






(Fig. 3, A and B). This response was abolished by the TRPA1 blocker HC-
030031 (Fig. 3, A and C), indicating that NOX-derived ROS bring about
dilation of cerebral arteries by increasing the frequency of TRPA1 sparklets.

One mechanism by which the endothelium can promote arterial dilation
is by releasing diffusible substances such as nitric oxide (NO) or prostacyclin
(PGI2). We found that NADPH-induced dilation of cerebral arteries was
not altered by blocking NO and PGI2 synthesis withL-NG-nitroarginine
(L-NNA) and indomethacin, respectively (Fig. 3, D and E), indicating that
these pathways are not involved in the response. The endothelium can also
cause dilation by direct electrotonic spread of endothelial cell membrane hy-
perpolarization through myoendothelial gap junctions to underlying vascu-
lar smooth muscle cells. Small-conductance and intermediate-conductance
Ca2+-activated K+ (IK) channels are implicated in this form of endothelium-
dependent vasodilation, and functional IK channels are present in cerebral
artery endothelial cells at myoendothelial junctions (11, 24). Our data
showed that intraluminal administration of the selective IK channel blocker

TRAM34 nearly abolished NADPH-induced vasodilation (Fig. 3, F and G),
suggesting that TRPA1 sparklets act through IK channels in the endothe-
lium to dilate cerebral arteries.

To determine if increases in TRPA1 sparklet activity were associated
with smooth muscle cell hyperpolarization, we recorded the membrane
potential of arterial myocytes from intact, pressurized (80 mmHg) cerebral
arteries using intracellular microelectrodes. We found that administration
of NADPH to stimulate ROS generation hyperpolarized the membranes of
smooth muscle cells by about� 8 mV (Fig. 3, H and I). Blocking TRPA1
channels with HC-030031 abolished NADPH-induced membrane poten-
tial hyperpolarization (Fig. 3, H and I), demonstrating that NOX-derived
ROS hyperpolarize smooth muscle cells in pressurized cerebral arteries by
activating TRPA1. TRPA1 channels are not present in smooth muscle cells
in cerebral arteries (Fig. 1C) (11,25), suggesting that this response is mediated
by the endothelium. Together, our findings suggest that Ca2+ influx through
TRPA1 channels in the endothelium activates nearby IK channels to initiate

Fig. 2. ROS stimulate TRPA1 sparklets in cerebral arteryendothelial cells.
(A) Time-lapse image of an AITC-induced TRPA1 sparklet recorded from
a cerebral artery endothelial cell; scale bar, 8 mm. (B) AITC induces a
concentration-dependent increase in TRPA1 sparklet frequency in cerebral
artery endothelial cells (n = 5 to 52 cells per concentration, 4 independent
cell isolations). (C) Summary data showing that HC-030031 inhibits AITC-
induced increases in TRPA1 sparklet frequency in cerebral artery endo-
thelial cells (n = 10 to 24 cells, 3 independent cell isolations); * P � 0.05
compared to control at baseline. (D) Active TRPA1 sparklet sites per cell
before and after administration of AITC (n = 10 cells, 5 rats). (E) Amplitude
(left), duration (middle), and spatial spread (right) histograms for TRPA1

sparklets (n = 762 total events, 43 independent experiments). (F) Repre-
sentative recordings of change in fluorescence ( F/F0) within an ROI on
primary cerebral artery endothelial cells stimulated by AITC. Dotted lines
indicate the opening of one, two, or three TRPA1 channels. (G) Time-
lapse image of a TRPA1 sparklet stimulated by NADPH; scale bar, 8 mm.
(H) The NOX substrate NADPH induced a concentration-dependent in-
crease in TRPA1 sparklet frequency (n = 9 to 22 cells per concentration,
4 independent cell isolations). (I) Summary data indicating that HC-030031
inhibits NADPH-induced increases in TRPA1 sparklet frequency (n = 12 to
28 cells per group, 3 independent cell isolations); * P � 0.05 compared with
baseline, control.
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surized cerebral artery over time. Introduction of NADPH to the bathing solution
induced vasodilation, which was nearly abolished by the TRPA1 blocker HC-
030031. (B) NADPH-induced vasodilation is concentration-dependent (n = 3
vessels per concentration, 3 rats). (C) Summary data indicating that NADPH-
induced dilation is attenuated by HC-030031 (n = 5 vessels, 3 rats); *P ≤ 0.05
compared to control. (D and E) Representative recordings (D) and summary
data (E) indicating that the NO synthase inhibitor L-NNA and the cyclooxy-
genase inhibitor indomethacin do not affect NADPH-induced vasodilation
(n = 3 vessels, 3 rats). (F and G) Representative recordings (F) and summary
data (G)showing thatNADPH-inducedvasodilation (left) is inhibitedwhen the IK
channel blocker TRAM34 ispresent in the lumen (right) (n=5vessels, 3 rats);
*P ≤ 0.05 compared with control. (H) Representative recordings of smooth
muscle cell membrane potential (Em) in a pressurized cerebral artery. Smooth
musclecellswerehyperpolarizedbyNADPH.NADPH-inducedhyperpolarization
was blocked by HC-030031. (I) Summary data (n = 4 vessels, 4 rats); *P ≤ 0.05
compared with vehicle, control; #P ≤ 0.05 compared with vehicle, NADPH.
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K+ efflux. The ensuing hyperpolarization of the endothelial cell plasma
membrane is conducted to underlying smooth muscle to hyperpolarize
and relax that tissue, resulting in arterial dilation.

