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TRPA1 ion channel stimulation enhances cardiomyocyte contractile function
via a CaMKII-dependent pathway
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ABSTRACT
Rationale: Transient receptor potential channels of the ankyrin subtype-1 (TRPA1) are non-selective
cation channels that show high permeability to calcium. Previous studies from our laboratory have
demonstrated that TRPA1 ion channels are expressed in adult mouse ventricular cardiomyocytes
(CMs) and are localized at the z-disk, costamere and intercalated disk. The functional significance of
TRPA1 ion channels in the modulation of CM contractile function have not been explored.

Objective: To identify the extent to which TRPA1 ion channels are involved in modulating CM
contractile function and elucidate the cellular mechanism of action.

Methods and Results: Freshly isolated CMs were obtained from murine heart and loaded with
Fura-2 AM. Simultaneous measurement of intracellular free Ca2C concentration ([Ca2C]i) and
contractility was performed in individual CMs paced at 0.3 Hz. Our findings demonstrate that TRPA1
stimulation with AITC results in a dose-dependent increase in peak [Ca2C]i and a concomitant
increase in CM fractional shortening. Further analysis revealed a dose-dependent acceleration in
time to peak [Ca2C]i and velocity of shortening as well as an acceleration in [Ca2C]i decay and
velocity of relengthening. These effects of TRPA1 stimulation were not observed in CMs pre-treated
with the TRPA1 antagonist, HC-030031 (10 mmol/L) nor in CMs obtained from TRPA1¡/¡ mice.
Moreover, we observed no significant increase in cAMP levels or PKA activity in response to TRPA1
stimulation and the PKA inhibitor peptide (PKI 14–22; 100 nmol/L) failed to have any effect on the
TRPA1-mediated increase in CM contractile function. However, TRPA1 stimulation resulted in a rapid
phosphorylation of Ca2C/calmodulin-dependent kinase II (CaMKII) (1–5 min) that correlated with
increases in CM [Ca2C]i and contractile function. Finally, all aspects of TRPA1-dependent increases in
CM [Ca2C]i, contractile function and CaMKII phosphorylation were virtually abolished by the CaMKII
inhibitors, KN-93 (10 mmol/L) and autocamtide-2-related peptide (AIP; 20 mmol/L).

Conclusions: These novel findings demonstrate that stimulation of TRPA1 ion channels in CMs
results in activation of a CaMKII-dependent signaling pathway resulting in modulation of
intracellular Ca2C availability and handling leading to increases in CM contractile function. Cardiac
TRPA1 ion channels may represent a novel therapeutic target for increasing the inotropic and
lusitropic state of the heart.
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Introduction

The transient receptor potential (TRP) ion channel of
the ankyrin 1 (TRPA1) subtype is a member of the
TRP superfamily of structurally related and is the only
member of the ankyrin subfamily so far identified in
mammals. Similar to other TRP ion channel superfam-
ily members, TRPA1 acts as a non-selective cation
channel that is highly permeable to calcium.1 The
TRPA1 ion channel was first discovered in human fetal
lung fibroblasts2 and later found to be primarily
expressed in sensory neurons of the dorsal root, nodose

and trigeminal ganglion3,4 where it is co-expressed with
TRP ion channels of the vanilloid receptor subtype 1
(TRPV1) and together, both were proposed to serve a
role in pain by acting as transducers of noxius stimuli.3

However, over the past decade it has become increas-
ingly evident that TRPA1 ion channels are expressed
in a variety of tissues and cell types including those of
the cardiovascular system.5-7

We recently reported for the first time the
expression of TRPA1 at the protein level in cardiac
muscle and it’s co-localization with TRPV1 ion
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channels at the costamere, z-disk and intercalated
discs in murine cardiomyocytes (CM).8 However,
the extent to which TRPA1 ion channel stimulation
plays a role in the regulation and/or modulation of
CM contractile function have not been previously
reported. In the current study, we tested the
hypothesis that stimulation of TRPA1 ion channels
in electrically-stimulated mouse ventricular CMs
results in increases in peak intracellular free Ca2C

concentration ([Ca2C]i) and a concomitant increase
in CM contractile function. Furthermore, we
hypothesized based on our initial findings that the
TRPA1-induced increase in CM contractile func-
tion and [Ca2C]i occurs via a cAMP/PKA-depen-
dent signal transduction pathway because the
changes in CM [Ca2C]i dynamics and contractile
function resemble those of classical b-adrenergic
receptor activation of the heart. However, the
major finding of the current study is that the
observed increases in CM contractile function that
occur in response to stimulation of TRPA1 ion
channels are not dependent on cAMP production
and/or PKA activation but instead result from acti-
vation of a CaMKII-dependent signaling pathway
leading to an increase in the amplitude and an
acceleration in the timing of the intracellular Ca2C

transient.

Materials and methods

Animal model

Four-month-old C57BL/6 WT and TRPA1¡/¡ male
mice (Jackson Labs, Bar Harbor, ME) were used
and maintained in accordance with the Guide for
the Care and Use of Laboratory Animals (NIH). All
animals were housed at the Kent State University
animal care facility (Kent, OH), which is accredited
by the American Association for Accreditation of
Laboratory Animal Care.

