the absence of extracellular Ca*. Inactivation was
also not a consequence of release of Ca* from intracel-
lular buffers, as the rate of inactivation in response to
10 mM of acetic acid, pH 5.0, was no different when
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Figure 4. TRPAI1 channels are activated by intracellular protons.
(A) Channel activity from a TRPAl-expressing HEK-293 cell in
cell-attached patch clamp (V,, = —80 mV) in response to the
addition of 10 mM of acetic acid at pH 5.0 outside the patch.
(B) Openings of single channels are shown on an expanded time
scale from before, during, and after the application of acetic acid as
indicated. Similar results were obtained in six out of six patches.
(C) Channel activity in an inside-out patch from a HEK-293 cell
transfected with TRPA1 (V,, = =80 mV) in response to cytoplas-
mic delivery of acetate anions or protons (pH 5.5; 1 mM polyPs
was added to all solutions to retain channel activity; Kim and
Cavanaugh, 2007). Summary data represent the mean + SEM.
#* P <0.01 (two-tailed Student’s ¢ test).

Ca® was excluded from the pipette as when it was
included (T,,s = 4.0 + 0.5 s and n = 6 compared with
3.2 +0.8sand n=>5).

Given the differences between activation and inactiva-
tion of TRPAI in response to acids and reactive com-
pounds, we wondered whether inactivation in response
to weak acids would preclude activation in response to
reactive electrophiles. When TRPAI was inactivated by
10 mM of acetic acid, pH 5, subsequent application of
Cin produced little activation (Fig. 6 B). Control cells
not exposed to acetic acid responded robustly to Cin
(Fig. 6 B). Thus, responses to weak acids can cross-
desensitize responses to reactive electrophiles.

Previous experiments have shown that exposure to
reactive electrophiles sensitizes TRPA1 channel to acti-
vation by cold temperature (del Camino et al., 2010).
TRPA1 was only modestly activated by some physiologi-
cally relevant weak acids, including lactic acid, even in
the presence of extracellular Ca** (Fig. 7, A and C), rais-
ing the possibility that responses to these acids might be
unmasked by preactivation with reactive electrophiles.
To test this possibility, we activated cells either with
20 mM of lactic acid or with 20 mM of lactic acid after
preactivation with 25 pM MO in the absence of extracel-
lular Ca*". Responses to lactic acid were significantly
larger after preactivation with MO (Fig. 7, B and C),
suggesting that reactive electrophiles sensitize TRPAI
to activation by weak acids.

A subset of trigeminal neurons responds

to carboxylic acids

The preceding experiments show that TRPAI1 is acti-
vated by acetic acid and PA, but not by HCI, and, there-
fore, has the pharmacological properties expected for a
sensor of weak acids in the trigeminal system. But is it
required for the sensory response? To test this possibil-
ity, we measured responses of sensory neurons to acids
with Ca*" imaging. To avoid confounding our data with
well-described effects of external pH acting through
TRPV1 or ASIC channels that are coexpressed with
TRPALI in the nociceptors, the stimulus that we used was
100 mM PA at pH 6.5, which strongly activates sensory
nerves in an intact preparation (Fig. 1 and Silver and
Moulton, 1982; Bryant and Moore, 1995). This stimulus
produced a large Ca* elevation in HEK-293 cells ex-
pressing TRPA1 (12/13 cells responded; Fig. 8 A), and
the response had a characteristic biphasic time course.
In contrast, only a small monophasic response was de-
tected in cells transfected with TRPV1 (Fig. 8 B; 0/7
GFP' cells). Because this small response was detected in
all cells tested, we attributed it to previously described
effects of intracellular pH on the emission of the Ca**
indicator, rather than to a true elevation of intracellular
Ca?" (Lattanzio and Bartschat, 1991). Thus, 100 mM PA,
pH 6.5, can be used to specifically test the effects of in-
tracellular acidification under conditions that minimize
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Figure 5. Acid and reactive compounds act on different sites of TRPA1. Whole cell currents evoked in HEK-293 cells transfected with
wild-type TRPAI or cysteine mutant C622S. (A and B) 100 pM Cin strongly activated wild-type TRPA1 but only weakly activated the
TRPAI mutant C622S. The subsequent addition of 2 mM Ca** induced no further activation and promoted rapid inactivation of both
wild-type and C622S currents. In contrast, 10 mM of acetic acid, pH 5.0, strongly activated both wild-type TRPA1- and C622S-mutant
channels. (C) Average peak current amplitude measured at +80 mV from experiments as in A and B. Comparison between wild type and
C622S was with the two-tailed Student’s ¢ test. Data are represented by the mean + SEM. **, P < 0.01.

extracellular acidification, in the context of native sen-
Sory neurons.