ROS-derived lipid peroxidation metabolites stimulate
TRPA1 sparklets and dilate cerebral arteries
NOX-derived ROS could stimulate endothelial cell TRPA1 activity direct-
ly or through generation of lipid peroxidation products (Fig. 4A). We
found that the NOX inhibitor apocynin attenuated NADPH-induced in-
creases in TRPA1 sparklet frequency (Fig. 4B) and inhibited vasodilation
in response to NADPH (Fig. 4C). These findings were supported by ex-
periments showing that NADPH-induced increases in TRPA1 sparklet
frequency and NADPH-induced dilation were attenuated by the NOX2
inhibitory peptide gp91ds-tat (26) but not by a scrambled control peptide
(scr. gp91ds-tat) (Fig. 4, B and D). These data confirm that NADPH in-
creases the generation of ROS by a NOX isoform (probably NOX2), re-
sulting in increased TRPA1 sparklet frequency and vasodilation.

When present on the plasma membrane, NOX produces O2
− in the ex-

tracellular space, which is rapidly dismutated to H2O2 by spontaneous or
superoxide dismutase–catalyzed reactions (Fig. 4A). We investigated whether
H2O2 downstream of NOX was involved in the activation of TRPA1 by
using catalase, a membrane-impermeable enzyme that rapidly degrades
H2O2. Catalase prevented NADPH-induced increases in TRPA1 sparklet fre-
quency (Fig. 4B), indicating that extracellular generation of H2O2 is required
for this response. Administration of NADPH in the presence of catalase
constricted intact cerebral arteries (Fig. 4E), indicating that H2O2 is required
for the vasodilatory response. Our data indicate that increases in endothelial
cell TRPA1 sparklet activity and cerebral artery dilation in response to ROS
generated by NOX require the generation of extracellular H2O2.

In the presence of iron (Fe2+), H2O2 is degraded to OH• through the
Fenton reaction. OH• are highly unstable and rapidly react with poly-
unsaturated fatty acids in the plasma membrane to generate lipid peroxi-
dation products such as 4-HNE. To distinguish between the direct effects
of H2O2 on TRPA1 activity and by-products generated by OH•, we che-
lated iron with deferoxamine to inhibit the Fenton reaction and diminish
the formation of OH• and lipid peroxidation (15). Deferoxamine blocked
NADPH-induced increases in TRPA1 sparklet frequency (Fig. 4B) and
blunted NADPH-induced dilation of intact cerebral arteries (Fig. 4F), sug-
gesting that generation of OH• and lipid peroxidation are necessary for
NOX-induced increases in TRPA1 sparklet activity and cerebral artery
dilation.

These findings are consistent with the possibility that compounds gen-
erated by ROS-dependent peroxidation of polyunsaturated fatty acids such
as 4-HNE and related compounds could serve as endogenous agonists of
TRPA1 channels in cerebral arteries. These substances react with cysteine,
histidine, and lysine residues to form stable protein adducts that are recog-
nized by specific antibodies (27). To determine if lipid peroxidation me-
tabolites are present, we probed intact cerebral arteries, mounted en face,
with an antibody that binds to 4-HNE–modified proteins. These experiments
revealed that 4-HNE–modified proteins were abundant in the cerebral artery
endothelium (Fig. 5A), with immunolabeling present in perinuclear regions
and within IEL fenestrations (Fig. 5A, arrows, inset) where NOX2, NOX4,
and TRPA1 channels are also present. Coimmunoprecipitation experiments
indicated association of TRPA1 and 4-HNE in cerebral arteries (fig. S4B).