Isolation of CMs

Murine hearts were excised and transferred to a
modified Langendorff apparatus and perfused with
collagenase for the purpose of isolating CMs as
described previously by our laboratory.8 In brief,
mice were killed by cervical dislocation and hearts
were collected into a bath of perfusion buffer.
Hearts were cannulated via the aorta and blood

was flushed with 0.2 mL perfusion buffer. The
hearts were subjected to retrograde perfusion on a
modified Langendorff apparatus at 37�C (pH 7.4) with
a modified Krebs-Henseleit buffer (in mmol/L: 120.4
NaCl, 4.8 KCl, 0.6 KH2PO4, 0.6 Na2HPO4, 1.2
MgSO4–7HsO, 10 Na-HEPES, 4.6 NaHCO3, 30 taurine,
10 B.M. and 5.5 glucose). The perfusion buffer
(calcium-free) was sterile-filtered and paced with a
peristaltic pump (Masterflex) at a rate of 4 mL/min.
Following perfusion for 4 minutes, the perfusion buffer
containing collagenase type II (309 U/mg, Worthington
Biochemical) perfused the heart for an additional 14
minutes. When the hearts became spongy, the left ven-
tricles were removed, minced and triturated in Krebs-
Henseleit buffer containing fetal bovine serum (FBS;
10% of final volume). The resulting cellular digest was
washed and resuspended in HEPES-buffered saline (in
mmol/L: 118 NaCl, 4.8 KCl, 0.6 KH2PO4, 4.6 NaHCO3,
0.6 NaH2PO4, 5.5 glucose, pH 7.4) at 23�C. CM yield
was consistently »80–90%. CMs were then subjected
slow calcium reintroduction to 1.23 mM and prepared
for contractility assessment or Western blot.

Simultaneous measurement of [Ca2C]i
and shortening

Simultaneous measurement of [Ca2C]i and contractile
function was performed in individual freshly isolated
CMs as described previously by our laboratory.9 Fol-
lowing isolation, freshly prepared CMs were incubated
at room temperature for 40 min with fura-2 acetoxy
methylester (fura-2/AM; 2 mmol/L) in HEPES-buff-
ered saline (in mmol/L: 118 NaCl, 4.8 KCl, 1.23
CaCl2, 0.8 MgSO4–7H2O, 0.6 KH2PO4, 4.6 NaHCO3,
0.6 NaH2PO4, 5.5 glucose, pH 7.4). Fura-2-loaded
CMs were loaded onto coverslips previously mounted
on the stage of an Olympus IX-71 inverted fluorescence
microscope (Olympus America). CMs were superfused
continuously with HEPES-buffered saline at a flow rate
of 1.5 mL/min and compounds (agonists, antagonists)
were delivered for »5 minutes. In protocols where
CMs received both agonists and antagonists, agonists
were delivered initially (after a brief normalization
period) and antagonists were subsequently introduced
once agonist-induced effects plateaued (roughly 5
minutes). Healthy CMs (rod shaped) were selected for
experimentation and paced at a frequency of 0.3 Hz
(30V, 5 ms duration) applied using a Grass SD9 field
stimulator (Grass). Felix GX software (with sarcomere
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length module) was used to select a region of the CM
with discernable striations and excellent optical density
to image the changes in sarcomere length with each
contraction. [Ca2C]i measurements were simultaneously
recorded on individual CMs. Real-time calcium tracing
data were acquired via a D-104 microscope photometer
and a PMT (Photon Technology International) using
an alternating excitation wavelength protocol (340, 380
nm/20 Hz) and emission wavelength of 510 nm. Back-
ground fluorescence was automatically corrected for
the experiments using Easy Ratio Pro. The ratio of the
2 intensities was used to measure changes in [Ca2C]i
due to the fact that calibration of the system relies
upon several assumptions. Hardware and software for
data acquisition and analysis were generously provided
by Horiba Scientific (Edison, NJ).

Analysis of [Ca2C]i and shortening data

The following variables were calculated for each
individual contraction: fractional shortening (% of
sarcomere length change during shortening), maxi-
mum velocity of cell shortening and relengthening
(mm/sec), peak [Ca2C]i (340/380 ratio), time to
peak [Ca2C]i (msec) and [Ca2C]i decay to baseline
(msec). Variables from 10 contractions were aver-
aged to obtain mean values at baseline and in
response to the intervention. Averaging the varia-
bles over time minimizes beat-to-beat variation.
Results were quantified and are expressed as mean
§ SEM. Slavitzky-Golay Filter (x15 moving aver-
age) was used where indicated to increase the sig-
nal-to-noise ratio for the purpose of enhancing the
clarity of the individual Ca2C transient overlays to
highlight changes in timing parameters.

cAMP production and PKA activity assay

Following isolation, CMs were pretreated with 3-isobu-
tyl-1-methylxanthine (IBMX; 1 mmol/L) before treat-
ment with allyl isothiocyanate (AITC; 1–300 mmol/L)
or isoproterenol (ISO; 1–100 nmol/L) in the presence or
absence of PKA inhibitor, PKI 14–22 (1–100 nmol/L).
Samples were then subjected to protocols designed to
analyze intracellular cyclic AMP levels or PKA activity.
Intracellular cyclic AMP levels were analyzed by
ELISA as per the manufacturer’s instructions (Enzo Life
Sciences). Each treatment was performed in duplicate
and repeated 4 times.

For the PKA activity assay, protein was extracted
from pelleted CMs (»5 £ 107 cells/set) using modified
RIPA buffer (in mmol/L: 50 Tris-HCl, 1 EDTA, 150
NaCl, 0.25% deoxycholic acid, 1% NP-40, pH 7.4)
supplemented with 10 mmol/L benzamidine chloride,
0.1% b-mercaptoethanol 1 mmol/L PMSF, 1 mmol/L
sodium orthovanadate, 1 mmol/L Calyculin A to
inhibit protease/phosphatase activities as described
previously with minor modifications.10 After 15 min
of incubation on ice, the lysed cells were centrifuged at
13,000 £ g for 15 min at 4�C. The supernatant was
used as a source of PKA for the activity assays. Cellu-
lar protein extract was incubated for 15 min at 30�C
with the assay buffer containing 1.6 mCi p32-ATP,
0.2 mmol/L ATP, 10 mmol/L MgCl2, 20 mmol/L
Tris-HCl/pH 7.6, 500 mmol/L IBMX, 10 mmol/L
DTT, 5 mmol/L NaF, 200 mmol/L Kemptide
(WRTDQEIEUYKAKV-PXILYFGCSA-N); 50 mmol/
L H89 was added for each set of sample as control.
The reaction was stopped using 1N HCl. The assay
was done in duplicate and from each set 20 ml of sam-
ple was spotted on 1cm x1 cm phospho-cellulose
paper; subsequently it was air-dried and washed with
1% phosphoric acid twice before putting them in scin-
tillation vials with water for counting. The kinase
activity units were counted as per the following
equation:

Kinase activity D ((sample cpm – blank cpm) /
(Specific activity £ reaction time £ mg protein)) X
((reaction volume/spot volume))

cpm: count per min; Specific activity D (cpm value
of 5 ml of p32-ATP mix) / (pmoles of ATP)

Preparation of cell lysates and immunoblot analysis

Immunoblot analysis was performed as described previ-
ously.8 In brief, CMs obtained from WT or TRPA1¡/¡

mice were treated with AITC (100 mmol/L) in the
presence or absence of CaMKII inhibitors, KN-93
(10 mmol/L) or AIP (20 mmol/L). CMs were homog-
enized in a lysis buffer (in mM: 25 Tris-HCl, 150
NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1%
SDS, pH 7.6) containing protease and phosphatase
inhibitors at varying time points (0–5 minutes) and
protein concentration was assessed using the Brad-
ford method (Bradford, 1976). Samples containing
equal amount of protein lysates (50 mg) were heated
at 95�C then subjected to SDS-PAGE on a 4–15%
precast polyacrylamide gels (Bio-Rad) through the
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use of a minigel apparatus and subsequently trans-
ferred to nitrocellulose membranes. Nonspecific
binding was blocked with 1% BSA in Tris-buffered
saline solution (0.2% [vol/vol] Tween-20 in 20 mM
Tris base, 137 mM NaCl, pH 7.6) for 30 minutes at
room temperature. Antibodies generated to recognize
phosphorylated CaMKII (Cell Signaling) and
GAPDH (Millipore) were diluted 1:1000 in Tris-buff-
ered saline containing 1% BSA and incubated at 4�C
overnight. After washing in Tris-buffered saline,
membranes were incubated for 1 h at room tempera-
ture with horseradish-peroxidase linked secondary
antibody (goat anti-mouse and goat anti-rabbit)
diluted 1:5000 in Tris-buffered saline with 1% BSA.
Enhanced chemiluminescence was performed to
detect antibody binding using an ImageQuant LAS
4000 Mini (General Electric). Immunoreactivity was
quantified by scanning densitometry and analyzed
using ImageJ software (NIH)

Statistical analysis

Dose response curves to AITC and isoproterenol (ISO)
were repeated in CMs obtained from 6 different wild-
type mouse hearts. The effects of AITC on TRPA1¡/¡

CMs were conducted in 4 different hearts. Results
obtained from each heart were averaged so that all
hearts were weighted equally. Within group compari-
sons were made using one-way analysis of variance
with repeated measures and the Bonferroni post hoc
test. Differences were considered statistically significant
at p < 0.05. All results are expressed as means § SEM.

Results

AITC stimulates dose-dependent increases in peak
[Ca2C]i and contractile function in CMs

Figure 1 depicts representative traces demonstrating
a marked increase in shortening (panel A, change in
sarcomere length) and peak [Ca2C]i (panel B, change
in 340/380 ratio) in an individual CM following
stimulation of TRPA1 with AITC (100 mmol/L).
Exploded views illustrating dose-dependent changes
in sarcomere length and [Ca2C]i following exposure
to AITC (1–300 mmol/L) are depicted in panels C
and D, respectively. Summarized data demonstrating
dose-dependent changes in [Ca2C]i dynamics and
contractile function following exposure to AITC are
shown in Table 1. The AITC-induced (100 mmol/L)

increase in [Ca2C]i and contractile function were
completely blocked by pre-treatment with the
TRPA1 antagonist, HC-030031 (10 mmol/L), result-
ing in a peak [Ca2C]i and fractional shortening that
were 98 § 3.1% and 101 § 2.2% of steady-state base-
line control value, respectively.

AITC increases fractional shortening, maximum
velocity of shortening and maximum velocity of
relengthening in CMs

Figure 2 represents overlays depicting the dose-
dependent increases in CM fractional shortening
(panel A), maximum velocity of shortening (panel
C) and maximum velocity of relaxation (panel E) fol-
lowing TRPA1 stimulation with AITC (1–300 mmol/
L). AITC (100 mmol/L) increased fractional shorten-
ing, maximum velocity of shortening and maximum
velocity of relaxation to 195 § 6.8%, 213 § 7.9% and
196 § 8.7% of control, respectively. The summarized
dose response data for panels A, C and E are
depicted in panels B, D and F, respectively and are
expressed as a percent of control. The summarized
raw data for these parameters are listed in Table 1
and are expressed as % change in sarcomere length
(fractional shortening) and mm/sec (velocity of
shortening/relengthening).

