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Aims Microdomain signalling mechanisms underlie key aspects of artery function and the modulation of intracellular
calcium, with transient receptor potential (TRP) channels playing an integral role. This study determines the distri-
bution and role of TRP canonical type 3 (C3) channels in the control of endothelium-derived hyperpolarization
(EDH)-mediated vasodilator tone in rat mesenteric artery.

Methods
and results

TRPC3 antibody specificity was verified using rat tissue, human embryonic kidney (HEK)-293 cells stably transfected
with mouse TRPC3 cDNA, and TRPC3 knock-out (KO) mouse tissue using western blotting and confocal and ultra-
structural immunohistochemistry. TRPC3-Pyr3 (ethyl-1-(4-(2,3,3-trichloroacrylamide)phenyl)-5-(trifluoromethyl)-
1H-pyrazole-4-carboxylate) specificity was verified using patch clamp of mouse mesenteric artery endothelial and
TRPC3-transfected HEK cells, and TRPC3 KO and wild-type mouse aortic endothelial cell calcium imaging and mes-
enteric artery pressure myography. TRPC3 distribution, expression, and role in EDH-mediated function were exam-
ined in rat mesenteric artery using immunohistochemistry and western blotting, and pressure myography and
endothelial cell membrane potential recordings. In rat mesenteric artery, TRPC3 was diffusely distributed in the
endothelium, with approximately five-fold higher expression at potential myoendothelial microdomain contact
sites, and immunoelectron microscopy confirmed TRPC3 at these sites. Western blotting and endothelial damage
confirmed primary endothelial TRPC3 expression. In rat mesenteric artery endothelial cells, Pyr3 inhibited hyperpo-
larization generation, and with individual SKCa (apamin) or IKCa (TRAM-34) block, Pyr3 abolished the residual
respective IKCa- and SKCa-dependent EDH-mediated vasodilation.

Conclusion The spatial localization of TRPC3 and associated channels, receptors, and calcium stores are integral for myoen-
dothelial microdomain function. TRPC3 facilitates endothelial SKCa and IKCa activation, as key components of
EDH-mediated vasodilator activity and for regulating mesenteric artery tone.
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1. Introduction
The pathways that underlie endothelium-dependent vasodilation due
to endothelium-derived hyperpolarization (EDH) are a topic of
ongoing debate.1,2 The specific mechanisms underlying EDH vary
within and between vascular beds and in disease, where alterations
represent potential therapeutic targets for correction.3 In rat mesen-
teric artery, mechanisms intimately linked with EDH occur at specia-
lized myoendothelial microdomain contact sites,4 –7 where localized
gap junction connexins (Cxs)37 and 40, intermediate-conductance
calcium-activated potassium channels (IKCa), and endothelial endo-
plasmic reticulum (ER) inositol 1,4,5-trisphosphate receptors (IP3R)
are present.5,7,8 Calcium influx across the membrane and Ca2+

release from stores underlie EDH generation.9 While EDH-related
IP3R-mediated calcium release9,10 is the likely source of calcium for
endothelial IKCa activation,7 the source of calcium underlying small
conductance calcium-activated potassium channels (SKCa)-related
EDH activity is less well characterized, but is also likely to involve
an IP3R-dependent mechanism, perhaps via a pathway distinct to
that associated with IKCa.

From a functional perspective, myoendothelial gap junction Cxs
permits the direct transfer of an EDH current to the smooth
muscle.3,7,11 In addition, in rat mesenteric artery, IKCa-dependent K+

release into the highly localized (approximately ,30 nm) myoendothe-
lial space between endothelial and smooth muscle cells facilitates
diffusion-mediated signalling,5 –7 and separately or synergistically, acti-
vation of low-level endothelial cell membrane SKca and IKCa

8 may
also contribute to EDH via their release of diffusible K+ as a ‘cloud’
across the �1 mm wide internal elastic lamina (IEL) ‘space’.12 Collect-
ively, in rat mesenteric arteries, the SKCa and IKCa-dependent K+

release activates adjacent smooth muscle Na-K-ATPase,6,13 with the
K+ outflow also interacting with closely associated inward rectifying po-
tassium channels (Kir) on endothelial projections,6,13 with some activity
also potentially occurring at more diffusely distributed Kir on the endo-
thelial cell membrane. The net result of the myoendothelial gap junction
and K+-mediated signalling is hyperpolarization of the adjacent smooth
muscle, closure of smooth muscle voltage-dependent calcium channels,
inhibition of phospholipase C,14 and vessel relaxation. In theory, there
may be three types of myoendothelial signalling microdomains in rat
mesenteric arteries: (i) those that facilitate current transfer (as myoen-
dothelial gap junction/Cx-based sites only); (ii) K+-mediated signalling
alone (as IKCa-IP3R and/or SKCa-based sites); or (iii) a combination of
these two mechanisms. Regardless, a regenerative mechanism of refill-
ing of the localized ER calcium store is necessary at specialized
myoendothelial microdomain sites to maintain the local functional
mechanisms involved in EDH generation.