To test our hypothesis that lipid peroxide metabolites activate TRPA1
channels in the endothelium, we examined the effects of endogenous ad-
ministration of these substances on TRPA1 sparklet activity and cerebral
artery diameter. Our findings show that exogenous administration of 4-HNE
induced a concentration-dependent increase in TRPA1 sparklet frequency
in cerebral artery endothelial cells (EC50, 64.8 ± 50.4 nM) (Fig. 5C),
Fig. 3. ROS generated by NOX dilate cerebral arteries by activating TRPA1.
(A) Representative recordings of the intraluminal diameter of an intact, pres-
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may be mediated by adaptor or scaffolding proteins selectively expressed
by the endothelium. It is possible that TRPA1 channels could also couple
with Ca2+-sensitive channels, such as TRPV4, but our TRPA1 sparklet
data provide no evidence for such an arrangement. Our data also showed
that only a few (about four to eight) TRPA1 sparklet sites are active per
cell under conditions sufficient to induce maximal dilation of cerebral ar-
teries. These findings support a scheme in which a large amount of Ca2+

entering the cell during individual TRPA1 sparklet events is sufficient to
allow these few active sites to generate very high local Ca2+ concentration
in subcellular domains, particularly within the confined space of myoen-
dothelial projections where TRPA1 and IK channels are present (11). We
propose that local increases in Ca2+ created by TRPA1 sparklets activate
nearby IK channels in myoendothelial projections, either directly or in-
directly through Ca2+-induced Ca2+ release from inositol trisphosphate re-
ceptors (32). The resulting efflux of K+ hyperpolarizes the endothelial cell
membrane, and the electrotonic spread of this influence through myoen-
dothelial gap junctions subsequently hyperpolarizes the underlying smooth
muscle to cause vasodilation (Fig. 6F) (33, 34).

ROS are involved in the control of cerebral endothelial cell function,
vascular reactivity, and blood flow. NOX is a major ROS generator in the
cerebral circulation (35, 36), and NOX abundance and basal O2

− production
are up to 120-fold higher in cerebral arteries than in the aorta and carotid,
mesenteric, and renal arteries (4). Our data demonstrated that ROS gener-
ated by NOX stimulates TRPA1 activity in the cerebral endothelium. We
also showed that NOX2 colocalizes with TRPA1 and that NOX-induced
TRPA1 activation and vasodilation are blocked by the gp91ds-tat peptide,
which is thought to be a specific inhibitor of NOX2 (26). These data pro-
vide evidence that generation of ROS by NOX2 increases TRPA1 activity in
the cerebral artery endothelium. Our findings also indicate that NOX-
derived O2

− does not directly activate TRPA1 in the endothelium but requires
the generation of H2O2 and OH• intermediates. Immunolabeling studies
presented here indicated that NOX2-, TRPA1-, and 4-HNE–modified pro-
teins are abundant within IEL fenestrations. This arrangement suggests that
localized generation of lipid peroxidation products within myoendothelial
projections activates TRPA1 sparklets to elicit vasodilation, a concept sup-
ported by our data showing that 4-HNE increased TRPA1 sparklet activity
in endothelial cells and dilated cerebral arteries. Together, these findings
provide support for a signaling cascade in which O2

− generated by NOX2
is converted to H2O2 and then to OH•, leading to peroxidation of membrane
lipids. The resulting metabolites activate TRPA1 channels in the endothelium.
Ca2+ influx through TRPA1 channels activates IK channels to hyperpolarize
the endothelial and smooth muscle cell plasma membrane, resulting in arterial
dilation (Fig. 6F).

Collectively, our data demonstrate that TRPA1 channels are central to a
ROS-sensing signaling pathway unique to the cerebral circulation that
causes endothelium-dependent vasodilation. The effects of NOX-derived
ROS were investigated here, but it is also possible that other sources of
ROS, such as mitochondrial respiration, could influence TRPA1 activity or
that NOX-derived ROS could influence other ROS-sensitive channels,
such as TRPM2 or TRPM7. NOX activity and ROS production are
increased in cerebral arteries during hypertension and other pathological
conditions (37), suggesting that TRPA1 channels and the pathway we de-
scribed here may provide some protection against cerebrovascular disease.
MATERIALS AND METHODS

Animals
Male Sprague-Dawley rats (300 to 400 g; Harlan) were deeply anesthetized
with pentobarbital sodium (50 mg, intraperitoneal) and euthanized by
w

exsanguination. Male and female mice (10 to 12 weeks old) were deeply
anesthetized by isoflurane inhalation (3%) and euthanized by cervical dis-
location followed by decapitation. Brains were isolated and placed in ice-
cold Mops-buffered saline. Cerebral and cerebellar arteries were isolated
from the brain, cleaned of connective tissue, and stored in Mops-buffered
saline. The University of Nevada School of Medicine and Colorado State
University Institutional Animal Care and Use Committees approved all
animal procedures.