AITC increases peak [Ca2C]i and accelerates time
to peak [Ca2C]i and the rate of [Ca2C]i decay in CMs

Figure 3 represents overlays depicting the dose-depen-
dent increases in peak [Ca2C]i (panel A) as well as an
acceleration in time to peak [Ca2C]i (panel C) and in
[Ca2C]i decay (panel E) following TRPA1 stimulation
with AITC (1–300 mmol/L). AITC (100 mmol/L)
increased peak [Ca2C]i to 180 § 14.0% of control.
Time to peak [Ca2C]i and the Ca2C decay were acceler-
ated by 63 § 3.1% and 45 § 2.9%, respectively, com-
pared with control. The summarized data for panels
A, C and E are depicted in panels B, D and F, respec-
tively and are expressed as a percent of control. The
summarized raw data for these parameters are listed
in Table 1 and are expressed in msec. Individual Ca2C

transient traces were smoothed using the Savitzky-
Golay filter to increase the signal-to-noise ratio and
enhance the clarity of the figure to highlight changes
in timing parameters.
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AITC-induced increases in [Ca2C]i and contractile
function are absent in CMs obtained from TRPA1¡/¡

mice

Figure 4 depicts a representative trace demonstrating
that AITC (100 mmol/L) has no effect on [Ca2C]i
(panel A) or contractile function (panel B) in CMs
obtained from TRPA1¡/¡ mice. Fig. 4 (panels C-F)
represent exploded views of changes in sarcomere

length (C and D) and individual Ca2C transients (E
and F) before and after stimulation of TRPA1 with
AITC in CMs obtained from TRPA1¡/¡ mice (taken
from panels A and B, respectively). In CMs obtained
from TRPA1¡/¡ mice, peak [Ca2C]i and fractional
shortening were 102 § 4.1% and 101 § 5.2% of
steady-state baseline control, respectively, following
exposure to AITC.

Figure 1. Allyl isothiocyanate (AITC) increases [Ca2§]I and shortening in CMs. Original traces demonstrating the effect of AITC
(100 mmol/L) on steady-state sarcomere length (mm; panel A) and [Ca2C]i (340/380 ratio; panel B) in an individual mouse ven-
tricular myocyte. AITC was added where indicated on the figure. Exploded views depicting the dose-dependent changes in sar-
comere length and [Ca2C]i (panels C and D, respectively) before (control) and after addition of AITC (1–300 mmol/L) to single
ventricular myocyte. AITC was added to the bath in a cumulative fashion. n D 20 cells from 6 hearts.
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AITC increases in CM [Ca2C]i and contractile function
are similar to those observed following b-Adrenergic
receptor (b-AR) stimulation with Isoproterenol (ISO)

For comparison, we also assessed the dose-depen-
dent effects of b-AR stimulation with ISO
(1–100 nmol/L) on [Ca2C]i and contractile function
in CMs. The summarized data are depicted in Table 1.
The dose-dependent effects of AITC (1–300 mmol/L)
on CM [Ca2C]i and contractile function were qualita-
tively and quantitatively very similar to those observed
with ISO (1–100 nmol/L). Representative traces and
overlays and summarized data expressed as a percent
of control can be found in the Supplemental Data.

TRPA1-induced increases in [Ca2C]i and contractile
function occur independently of cyclic AMP (cAMP)
and Protein kinase a (PKA) in CMs

Figure 5 depicts summarized data quantifying the
extent to which AITC (1–300 mmol/L) or ISO (1–
100 nmol/L) stimulate activity of the cAMP/PKA
pathway in CMs. ISO induced a dose-dependent
elevation in cAMP production (panel A) whereas
AITC had no effect in CMs obtained from WT
mice except at the highest concentration tested
(panel B). Furthermore, ISO (10 nmol/L) induced
a significant increase in PKA activity (3.22 £ 104

§ 1.98 £ 103 PKA activity units/107 CMs) which
was dose-dependently eliminated in the presence
of PKA inhibitor, PKI 14–22 (1–100 nmol/L;
panel C). CMs treated with AITC (100 mmol/L)
demonstrated no significant alterations in basal
PKA activity when compared with the untreated
control (1.12 £ 103 § 1.11 £ 103 vs. 1.09 £ 103

§ 0.45 £ 103, respectively). The efficacy of PKI
14–22 (1–100 nmol/L) in reversing the ISO-
induced increase in CM fractional shortening are
depicted in the inset of panel C.

Figure 6 demonstrates that PKI 14–22 does not sig-
nificantly alter AITC-induced increases in contractile
function or [Ca2C]i in electrically-paced CMs. Repre-
sentative overlays illustrating the lack of effect of PKI
14–22 (100 nmol/L) following AITC (100 mmol/L)
treatment on fractional shortening (panel A) and
[Ca2C]i peak amplitude (panel B) are shown. The
summarized data depicting the lack of effect of PKI
14–22 on AITC-induced changes in fractional short-
ening, maximum velocity of shortening and maximum
velocity of relengthening are depicted in panels C, E,
and G, respectively. Similarly, the summarized data
for PKI 14–22 on [Ca2C]i indices including [Ca2C]i
peak amplitude, time to peak [Ca2C]i and [Ca2C]i
decay are shown in panels D, F and H, respectively.
Individual Ca2C transient traces were smoothed using
the Savitzky-Golay filter to increase the signal-to-noise
ratio and enhance the clarity of the figure to highlight
changes in timing parameters.

TRPA1 stimulation elicits CaMKII phosphorylation
at threonine 286 in a time-dependent manner in CMs

Figure 7 (panel A) depicts a representative immuno-
blot illustrating the time-dependent manner by which
AITC elicits CaMKII phosphorylation at threonine
286 (pCaMKII-t286) in CMs. AITC-induced increases
in pCaMKII-t286 at 1, 2 and 5 minutes in quiescent
CMs obtained from WT mice. The summarized data
illustrating the time-dependency of AITC-induced
pCaMKII-t286 is shown in panel B.

Table 1. Comparison of AITC- and isoproterenol (ISO)-induced changes in CM [Ca2§]i and contractile function. Data are expressed as
mean § SEM. � P < 0.05 compared with untreated control (ctrl).