Transient receptor potential (TRP) channels are a family of gener-
ally non-selective cation channels that are activated and regulated by a
wide variety of stimuli15–18 and play significant roles in cellular calcium
homeostasis. A role for several TRP channel subtypes in vascular func-
tion has been suggested,15,17–19 and in vascular EDH-type function,
these include TRP ankyrin type 1 (A1)20,21, TRP canonical type 3
(C3)22,23, TRP vanilloid type 3 (V3)21, and TRPV4.24–26 In rat cerebral
artery, TRPA1 has been suggested to play a role in myoendothelial sig-
nalling,20 with a similar role being proposed for TRPC3 in co-cultured
mouse aortic endothelial and smooth muscle cells.22 In rat cerebral
artery, TRPV3 has also been suggested to facilitate endothelial cell
calcium influx for EDH-type vasodilator activity.21 In a similar
manner, calcium entry through endothelial TRPV4 channels has

been reported to trigger nitric oxide (NO)-dependent relaxation in
rat carotid artery, and NO- and EDH-type relaxation in rat gracilis
muscle arterioles.25 A role for TRPV4 has also been suggested in
EDH-type relaxation in rat cerebral artery,24 with a potential role
for such channels in NO- and EDH-type relaxation in mouse mesen-
teric artery.26 However, no direct relationship with myoendothelial
microdomain activity was demonstrated in the above endothelial
TRPV3 and 4 studies.

The basis for investigating the potential role of TRPC3 in rat mes-
enteric artery comes from the suggestion that TRPC3 are present in
close proximity to IP3R

22 at myoendothelial contact sites in
co-cultured mouse aortic endothelial and smooth muscle cells. An
interactive association of TRPC3 and IP3Rs has also been described
in isolated uterine artery endothelial cells,23 although whether this as-
sociation occurred at myoendothelial microdomains in intact arteries
was not clarified. Regardless, direct interaction of TRPC3 and IP3R
would be predicted to facilitate calcium entry at microdomain sites.

The present study determines the distribution and role of TRPC3 in
rat mesenteric arteries, with the hypothesis that such channels are
present at microdomains to facilitate ER calcium influx that underlies
IKCa and SKCa activation and endothelial cell hyperpolarization, as an
essential component of EDH-mediated vasodilation.

2. Methods

2.1 Animals and tissue
Adult male Sprague Dawley rats were anaesthetized with sodium pen-
tathol (100 mg/kg; ip), and �300 mm diameter first- to third-order mes-
enteric arteries dissected in Krebs’ solution containing (in mM): 112 NaCl,
25 NaHCO3, 4.7 KCl, 1.2 MgSO4.7H2O, 0.7 KH2PO4, 10 HEPES, 11.6
glucose, 2.5 CaCl2.2H2O; pH 7.3. Male 8–10-week-old TRPC3 knock-out
(KO) mice27 generated on a 129SvEv/C57BL/6J mixed background and
age-matched littermate WT controls were anaesthetized with isofluorane
and the aorta dissected in Hank’s balanced salt solution for imaging
studies. Rat liver, and mouse liver, aorta, and mesenteric arteries were
also dissected from anaesthetized (sodium pentathol; 100 mg/kg; ip)
animals for reagent characterization studies.

All procedures conform with the Guide for the Care and Use of La-
boratory Animals published by the US National Institutes of Health
(NIH Publication no. 85–23, revised 1996), and were approved by the
Animal Ethics Committees of the University of New South Wales (09/
43B), Monash University (SOBSA/P/2007/100), and Baylor College of
Medicine (AN-4366). Respiration rate and tactile responses were moni-
tored to indicate adequacy of anaesthesia.

2.2 Reagent characterization
TRPC3 antibody specificity was determined by immunohistochemistry
using stably transfected human embryonic kidney (HEK)-293 cells expres-
sing mouse TRPC3 (see Supplementary material online, Figure S1A–C),
and by confocal immunohistochemistry (see Supplementary material
online, Figures S1D–I and S2A) and western blotting using extracts of
tissues from a rat (see Supplementary material online, Figure S3).