To determine whether there is a specific population
of nociceptors that is sensitive to carboxylic acids, we
measured agonist responses in cultured trigeminal sen-
sory neurons using ratiometric Ca®* imaging. Each
culture was tested sequentially with 10 mM of HEPES-
buffered solution, pH 6.5, 100 mM PA, pH 6.5, 100 pM
Cin, 1 pM Cap, and 150 mM KClI, in that order, with a
recovery period of atleast 5 min between exposure to each
stimulus. As shown in Fig. 9 A, a subset of cells (14%;
36/263) responded to PA but not to HEPES-buffered
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solution adjusted with HCI to the same pH (6.5). Inter-
estingly, the response of these cells to PA showed a bi-
phasic time course (Fig. 9 A), reminiscent of the nerve
response to PA and the responses of TRPAI-expressing
HEK cells to PA (Figs. 1 B and 8 A).

Many of the PA-responsive cells responded subse-
quently to the TRPAI agonist Cin and the TRPV1 ago-
nist Cap (Fig. 9 A). To determine whether PA responses
were enriched in the population of cells that express
either TRPA1 or TRPVI1, we measured the degree to
which responses to Cin or Cap were correlated with re-
sponses to PA. Using data from all cells, we found a

Figure 6. Responses of TRPAI to weak
acids self-desensitize and cross-desensitize
responses to Cin. Whole cell currents
evoked in HEK-293 cells expressing TRPAT.
(A) TRPAI currents evoked in response to
10 mM of acetic acid, pH 5, decayed after
activation and could not be evoked again
by acetic acid, indicating that the channels
had entered an inactivated state. (B) After
inactivation by 10 mM of acetic acid, pH
5, TRPA1 currents could not be activated
by 100 pM Cin, indicating that acetic acid
could cross-desensitize responses to Cin.
(C) 100 pM Cin elicited large currents
in TRPAl-expressing cells that were not
preexposed to acetic acid. Currents were
recorded in the absence of extracellular

. Ca*. Average data are shown below each

3.0 1 % representative trace. Data are represented

by the mean + SEM. Significance was de-

< 2.01 é termined with the two-tailed paired (A;
£ S comparison between responses to the first
~ 1.01 and second application of acetic acid) or
unpaired (B and C; comparison between

0.0 1 responses to Cin with or without preexpo-

sure to acetic acid) Student’s { test. *, P <

Cin 0.05; *** P < 0.001.
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significant correlation between the magnitude of the
response to PA and both the magnitude of the response
to Cin and the magnitude of the response to Cap (r =
0.52 and P < 0.0001, and r = 0.44 and P < 0.0001, respec-
tively; Fig. 9 C). To determine whether responses were
enriched in all TRPVI-expressing cells or only cells that
coexpressed TRPVI and TRPAI, we categorized cells
as responsive or nonresponsive and performed a x*
analysis of the data (see Materials and methods and
Fig. S1). Overall, most PA-sensitive cells responded to
a later application of both Cin and Cap, which de-
fines the TRPA1/TRPVI1-expressing populations (25/36),
whereas only a minority of PA-responsive cells re-
sponded to a later application of Cap but not Cin (6/36;
TRPV1-only population). A x* analysis shows that among
the Cap-sensitive cells, PA-responsive cells were signifi-
cantly enriched in the population that was also Cin sen-
sitive as compared with the population that was Cin
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A
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N
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Figure 7. Lactic acid and MO act in syn-
-80mv

" ergy to activate TRPAL. (A) 20 mM lactic

(4) acid, pH 5, activated small TRPAI currents

in TRPAl-expressing HEK-293 cells (top).

The addition of extracellular Ca?' pro-

duced no enhancement of activation by

lactic acid (bottom). (B) Preexposure to

MO greatly increased TRPAI current acti-

vation in response to lactic acid. (C) Aver-

age data from experiments as in A and B.

Data are represented by the mean + SEM.

* Significance was determined with the

ca® MO two-tailed Student’s ¢ test. *, P < 0.05; **,
P<0.01.

Ctrl

insensitive (25/42 compared with 6/68; P < 0.0001; two-
tailed x%). Collectively, these data provide evidence for
the presence of a subset of trigeminal neurons that are
sensitive to PA but not to HCI at the same pH, and that
are enriched within the population of cells that are sen-
sitive to TRPA1 agonists. Thus, TRPA1 may mediate re-
sponses of native sensory neurons to weak acids.