AITC (mmol/L)
n D 20

0 (Ctrl) 1 10 100 300

Fractional Shortening (% sarcomere length) 4.5 § 0.1 5.0 § 0.2 6.3 § 0.2� 8.7 § 0.3� 10.8 §0.3�

Maximum Velocity of Cell Shortening (mm/sec) 4.7 § 0.1 5.4 § 0.2 7.1§ 0.3� 9.9 § 0.3� 11.2 § 0.3�

Maximum Velocity of Cell Relaxation (mm/sec) 3.6 § 0.1 4.1 § 0.1 5.1 § 0.3� 7.1 § 0.3� 8.3 § 0.3�

Peak [Ca2C]i (change in 340/380 ratio) 0.13 § 0.02 0.15§ 0.04 0.19 § 0.04� 0.22 § 0.06� 0.26 § 0.04�

Tp [Ca2C]I (msec) 158 § 9.4 144§ 8.4 112 § 9.0� 58 § 6.1� 46 § 3.3
[Ca2C]i Decay (msec) 610 § 19 563§ 18 458 § 15� 326 § 12� 235 § 9�

ISO (nmol/L) n D 12 0 (Ctrl) 1 5 10 100
Fractional Shortening (% sarcomere length) 4.6 § 0.2 5.5 § 0.3 7.1 § 0.3� 10.7 § 0.6� 11.5 §0.5�

Maximum Velocity of Cell Shortening (mm/sec) 4.7 § 0.1 5.1 § 0.1 7.4 § 0.2� 11.1 § 0.4� 12.7 § 0.4�

Maximum Velocity of Cell Relaxation (mm/sec) 3.6 § 0.1 4.0 § 0.1 5.6 § 0.2� 8.6 § 0.3� 10.0 § 0.2�

Peak [Ca2C]i (change in 340/380 ratio) 0.11 § 0.02 0.12§ 0.03 0.17 § 0.05� 0.22 § 0.05� 0.23 § 0.05�

Tp [Ca2C]I (msec) 140 § 17 124§ 16 104 § 9 56 § 7� 52 § 6�

[Ca2C]i Decay (msec) 615 § 16 586§ 15 381 § 16� 231 § 21� 174 § 16�
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Figure 7 (panel C) depicts a representative immu-
noblot illustrating the effects of AITC (100 mmol/L; 5
min) on pCaMKII-t286 in CMs obtained from WT
and TRPA1¡/¡ mice. AITC-induced pCaMKII-t286

elevations in CMs obtained from WT mice but not
in CMs isolated from TRPA1¡/¡ mice (panel A;
105 § 2.1% of unstimulated control). Moreover,

the TRPA1-induced increases in pCaMKII-t286

were markedly attenuated in WT CMs pretreated
with CaMKII inhibitor, KN-93 (10 mmol/L; 118 §
18.0% of unstimulated control) as well as the
structurally and mechanistically different inhibitor
AIP (20 mmol/L; 107 § 14.0% of unstimulated
control). Summarized data are depicted in panel D.

Figure 2. AITC increases fractional shortening, maximum velocity of shortening and maximum velocity of relengthening in CMs. Over-
lays of individual cell shortening and relengthening events illustrating the dose-dependent effects of AITC (1–300 mmol/L) on fractional
shortening are depicted in panel A. Representative overlays assessing changes in sarcomere length normalized to peak height (set at
100%) and aligned at initiation of stimulus or at peak shortening to illustrate dose-dependent changes in timing of shortening and
relengthening are depicted in panels C and E, respectively. Summarized data for panels A (fractional shortening), C (maximal velocity of
shortening) and E (maximal velocity of relengthening) are depicted in panels B, D and F, respectively. Results are expressed as percent
of steady-state baseline control (Ctrl) value set at 100%. Changes in fractional shortening were measured as percent of sarcomere
length. Changes in velocity were measured in micrometers/sec. � P < 0.05 compared with Ctrl. n D 20 cells from 6 hearts.
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TRPA1 stimulation modulates contractile function
and [Ca2C]i via a CaMKII-dependent mechanism
in CMs

Figure 8 depicts the extent to which CaMKII inhibi-
tion reverses AITC-induced increase in [Ca2C]i and

contractile function. Representative overlays demon-
strate that the effects of TRPA1 stimulation with
AITC (100 mmol/L) on fractional shortening (panel
A) and [Ca2C]i peak amplitude (panel B) are dose-
dependently reversed following treatment with KN-
93 (1–10 mmol/L) in electrically-paced CMs. Further

Figure 3. AITC increases peak [Ca2§]I and accelerates time to peak [Ca2§]I and the rate of [Ca2§]I decay in CMs. Overlays illustrating the
dose-dependent effects of AITC (1–300 mmol/L) on peak [Ca2C]i are depicted in panel A. Representative overlays assessing dose-depen-
dent changes in [Ca2C]i peak amplitude normalized to peak height (set at 100%) to illustrate changes in time to peak [Ca2C]i and the
time of [Ca2C]i decay are depicted in panels C and E, respectively. Summarized data for panels A ([Ca2C]i peak amplitude), C (time to
peak [Ca2C]i) and E ([Ca2C]i decay) are depicted in panels B, D and F, respectively. Results are expressed as percent of steady-state base-
line control (Ctrl) value set at 100%. Changes in peak [Ca2C]i are measured as the change in the 340/380 ratio. Changes in timing are
measured in milliseconds. Individual traces were smoothed using the Savitzky-Golay filter to increase the signal-to-noise ratio.
� P < 0.05 compared with Ctrl. n D 20 cells from 6 hearts.
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analysis showed that the effects of AITC on frac-
tional shortening (panel C), maximum velocity of
shortening (panel E) and maximum velocity of
relengthening (panel G) were similarly reversed by
treatment with KN-93. As expected, the effects of
AITC on [Ca2C]i peak amplitude (panel D), time to
peak [Ca2C]i (panel F) and [Ca2C]i decay (panel H)
were also reversed following treatment with KN-93.
Parallel experiments were also performed to assess
the effects of KN-93 on steady-state contractile
parameters. Addition of KN-93 (10 mmol/L)
reduced [Ca2C]i peak amplitude by 12 § 6% and
fractional shortening by 15 § 8% (4 out of 12 cells,
n D 3 hearts). Control experiments using KN-92

(inactive analog of KN-93) resulted in no significant
alterations in baseline contractility or AITC-induced
increases in CM [Ca2C]i or contractile function
(data not shown). Furthermore, additional experi-
ments were conducted using the CaMKII inhibitory
peptide AIP, (20 mmol/L) following treatment of
CMs with AITC. Addition of AIP following AITC
reduced [Ca2C]i peak amplitude and fractional
shortening to 106 § 9% and 105 § 8% of control (n
D 18 cells obtained from 5 hearts). Individual Ca2C

transient traces were smoothed using the Savitzky-
Golay filter to increase the signal-to-noise ratio and
enhance the clarity of the figure to highlight changes
in timing parameters.