The specificity of the putative TRPC3 blocker Pyr3 (ethyl-1-
(4-(2,3,3-trichloroacrylamide)phenyl)-5-(trifluoromethyl)-1H-pyrazole-4-
carboxylate) was validated by pressure myography in the mesenteric artery
from KO and WT mice, patch clamp using freshly isolated mouse mesenter-
ic artery endothelial cells (see Supplementary material online, Figure S4) and
transfected HEK cells expressing TRPC3 (see Supplementary material
online, Figure S5), and by calcium imaging using aortic endothelial cells
obtained from KO and WT mice (see Supplementary material online,
Figure S2B).
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Full methods, including patch clamp and calcium imaging used for
reagent characterization, as well as statistics, drug, and reagent details
are available as Supplementary material online. Primary antibodies and
primer characteristics are detailed in Supplementary material online,
Tables S1 and S2.

2.3 Rat mesenteric artery TRPC3
The characteristics of TRPC3 channels in adult male Sprague Dawley rat
mesenteric artery were determined using confocal and ultrastructural

immunohistochemistry, western blotting, and pressure myography and
endothelial cell membrane potential recordings (Figures 1 and 2).

2.3.1 Histology
The distribution of TRPC3 was examined in rat mesenteric artery, and KO
and WT mouse aorta and mesenteric artery, using conventional confocal
immunohistochemistry as previously described.4,8 The distribution of the
von Willebrand factor (vWF) was examined and arteries in which the
endothelium had been disrupted compared with the intact artery, with
methods as previously described.4,8,28

Figure 1 TRPC3 localization and expression in rat mesenteric artery. Localized holes (dark spots; examples with arrows; A), are present in the
internal elastic lamina (IEL; A) between the vascular endothelium and smooth muscle. TRPC3 presence in endothelial cells (EC; B and C) and apparent
absence in smooth muscle cells (C, inset) was demonstrated using TRPC3 antibody batches AN-02, 03, and 07 (Supplementary material online, Table
S1; AN-07, as example used here). Low-level diffuse TRPC3 is localized to the endothelial membrane (B), while overlay of IEL and TRPC3 label (C)
shows strong TRPC3 expression at a proportion of IEL holes at the IEL-SM focal plane border (examples indicated with arrows with asterisks; see also
Tables 1 and 2), as potential myoendothelial microdomain sites, noting that not all such sites have localized TRPC3 densities (example, arrow with no
asterisk). Peptide block abolished staining (A, inset), with no labelling being present when incubated in the secondary antibody alone (data not shown).
Perivascular nerve labelling (compare morphology with Milner et al.52) acts as a positive control (B, inset, examples indicated with arrows). The TRPC3
antibody (AN-07) conjugated to 10 nm colloidal gold (D–F) confirms TRPC3 localization to myoendothelial contact regions (F, examples arrowed), as
potential myoendothelial microdomain signalling sites, as well as at other sites within the endothelium (B, examples indicated with arrows). Vessel
region in (A–C) correspond. Longitudinal vessel axis (A–C), left to right, n ¼ 6 and 3, each from a different animal (A–C and D–F, respectively).
The characteristics of rat mesenteric artery TRPC3 and its primary endothelial expression were examined using western blotting and the TRPC3
antibody (ACC-016; AN-07 used here; Supplementary material online, Table S1). Monoglycosylated TRPC3 is present as a band at �120 kDa
(G2, box; +EC; see also Goel et al.53), while the band at approximately .220 kDa (G1, box; see also Dietrich et al.54) probably represents an un-
dissociated aggregate of the TRPC3 tetrameric channel complex. TRPC3 expression was normalized to actin (at �43 kDa; lower bands, G), with
endothelial removal (2EC; G, upper right column) reducing TRPC3 expression at approximately 120 and .220 kDa by approximately two-fold
each (H, upper and lower, respectively; *P , 0.05, significant; values being mean+ SEM). Two lanes per artery were run with tissue from three dif-
ferent rats, 12 in total, with 20 mg of protein per lane being loaded. von Willebrand factor (vWF) labelling verified endothelial removal in whole-mount
preparations (G, lower panels). Scale bars, 25 mm (A–C and G), 50 mm (B, inset), 5 mm (D), 2 mm (E), 1 mm (F).
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2.3.2 Western blotting
The specificity of the TRPC3 antibody and characteristics of TRPC3 chan-
nels in adult male Sprague Dawley rat mesenteric artery were determined
using western blotting. Rat mesenteric arteries and liver and mouse liver
were rapidly frozen, and stored in liquid nitrogen, with western blotting
conducted with controls, as previously described.13,29 Of note, to verify
potential endothelial or smooth muscle cell TRPC3 expression, samples
were prepared for western blotting using rat mesenteric artery from
which the endothelium had been disrupted.