Generation of eTRPA1−/− mice
eTRPA1−/− mice were created by crossing mice homozygous for loxP-flanked
TRPA1 S5/S6 transmembrane domain construct (“floxed TRPA1”; The
Jackson Laboratory, 008650 B.129-TRPA1tm2KyKw>/J) and mice hemizygous
for Cre recombinase under the control of the receptor tyrosine kinase Tek
(Tie2) promoter/enhancer [The Jackson Laboratory, B6.Cg-Tg(Tek-cre)1Ywa/J].
Tek imparts consistent Cre expression exclusively in the endothelium dur-
ing development and adulthood. F1 progeny positive for Cre were mated
with homozygous floxed TRPA1 mice. F2 progeny were genotyped by
PCR with genomic DNA obtained from ear or tail biopsies, and those
positive for Cre and homozygous for floxed TRPA1 were crossed with
homozygous floxed TRPA1 mice. eTRPA1−/− mice are viable and fertile.
Control mice were homozygous for floxed TRPA1 but negative for Cre.

RNA isolation and RT-PCR
For rat samples, total RNA was extracted and purified from the left main
and septal coronary, renal interlobar, cerebral, cerebellar, and first- to fourth-
order mesenteric arteries. For human samples, total RNAwas isolated from
human cerebral arteries or isolated smooth muscle cells, as well as primary
human microvascular endothelial cells from neonate dermis and human
brain microvascular endothelial cells; total RNA from human renal glo-
merular endothelial cells (4005) and human cardiac microvascular endo-
thelial cells (6005) was obtained from ScienCell Research Laboratories.
First-strand cDNAwas synthesized, and PCR was performed using primer
sets specific for rat TRPA1, rat eNOS, human TRPA1, or human eNOS.
PCRs always included a template-free negative control. Approval to use
the human tissues and cells was granted by the University of Calgary In-
stitutional Review Board.

Immunohistochemistry
Immunohistochemistry was performed on arteries in the en face prepara-
tion as previously described (11). Briefly, arteries were isolated, cleaned of
connective tissue, and cut open longitudinally. Tissue was fixed with 4%
formaldehyde, then permeabilized and blocked with a phosphate-buffered
saline (PBS) solution containing 1% Triton X-100 and 2% bovine serum
albumin (BSA). Arteries were incubated with primary antibody overnight
at 4°C, then washed and incubated with a Texas red–conjugated secondary
antibody for 2 hours at room temperature. Tissue was washed and
mounted on a slide with UltraCruz Mounting Medium (Santa Cruz Bio-
technology, sc-24941), which contains DAPI nuclear stain. Fluorescence
images were obtained using a FluoView 1000 laser-scanning confocal mi-
croscope (Olympus).

Western blotting for human TRPA1
Human brain samples were obtained in accordance with the guidelines of
the Declaration of Helsinki after obtaining approval from the University of
Tennessee Health and Science Center review board and receiving written
informed consent. A temporal lobe sample was obtained from an adolescent
male who underwent a lobectomy and had no history of hypertension or
stroke. The cerebral tissue was immediately placed in chilled Dulbecco’s
modified Eagle’s medium for transportation. Human cerebral arteries were
ww.SCIENCESIGNALING.org 6 January 2015 Vol 8 Issue 358 ra2 8
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80 mmHg (rat) or 60 mmHg (mouse) and allowed to develop stable my-
ogenic tone. A change in diameter in response to NADPH (10 mM), HC-
030031 (10 mM), LNNA (300 mM), indomethacin (10 mM), TRAM-34
(1 mM), apocynin (30 mM), gp91ds-tat (1 mM), scr. gp91ds-tat (1 mM),
catalase (750 U/ml), deferoxamine (100 mM), or 4-HNE (10 mM) was
recorded. Passive diameter was determined by superfusing vessels with
Ca2+-free PSS (no added Ca2+, 3 mM EGTA). Percent myogenic tone was
calculated as the difference in active and passive diameter at 80 mmHg
divided by the passive diameter and multiplied by 100. Percent dilation
was calculated as the change in myogenic tone between baseline and
treatment.