Figure 4. AITC has no effect on [Ca2§]I and shortening in CMs obtained from TRPA1 null mice. Original traces demonstrating the lack of
effect of AITC (100 mmol/L) on steady-state sarcomere length (mm; panel A) and [Ca2C]i (340/380 ratio; panel B) in an individual mouse
ventricular myocyte obtained from TRPA1 null mice (TRPA1¡/¡). AITC was added where indicated on the figure. Exploded views of
changes in sarcomere length and [Ca2C]i before and after addition of AITC are depicted in panels C-F. n D 8 cells from 4 hearts.
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Discussion

We recently were the first laboratory to demonstrate the
functional expression of TRPA1 in the adult mouse
heart and it’s localization in costameres, z-discs and
intercalated discs of mouse CMs.8 To our knowledge,
the current study is the first to thoroughly characterize
the effects of TRPA1 stimulation on [Ca2C]i and con-
tractile function in electrically-stimulated adult mouse
CMs. The major finding of the current study is that
TRPA1 agonist, AITC, stimulates dose-dependent
increases in peak [Ca2C]i and contractile function in
freshly isolated CM’s. Moreover, a dose-dependent
acceleration in the timing parameters associated with
the rise and fall of the Ca2C transient as well as

shortening and relengthening of the CM were also
observed. These effects were not observed in the pres-
ence of the TRPA1 antagonist, HC-030031 nor in CMs
obtained from TRPA1¡/¡ mice indicating the effects of
AITC on [Ca2C]i and contractile function were TRPA1
dependent. Although the effects of TRPA1 stimulation
on [Ca2C]i and contractile function were qualitatively
and quantitatively similar to the classical CM responses
observed following b-AR stimulation with ISO, we did
not observe any increase in CM cAMP production or
PKA activity following TRPA1 activation with AITC,
and the PKA inhibitor peptide was without effect on
AITC induced modifications in CM [Ca2C]i and con-
tractile function. However, we did observe an increase
in CaMKII phosphorylation following TRPA1

Figure 5. TRPA1 stimulation does not signal through the cAMP/Protein Kinase A (PKA) pathway in CMs. Summarized data demonstrat-
ing the effects of ISO (1–100 nmol/L) and AITC (1–300 mmol/L) on cAMP production in CMs obtained from WT mice are depicted in pan-
els A and B, respectively. Results are expressed as total cAMP production (pmol/mL; nD CMs isolated from 5 separate hearts repeated in
triplicate). Summarized data demonstrating the effects of AITC (100 mmol/L) or ISO (10 nmol/L) in the presence or absence of PKA inhib-
itor, PKI 14–22 (1–100 nmol/L), on PKA activity is shown in panel C (n D CMs isolated from 3 separate hearts repeated in triplicate). The
dose-dependent effects of PKI 14–22 treatment following isoproterenol-induced increases in contractile function are shown in the sub-
figure on the right side of panel C (n D 6 CMs from 3 hearts). � P < 0.05 compared with untreated control value. # P < 0.05 compared
with isoproterenol-treated CMs.
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Figure 6. AITC-induced increases in contractile function and [Ca2§]i occur independently of PKA in CMs. Overlays of fractional
shortening and [Ca2C]i peak amplitudes in electrically-paced CMs illustrating the effects of AITC (100 mmol/L) in the presence
and absence of PKI 14–22 (100 nmol/L) are depicted in panels A and B, respectively. Summarized data for parameters measur-
ing contractile function are depicted in panels C (fractional shortening), E (maximum velocity of shortening) and G (maximum
velocity of relengthening). Summarized data analyzing [Ca2C]i dynamics are depicted in panels D ([Ca2C]i peak amplitude), F
(time to peak [Ca2C]i) and H ([Ca2C]i decay). Results are expressed as percent of steady-state baseline control (Ctrl) value set
at 100%. Individual [Ca2C]i traces were smoothed using the Savitzky-Golay filter to increase the signal-to-noise ratio.
N.S. D not statistically significant. � P < 0.05 compared with Ctrl. n D 18 cells from 6 hearts.

CHANNELS 597



stimulation and inhibition of CaMKII with KN-93
completely reversed the effect of TRPA1 stimulation
with AITC on CM [Ca2C]i and contractile indices.
Therefore, TRPA1 activation increases CM contractile
function via a CaMKII-dependent pathway.