2.3.3 TRPC3 and EDH-mediated vasodilation—pressure
myography
The characteristics of TRPC3 channels in adult male Sprague Dawley rat
and mouse mesenteric arteries were determined using pressure myogra-
phy. Freshly dissected rat (internal diameter in 0 mM calcium, 287+
6 mm; n ¼ 15) and mouse mesenteric arteries (internal diameter in
0 mM calcium, control, 175+8 mm; n ¼ 4; TRPC3 KO, 167+8 mm; n
¼ 6) were cannulated in a pressure myograph and continuously super-
fused with Krebs’ solution (378C) at a rate of 3 mL/min, bubbled with

Figure 2 TRPC3 in endothelium-dependent relaxation and endothelial cell hyperpolarization in rat mesenteric artery. In pressurized rat mesenteric
arteries, relaxation to ACh (1 nM–100 mM) was examined in the presence and absence of Pyr3 (0.3 mM, A; 1 mM, A–C) with apamin (50 nM; B), or
TRAM-34 (1 mM; C ), or combined apamin and TRAM-34, to determine the relative contribution of TRPC3, SKCa, and IKCa. L-NAME (100 mM), ODQ
(10 mM), and indomethacin (10 mM) were present in all experiments. n ¼ 5–7 experiments, each from different animals; P , 0.05 indicates difference
in *pEC50, or #Emax, relative to the ACh control (see Table 3 for drug characteristics). The endothelial cell hyperpolarization evoked by ACh [1 mM;
100%; n ¼ 6; E(i)] in the presence of L-NAME (100 mM) and indomethacin (10 mM) was recorded in the presence of Pyr3 alone [1 mM; n ¼ 6; E(ii)],
Pyr3 and TRAM-34 [5 mM; n ¼ 4; E(iii)], and Pyr3, TRAM-34, and apamin [100 nM, n ¼ 4; D and E(iv)]. Example endothelial cell membrane potential
recordings show hyperpolarization before and after the addition of Pyr3, TRAM-34, and apamin [E(ii– iv)]. Pyr3 (1 mM) reduced the hyperpolarization
to ACh [D and E(ii– iv)], with the remaining hyperpolarization having a complex nature [D and E(ii– iv)], consisting of an initial rapid component
[C1, with arrow in E(ii,iii)] followed by a second slower component [C2, with arrow in E(ii,iii)]. In the presence of all blockers, ACh evoked endothelial
cell depolarization (E, far right) trace. Inset shows the example of dye-filled endothelial cells (Ea, inset, arrow) indicates cells from which recording was
made. Scale bar, 50 mm, with the longitudinal vessel axis, left to right.
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5% CO2–95% N2. Arteries were pressurized to 80 mmHg with incremen-
tal increases over 80 min. Vessels were initially pre-constricted with
superfused phenylephrine (PE) [1 mM; to 80% of maximum constriction,
including with equal levels of pre-constriction in the presence of
Pyr3, 1-[(2-chlorophenyl)diphenylmethyl]-1H-pyrazole (TRAM-34), and
apamin], which was present in all experiments. Endothelium-dependent
vasodilation in rat mesenteric arteries was evoked with increasing concen-
trations of acetylcholine (Ach) (1–30 mM) added cumulatively to the bath,
while the response in mouse mesenteric artery was evoked using the
PAR-2 agonist, SLIGRL, at 10 mM.30

Experiments were conducted in the presence of Nv-nitro-L-arginine
methyl ester (L-NAME; 100 mM; NO synthase blocker), ODQ (1H-
[1,2,4] oxadiazolo-[4,3-a]quinoxalin-1-one]; 10 mM; sGC blocker), and
indomethacin (10 mM; cyclooxygenase blocker), as well as the putative
TRPC3 blocker Pyr3 (1 mM for 20 min)31, apamin (15 min; 100 nM), and/
or TRAM-34 (30 min; 1 mM), the latter two agents as defining blockers of
EDH,1,12,32 prior to addition of ACh or SLIGRL. Additional experiments
on rat mesenteric artery were also performed in the absence of L-NAME,
ODQ, and indomethacin. Artery diameter changes are expressed as a per-
centage of the maximal dilation achieved by replacing the control Krebs’ so-
lution with calcium-free Krebs’ solution at the end of the experiment.