Proximity ligation assay
Colocalization of TRPA1 with either NOX2 or NOX4 in primary rat ce-
rebral artery endothelial cells or intact, en face rat cerebral arteries was
studied using an in situ PLA detection kit (Duolink, Olink Biosciences
Inc.) (21), essentially as previously described (38). Cells and vessels were
fixed with 4% formaldehyde for 10 or 20 min, respectively, at room tem-
perature followed by a 2-hour fixation at 4°C. After being washed with
PBS, cells or vessels were permeabilized with cold methanol (−80°C) or
1% Triton X-100, respectively, and incubated overnight in a 2% BSA
blocking solution containing primary antibodies. After incubation with
primary antibodies, cells or vessels were washed in blocking solution fol-
lowed by three 10-min washes with 5 ml of Duolink In Situ Wash Buffer
A. Cells and vessels were incubated in a humidified chamber at 37°C for
1 hour with secondary anti-rabbit PLUS and anti-goat MINUS PLA
probes and then washed three times (5 min each) in 5 ml of Wash Buffer
A at room temperature. Samples were incubated in ligation-ligase solution
for 30 min at 37°C in a humidified chamber and then washed three times
(2 min each) in 5 ml of Wash Buffer A at room temperature. Last, samples
were incubated in Amplification-Polymerase solution for 100 min at 37°C
in a humidified chamber and then washed twice (2 min each) in 5 ml of
Duolink In Situ Wash Buffer B. Cells were further washed in 1% Wash
Buffer B for 1 min and mounted using Duolink In Situ Mounting Medium
containing DAPI nuclear stain. Fluorescence images were obtained using
a spinning disc confocal microscope (Andor) and a 100× oil-immersion
objective. Positive signals (bright red puncta) were only generated when
the two PLA probes were in close proximity (<40 nm). Excitation of flu-
orescent puncta was achieved at 543 nm, and autofluorescence of the
cytosol was illuminated at 488 nm. Images were analyzed with Volocity
imaging software (v6.0, Perkin-Elmer Inc.). Negative control experiments
were performed by omitting primary antibodies or PLA probes; no posi-
tive signals were detected under these conditions. The density of positive
puncta per cell was determined using an automated object-finding pro-
tocol in Volocity.

Smooth muscle cell membrane potential
Smooth muscle cell membrane potential recordings were performed in
isolated, pressurized cerebral arteries as previously described (11). Briefly,
cerebral arteries were isolated and pressurized to 80 mmHg. Smooth
muscle cells were impaled through the adventitia with glass intracellular
microelectrodes (tip resistance, 100 to 200 megohms). A WPI Intra 767
amplifier was used for recording membrane potential (Em). Analog output
from the amplifier was recorded using IonWizard software (sample fre-
quency, 20 Hz). Criteria for acceptance of Em recordings were (i) an abrupt
negative deflection of potential as the microelectrode was advanced into a
cell, (ii) stable membrane potential for at least 1 min, and (iii) an abrupt
change in potential to ∼0 mV after the electrode was retracted from the
cell. Changes in smooth muscle membrane potential in response to NADPH
(10 mM) and HC-030031 (10 mM) were assessed.
ww
Data analysis and statistics
All data are means ± SE. Statistical analyses were performed, and graphs
were constructed using SigmaPlot v11.0. Unpaired or paired t tests were
used to compare two groups. Multiple groups were compared using one-
way or two-way analysis of variance followed by a Student-Newman-Keuls
post hoc test to ascertain statistical differences. A value of P ≤ 0.05 was
considered statistically significant for all experiments. Histograms were
constructed and fit to multiple Gaussian functions using OriginPro v8.5,
and SigmaPlot was used to create the figures. Concentration-response
curves were made by fitting data to a four-parameter logistic equation
using SigmaPlot.
SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/8/358/ra2/DC1
Fig. S1. NOX antibody specificity.
Fig. S2. NADPH oxidase proteins are present in myoendothelial projections.
Fig. S3. TRPA1 and NOX2 colocalize near IEL fenestrations.
Fig. S4. TRPA1 does not physically interact with NOX2 but is modified by 4-HNE.
Fig. S5. AITC stimulates Ca2+ influx in endothelial cells.
Fig. S6. TRPA1 sparklets in TRPA1-GFP–transfected HEK 293 cells.
Fig. S7. TRPA1 protein in mouse arteries.
Table S1. TRPA1 sparklet properties.
Table S2. Vascular reactivity of cerebral arteries from control and eTRPA1−/− mice.
Movie S1. TRPA1 sparklets in endothelial cells.
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potassium-permeable channel, resulting in dilation of cerebral arteries.
oxidized lipids, which triggered calcium influx through the ion channel TRPA1. In turn, this calcium influx activated a
Reactive oxygen species (ROS) cause lipid peroxidation. In endothelial cells in cerebral arteries, locally produced ROS 

 characterized a signaling pathway that is specific to the endothelial cells that line cerebral arteries.et al.Sullivan 
Cerebral arteries must maintain constant blood flow to the brain even though blood pressure fluctuates constantly.
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