AITC stimulates TRPA1-dependent increases
in [Ca2C]i and contractile function in CMs

Modulation of CM [Ca2C]i throughout the excitation
contraction coupling process, as well as the timing
parameters associated with intracellular Ca2C

Figure 7. AITC-induced phosphorylation of CaMKII at threonine 286 occurs in a time- and TRPA1-dependent manner in CMs. Represen-
tative immunoblots demonstrating the effect of AITC (100 mmol/L) on CaMKII phosphorylation at threonine 286 (pCaMKII-t286) at 0–5
minutes in CMs obtained from WT mice are depicted in panel A. All samples were lysed at the indicated time points (mins). Summarized
data are shown as the % of the untreated mean control value (pCaMKII-t286/total protein) in panel B (n D CMs obtained from 5 separate
hearts). Representative immunoblots demonstrating the effects of AITC (100 mmol/L) on CaMKII phosphorylation in the presence (C)
and absence (¡) of KN93 (10 mmol/L) is shown in panel C. Samples from WT and TRPA1¡/¡ were either treated with AITC or pretreated
with KN93 for 10 minutes before AITC administration. All samples were lysed 5 minutes following treatment of AITC. Summarized data
are expressed as the percent of the untreated WT mean control value in panel D (n D CMs isolated from 5 separate hearts). GAPDH was
probed as the loading control. N.S. D not statistically significant. P.L. D protein ladder. � P < 0.05 compared with the WT mean control
value. # P < 0.05 compared with the AITC-treated WT CMs.
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Figure 8. TRPA1 stimulation modulates contractile function and [Ca2§]i through a CaMKII-dependent mechanism in CMs. Overlays of
fractional shortening and [Ca2C]i peak amplitudes in electrically-paced CMs illustrating the effects of AITC (100 mmol/L) in the presence
and absence of KN93 (1–10 mmol/L) are depicted in panels A and B, respectively. Summarized data for parameters measuring contrac-
tile function are depicted in panels C (fractional shortening), E (maximum velocity of shortening) and G (maximum velocity of relength-
ening). Summarized data analyzing [Ca2C]i dynamics are depicted in panels D ([Ca2C]i peak amplitude), F (time to peak [Ca2C]i) and H
([Ca2C]i decay). Results are expressed as percent of steady-state baseline control (Ctrl) value set at 100%. Individual [Ca2C]i traces were
smoothed using the Savitzky-Golay filter to increase the signal-to-noise ratio. � P < 0.05 compared with Ctrl. # P < 0.05 compared with
AITC-treated cells. n D 15 cells from 5 hearts.
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handling is a critical determinant of the inotropic and
lusitropic state of the heart under physiologic and/or
pathophysiological conditions. The discovery of novel
ligand gated ion channels capable of activating signal-
ing pathways which modulate Ca2C regulatory path-
ways and/or myofilament Ca2C sensitivity may pave
the way for the design of novel therapies capable of
increasing the inotropic and or lusitropic state of the
heart. Our findings indicate that TRPA1 stimulation
results in the activation of a signaling pathway(s) that
modulate cellular mechanisms leading to (1) an
increase in the amount of cytosolic Ca2C available to
interact with the cardiac myofilaments; (2) an acceler-
ation in the time to peak [Ca2C]i and (3) an accelera-
tion in the removal of Ca2C from the cytosol. These
changes in intracellular Ca2C availability and handling
are also reflected as changes in CM contractile func-
tion including (1) an increase in fractional shortening;
(2) an increase in maximum velocity of shortening
and (3) an increase in maximum velocity of relength-
ening. Our current findings are consistent with a
recent study indicating a role for other TRP channel
family members (TRPV2) in the regulation and/or
modulation of inotropic and lusitropic events in car-
diac muscle.11

Cellular mechanisms of TRPA1-induced increases
in CM [Ca2C]i and contractile function

Based on the current findings, we initially hypothe-
sized that stimulation of TRPA1 channels may be cou-
pled to the protein kinase A (PKA) signaling pathway
in CMs. Our hypothesis is based on the fact that the
current study demonstrates remarkable qualitative
and quantitative similarities when comparing the
effects of TRPA1 stimulation on CM [Ca2C]i and con-
tractile function to those effects observed in response
to b-AR stimulation.12,13 The b-AR signaling pathway
has been well established in heart for decades and is
known to be coupled to the cAMP/PKA signaling
pathway resulting in phosphorylation and activation
of sarcolemmal Ca2C channels14,15 and the sarcoplas-
mic reticulum (SR) pump regulatory protein, phos-
pholamban.16-18 Moreover, it is also well established
that b-AR stimulation of intact hearts or isolated CMs
results in phosphorylation of troponin I (TnI) on the
cardiac myofilaments.18-20 The current studies indi-
cate that TRPA1 stimulation had no effect on cAMP
production at concentrations that markedly increased

CM contractile function (1–100 mmol/L) or PKA
activity (100 mmol/L) when compared with b-AR acti-
vation with ISO. Furthermore, electrically-paced CMs
treated with PKI 14–22 following AITC yielded no
quantifiable alterations in [Ca2C]i or contractile func-
tion. This data suggests that TRPA1-induced increases
in [Ca2C]i and contractile function occur via a mecha-
nism independent of cAMP and PKA.

Based upon several recent studies indicating the
notable potential of CaMKII in the regulation and/or
modulation of cardiac contractility,21-23 we aimed to
investigate whether TRPA1 stimulation elicits
increases in [Ca2C]i and contractile function through
a CaMKII-mediated process. Initially, we examined
the extent to which AITC elicited phosphorylation of
CaMKII at threonine 286 (pCaMKII-t286), a known
indicator of CaMKII activity.24 The current data sug-
gests TRPA1 stimulation with AITC elicits an increase
in pCaMKII-t286 within 1 minute following treatment
and remains elevated thereafter (through 5 min). To
our knowledge, this is the first data to elucidate a
potential downstream signaling mediator of TRPA1
activation in CMs that is capable of modulating Ca2C

regulatory proteins such as the L-type Ca2C chan-
nels,25 ryanodine receptors26 or phospholamban,27 as
well as myofilament Ca2C responsiveness mediated by
TnI.28 We subsequently investigated the extent to
which TRPA1-induced increases in [Ca2C]i and con-
tractile function occur through a CaMKII-dependent
mechanism in electrically-paced CMs. Our findings
indicate that KN-93 dose-dependently reversed the
TRPA1-induced increases in [Ca2C]i and contractile
function. Similarly, a structurally and mechanistically
different CamKII inhibitor (AIP) also reversed the
TRPA1-induced increases in [Ca2C]i and contractile
function further supporting the findings obtained
using the KN compounds and confirming a role for
CaMKII as a mediator of the TRPA1 stimulated effects
on CM contractile function.