2.3.4 TRPC3 and EDH—sharp electrode electrophysiology
The characteristics of TRPC3 channels in adult male Sprague Dawley rat
mesenteric artery were determined using endothelial cell membrane po-
tential recordings. Freshly dissected rat mesenteric arteries were cut along
the longitudinal axis and pinned, endothelium uppermost, to the base of a
recording chamber and continuously superfused as described previously.4

L-NAME (200 mM) and indomethacin (1 mM) were present in all experi-
ments. The membrane potential of endothelial cells was recorded using
intracellular glass microelectrodes containing 1 M KCl (100–140 MV re-
sistance) and the tips were filled with Lucifer Yellow CH to allow un-
equivocal identification of every impaled cell.4 Endothelial cells were
stimulated with 1 mM ACh for 1 min. Responses were recorded in the
absence (control) and presence of Pyr3 (1 mM), TRAM-34 (5 mM), and
apamin (100 nM). Responses recorded in the presence of blockers
were expressed as a per cent of the control response in L-NAME and
indomethacin.

3. Results

3.1 Reagent characterization
Specificity of the TRPC3 antibody was confirmed using confocal immu-
nohistochemistry. TRPC3 was absent in both cell layers of TRPC3 KO
mouse mesenteric artery (see Supplementary material online, Figure
S1H and I). In WT mesenteric artery, TRPC3 was present in the
endothelium, but there was an apparent absence in the smooth
muscle (see Supplementary material online, Figure S1D–G). Under
equivalent conditions, TRPC3 was detected in the endothelium and

smooth muscle of WT aorta (see Supplementary material online,
Figure S2A).

Additional specificity data for Pyr3 and the TRPC3 antibody are
detailed in the Supplementary material online, Results and Discussion,
and Supplementary material online, Figures S1–S5.

3.2 Mesenteric artery
3.2.1 TRPC3 protein localization and expression
The distribution of TRPC3 in rat mesenteric artery was determined
using confocal immunohistochemistry of whole-mount tissue
(Figure 1A–C ), as well as high-resolution ultrastructural immunolocali-
zation (Figure 1D–F ). Semi-quantitative mean fluorescence density of
TRPC3 over the endothelial cell membrane, exclusive of IEL hole
sites, was 2558+ 115, compared with 13 827+788 arbitrary units
for IEL holes sites exhibiting densities of TRPC3 labelling (Figure 1B).
Thus, TRPC3 was present at a low level over the endothelial cell mem-
brane at non-IEL hole sites, with a greater than five-fold higher fluores-
cence density at �73% of IEL hole sites (Figure 1A–D; Tables 1 and 2).
The comparative frequency of TRPC3 at the IEL sites was approximate-
ly three-fold higher than that of myoendothelial gap junctions, which
were present at �23% of IEL holes sites (Tables 1and 2). Confocal fluor-
escence density of TRPC3-labelled rat mesenteric artery smooth
muscle was not significantly different from that of the negatively labelled
TRPC3 KO mouse mesenteric artery smooth muscle (1187+ 27, com-
pared with 1225+ 10 arbitrary units; P , 0.05; compare Figure 1C,
inset, and Supplementary material online, Figure S1I, respectively). Ultra-
structural immunohistochemistry confirmed TRPC3 expression at
regions of close association of endothelial and smooth muscle cells of
,30 nm (Figure 1D–F ), as potential myoendothelial microdomain
sites, as well as at the endothelial, but not the smooth muscle cell mem-
brane and cytoplasm. TRPC3 was also expressed in the perivascular
nerve plexus (Figure 1B, inset).

Rat mesenteric artery TRPC3 protein expression was confirmed by
western blotting, which recognized the monoglycosylated and
complex forms of the TRPC3 protein as faint bands at approximately
120 and .220 kDa, respectively (Figure 1G and H; see Supplementary
material online, Figure S3C and D), as well as a band at �60 kDa
(Figure 1G; see Supplementary material online, Figure S3C and D),
which is a likely breakdown product of the TRPC3 protein. Each of
these bands was abolished by peptide block of the primary antibody.
To verify potential endothelial or smooth muscle cell TRPC3 expres-
sion, western blots were run on endothelium-disrupted, compared
with intact mesenteric arteries. The TRPC3 signal at approximately
120 and .220 kDa from intact vessels was approximately two-fold
higher than from endothelium-disrupted vessels (Figure 1G and H ),
with the �60 kDa band being reduced in a similar manner
(Figure 1G). Endothelium disruption of samples of the same vessel seg-
ments as used in the endothelium-disrupted western blot
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Table 1 IEL hole, TRPC3, and myoendothelial gap junction (MEGJ) characteristics (per 104 mm2) in rat mesenteric artery