TRPAT1 is required for the response to weak acids

in trigeminal neurons

To determine whether TRPAL is required for the tri-
geminal response to weak acids, we measured responses
with ratiometric Ca®" imaging from trigeminal neurons
isolated from mice carrying a targeted deletion of the
TRPA1 gene (Kwan et al., 2006). Cultures were chal-
lenged with 100 mM PA, pH 6.5, and subsequently with
Cin, Cap, and KCI (150 mM) as described above. In
these cultures, responses to the TRPA1 agonist Cin were

O non-YFP
3., BYFP

*kk

&

(46)

A(F340/F380)

Figure 8. PA activates TRPA1 in Ca®

600 0 1 2
A(F 54/F 55,) (Cin)

0 200 400

time (s)
B TRPV1 transfected
100 PA, pH 6.5

Cap

O non-YFP

15 ® GFP

1.0

0.5

A(F 34/Fg0) (PA)

°
od %

imaging. Agonist-induced elevation
of intracellular Ca® in HEK-293 cells
transfected with TRPV1 or TRPAL.
(A) TRPAl-expressing HEK cells
responded to both 100 mM PA, pH
6.5, and 100 pM Cin. (B) TRPV1-
expressing HEK cells responded
only to 1 pM Cap and showed non-
specific responses to PA. Scatter
plot shows the amplitude of the re-
sponses to PA as a function of the
responses to Cin (A) or Cap (B).
Average responses to PA and Cin
(A) or PA and Cap (B) are shown in
the bar graph. Data are represented
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nearly eliminated (2/183; Fig. 9 B), whereas responses
to the TRPV1 agonist Cap were completely intact (63/183;
Fig. 9 B) as reported previously (Bautista et al., 2006;
Kwan et al., 2006). Remarkably, responses to PA were also
largely eliminated with just 4% of electrically responsive
cells responding to PA (8/183) as compared with 14%
(86/263) in cultures from wild-type mice (Fig. 9, B and D;
P < 0.005 and two-tailed x?). The residual PA responses
from cultures of knockout mice were on average smaller
than responses from wild-type cultures (0.48 + 0.03 vs.
0.86 + 0.06 AU; P < 0.01 and two-tailed Mann-Whitney
U test); they may represent nonspecific responses that
escaped our threshold or responses that were TRPA1
independent. Thus, under the conditions of our ex-
periments, the TRPA1 gene is essential for the response
of trigeminal neurons to carboxylic acids.

DISCUSSION

Sensory neurons that innervate skin and viscera provide
important information concerning the presence of
damaging substances of external or internal origin.
Among the conditions that are detrimental to cell sur-
vival is severe intracellular acidification, which has been
shown to cause cell death in mitochondria-dependent
apoptosis (Matsuyama et al., 2000). Previous work
showed that TRPAI functions within nociceptors as a
sensor for intracellular acidification in response to CO,
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(Wang et al., 2010). Our data now provide evidence
that TRPAI is a general sensor for weak acids that
cause intracellular acidification. Specifically, we show
that when expressed in HEK-293 cells, TRPA1 is acti-
vated by acetic acid and other weak acids, and that the
magnitude of the current activation is well correlated
with the extent of intracellular acidification produced
by each acid. That TRPAI contributes to the response
of sensory neurons to weak acids was confirmed in cul-
tures of trigeminal neurons, where responses to weak
acids were significantly reduced in the absence of a
functional TRPA1 gene.

Our data confirm that responses of nociceptors to
weak acids are different from responses to strong acids
and provide a framework with which to understand how
this difference arises. Weak acids, by definition, do not
dissociate completely in solution, and the conjugate
bases of many organic acids are membrane permeable.
Thus, the most parsimonious explanation for the strong
nociceptive effects of these disparate molecules is that
they act by crossing cell membranes, shuttling protons
in the process. This process may deliver protons across
epithelial layers to free nerve endings where they can
act on extracellular proton sensors such as TRPV1 or
ASICs, or it may shuttle protons into the cell cytosol
where they act on intracellular proton sensors. A recent
report showed that responses of nerve fibers from the
superior laryngeal nerve to acetic acid were sensitive to
the TRPV1 blocker iodo-resineratoxin, suggesting that

Figure 9. Responses of TG
neurons to weak acids are
TRPA1 depedent. (A) El-
evation of intracellular Ca*'
in sensory neurons isolated
from the TG of wild-type
-, P mice in response to weak
0.54 . | et acids and other agonists.
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data from experiments as in A and B showing the magnitude of the PA response as a function of the Cin response in the same cell. Note
that the PA response was positively correlated with the magnitude of the Cin response in cells from wild-type mice (r = 0.52 and P <
0.0001). (D) The percentage of different populations of TG neurons in cultures from wild-type and TRPA1 knockout mice.
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delivery of protons to extracellular receptors contrib-
utes to the heightened sensory response evoked by ace-
tic acid (Arai et al., 2010). Our data now indicate that
another component of the response to weak acids is me-
diated by cytosolic acidification, which gates TRPAI
channels. TRPA1 may therefore provide an attractive
target for the development of analgesic drugs to relieve
acidotic pain (Julius and Basbaum, 2001).