A theory proposed by Maier and Bers suggests that
calmodulin activation may occur in a cyclical manner
whereby incoming Ca2C binds to and activates cal-
modulin during contraction and dissociates during
relaxation.23 Therefore, one could base their hypothe-
sis on the ‘Michaelis-Menten’ theory whereby stimula-
tion of ion channels leading to Ca2C influx would
increase the ratio of active to inactive calmodulin by
making more Ca2C available to bind calmodulin and
subsequently activate the downstream CaMKII. If
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true, this could partially explain why activation of
TRPA1, a Ca2C-permeable ion channel, elicits
increases in beat-to-beat [Ca2C]i and the correspond-
ing contractile function. However, the current results
are complicated by the pharmacological nature of
‘KN’ compounds. ‘KN’ compounds are allosteric
inhibitors of CaMKII where they competitively bind
the calmodulin binding site.29 KN-93, as well as the
structurally-similar predecessor KN-62, are unable to
inhibit the kinase when it is autonomously activated.
The current results indicate that KN-93 treatment fol-
lowing AITC administration reverses the increases
observed in [Ca2C]i and contractile function by
TRPA1 stimulation. Therefore, we propose that CaM-
KII activation in CMs may not exhibit the autono-
mous phenomena observed in different cell types
(including those in the nervous system30,31) but rather,
that calmodulin and CaMKII activity is cyclical in
nature, allowing the KN-93 compounds to take effect
after Ca2C dissociates from calmodulin rendering
CaMKII inactive between each cardiac cycle. This
would further support the previously noted theory
proposed by Maier and Bers,23 as well as the findings
of the current study.

As noted above, experiments in quiescent CMs
revealed that KN-93 markedly attenuated AITC-induced
pCaMKII-t286, and reversed the concomitant AITC-
induced increases in [Ca2C]i and contractile function in
paced CMs. We propose that pretreatment of CMs with
CaMKII inhibitors (before AITC administration) essen-
tially “lock” the kinase in its inactive conformation ren-
dering CaMKII unable to expose its calmodulin- or
ATP-binding sites and thereby limiting its ability to auto-
phosphorylate at the threonine 286 residue. The current
data indicate that CaMKII inhibition reverses TRPA1-
induced increases in [Ca2C]i and contractile function.

The current conclusions rely on several assumptions
and need to be addressed as such. First, as do most phar-
macological activators and inhibitors, KN compounds
have certain limitations. KN-93 and KN-62 have a docu-
mented propensity to modulate off-target mediators
including ion channels such as L-type Ca2C channels.32,33

However, control experiments using the inactive analog,
KN-92, yielded no statistically significant alterations in
TRPA1-induced increases in [Ca2C]i and contractile
function suggesting that KN-93 is working primarily
through CaMKII inhibition.Moreover, the use of a struc-
turally and mechanistically different CaMKII inhibitor
(AIP) supported the findings obtained with the active

KN compound. We also noted on some occasions that,
CMs pretreated with KN-93 (10mmol/L) resulted in sub-
tle and inconsistent declines in steady-state [Ca2C]i and
contractile function in a manner similar to what was
observed in intact ferret CMs34; however, this effect only
took place in »33% of the CMs exposed to KN-93. The
inconsistences may be related to anatomic location from
which the CMs were derived as well as species
variability.34

We propose that TRPA1 stimulation likely involves an
intracellular signaling pathway(s) that trigger post-trans-
lational modifications (phosphorylation) of the L-type
Ca2C channel as well as phospholamban resulting
increases in transsarcolemmal Ca2C influx SR uptake and
Ca2C loading. Together these would account for, at least
in part, (1) an increase in the amount of Ca2C available to
interact with the cardiac myofilaments and (2) the accel-
erated rate of decay of the Ca2C transient due to the
removal of inhibition of the SR Ca2C pump by phosphor-
ylated phospholamban. Parallel changes in contractility
could also be explained by the aforementioned mecha-
nisms and include an increase in (1) fractional shorten-
ing, (2) maximum velocity of shortening and (3)
maximum velocity of relaxation. Alternatively, there
could also be a role for TRPA1-dependent phosphoryla-
tion of TnI in mediating the observed changes in both
contraction and relaxation that are independent of
changes in Ca2C handling.12 We observed a TRPA1-
induced increase in maximum unloaded shortening
velocity which could be explained by TnI phosphoryla-
tion. Moreover, an increased shortening velocity could
contribute to the increased fractional shortening and a
positive inotropic effect since, in theory, the power output
of muscle is determined by the product force of veloc-
ity.35,36 Finally, TnI phosphorylation is also known to
reduce myofilament Ca2C sensitivity and contribute to
an accelerated rate of relaxation also contributing to a
positive lusitropic effect.12 Further studies are required to
clarify the precise cellular and molecular mechanisms by
which TRPA1 stimulation augments CM contractile
function.

Summary and conclusions

TRPA1 stimulation of electrically-stimulated mouse
CMs results in increases in [Ca2C]i and contractile
function indicative of positive inotropic and positive
lusitropic effects observed in cardiac muscle and intact
hearts. The findings mirror those observed with b-AR
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stimulation of the cAMP/PKA signaling pathway
although TRPA1-induced alterations of [Ca2C]i and
contractile function occur via a CaMKII-dependent
mechanism. Further studies will be required to iden-
tify the precise downstream effectors by which TRPA1
stimulation results in increases in CM [Ca2C]i and
contractile function and whether these findings may
be extrapolated to intact cardiac muscle and/or the
human heart.
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