Lactic acid generated as a result of increased anaer-
obic glycolysis during oxygen deprivation (hypoxia/
ischemia) contributes to ischemic pain (Cohen and
Woods, 1983). Previous work has shown the involve-
ment of ASIC3 channels (Sutherland et al., 2001),
which are expressed by dorsal root ganglion neurons
that innervate the heart and which are potentiated in
the presence of extracellular lactate (Immke and
McCleskey, 2001). TRPAI may also contribute to the
sustained response of sensory neurons during ischemia,
as it can be modestly activated by lactic acid, which can
reach a concentration of 20 mM during hypoxia (Cohen
and Woods, 1983). Moreover, responses to lactic acid
were strongly potentiated by preactivation with reactive
electrophiles, an experimental paradigm that may more
closely mimic the physiological situation where cells
are exposed to multiple signals. TRPA1 may therefore
be a promising pharmaceutical target for the relief of
ischemic pain.

Numerous agonists of TRPAI have been identified
that represent different classes of chemicals. Reactive
electrophiles, such as MO and Cin activate TRPA1 by
binding covalently to N-terminal cysteines (Hinman et al.,
2006; Macpherson et al., 2007). These substances pro-
duce a long-lasting, poorly reversible activation of the
channel, which is terminated by Ca*-dependent inacti-
vation (Jordt et al., 2004; Nagata et al., 2005; Zurborg
et al., 2007; Wang et al., 2008). Our results show that
weak acids represent a new class of TRPAI activators.
Activation by weak acids is independent of cysteine
residues that mediate activation in response to reactive
electrophiles and thus is likely to be mechanistically dis-
tinct. Interestingly, it was recently reported that the irritant
component of extra virgin olive oil is a potent TRPA1
agonist; despite the fact that this chemical can form ad-
ducts with TRPA1, activation of TRPA1 was found to be
independent of cysteines that mediate the effects of re-
active electrophiles (Peyrot des Gachons et al., 2011).

We also report that TRPA1 is inactivated by weak acids.
Inactivation of TRPA1 by weak acids attenuated further
activation of the channel by both weak acids and by reac-
tive electrophiles. This effect was observed in whole cell
patch clamp recording and not in calcium imaging, sug-
gesting either that recovery from inactivation may re-
quire an inter stimulus interval >60 s (which was typical
for patch clamp experiments) but <300 s, which was used
for calcium-imaging experiments, or that inactivation
may require a cellular component that is dialyzed out

during whole cell recording. Unlike inactivation in re-
sponse to reactive electrophiles, which is dependent on
entry of Ca* through the channel (Wang et al., 2008),
inactivation in response to weak acids is Ca*" indepen-
dent. Because protons can compete with Ca** for bind-
ing to acidic residues, it is possible that the activating
and inactivating effects of both Ca* and protons on
TRPA1 could be ascribed to the same structural element
(Immke and McCleskey, 2003). The structural domains
that mediate Ca* activation or inactivation of TRPA1
channels are not known, and mutation of a putative EF
hand in the N terminus of the channel has yielded con-
flicting results (Doerner etal., 2007; Zurborg etal., 2007;
Wang et al., 2008). Identifying the binding site for pro-
tons and Ca®" that induce activation or inactivation of
TRPAI among the ~100 intracellular acidic residues is a
challenge for the future.

The activation of TRPA1 by weak acids was conserved
across several mammalian species, including humans,
consistent with the observation that in people, propi-
onic and other carboxylic acids elicit sensations described
asirritating (Ernstgard etal., 2006). Paradoxically, humans
choose to ingest acetic acid, as well as many other TRPA1
agonists, despite their irritant effects, a characteristic
that is specific to our species (Bryant and Silver, 2000).
A recent report showed that activation of TRPA1 by re-
active electrophiles is conserved in the insect isoforms of
TRPAI, indicating that this mode of activation existed
in the ancestral channel (Kang et al., 2010). Whether
activation by intracellular acidification is conserved across
nonmammalian species is not known. Given that organic
acids are abundant in the environment and have wide-
spread detrimental effects, this mode of activation may
well have an early evolutionary origin.
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