IEL
holes

IEL holes with TRPC3
plaques

IEL holes with no
TRPC3

Number of TRPC3
plaques

TRPC3 plaques not at IEL
holes

MEGJ
density

71+7 52+6 19+6 60+7 8+2 16.3+1.8

For IEL and TRPC3 characteristics, n ¼ 4, each from a different rat; each n being the mean data from four different randomly selected 104 mm2 regions. For MEGJ characteristics, n ¼ 3
series of 5 mm of serial sections, each from a different animal. Data are mean+ SEM.
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experiments was confirmed with vWF immunohistochemistry
(Figure 1G, lower panels).

3.2.2 TRPC3 and EDH-mediated vasodilation—pressure
myography
In rat mesenteric arteries, in the presence of L-NAME, ODQ, and
indomethacin, ACh-induced vasodilation was significantly attenuated
and blocked by respective 0.3 and 1 mM Pyr3 application (Figure 2A;
Table 3). In the absence of L-NAME, ODQ, and indomethacin,
maximum ACh-induced dilation was unaffected, although the sensitiv-
ity to ACh was increased (see Supplementary material online, Figure
S6). Further, the absence of L-NAME, ODQ, and indomethacin had
no effect on the maximum dilation in the presence of 1 mM Pyr3
(see Supplementary material online, Figure S6). Higher concentrations
of Pyr3 (3 and 10 mM) were found to block PE-induced constriction (n
¼ 3, each; data not shown), and thus 1 mM was used in subsequent
experiments, for specific Pyr3 block. ACh-induced vasodilation was
significantly attenuated by the SKCa blocker, apamin (100 nM), and
abolished with the additional application of Pyr3 (1 mM; Figure 2B;
Table 3) or the IKCa blocker, TRAM-34 (1 mM; Table 3). In a similar
manner, ACh-induced vasodilation was significantly attenuated by
TRAM-34, and abolished with the addition of Pyr3 (Figure 2C;
Table 3). Thus, with individual SKCa or IKCa block, Pyr3 blocked the

respective residual KCa-mediated components of EDH-mediated
vasodilation.

3.2.3 Sharp electrode electrophysiology—endothelial cell
membrane potential
In the presence of L-NAME and indomethacin, ACh (1 mM) evoked a
hyperpolarization of 23+1 mV (n ¼ 6) in rat mesenteric artery
endothelial cells, with Pyr3 (1 mM) significantly reducing the hyperpo-
larization amplitude (Figure 2D and E). In the presence of Pyr3, the
hyperpolarization had a complex nature, consisting of an initial rapid
component of 13+2 mV (n ¼ 6, P , 0.05, compared with control;
Figure 2D; C1 in Figure 2E) followed by a second slower component
of 8+3 mV (n ¼ 6, P , 0.05, compared with control; Figure 2D; C2
in Figure 2E). Both components of this remaining hyperpolarization
were abolished by the combination of TRAM-34 and apamin
(Figure 2D and E).

4. Discussion
The present anatomical and functional data support a link between
TRPC3 channels, and the KCa channel-mediated endothelial vasodila-
tor function associated with the EDH mechanism in rat mesenteric
arteries. TRPC3 probably facilitates calcium entry for close spatially
associated IP3R-dependent ER calcium store refilling,7,9,10 and/or
direct activation of SKCa and IKCa. Support for such a role of
TRPC3 is illustrated in the present study by coincident TRPC3 and
IKCa localization at a higher density at a proportion of IEL hole
sites, as well as at the endothelial cell surface, where lower level
SKCa and IKCa occur.6,8,13 Similar spatial localization of ER-IP3R
occurs near the cell membrane in the subplasmalemmal compart-
ment,33 with higher level localization at IEL hole sites7,34 (summarized
in Figure 3; see also Supplementary material online, Figure S7). Further,
functional Pyr3-mediated TRPC3 block selectively abolishes the
remaining respective SKCa- and IKCa-mediated EDH activity. Collect-
ively, these data support the presence of a functional signalling micro-
domain which is critical for EDH activity in rat mesenteric arteries.

A functional and spatial association between TRPC3, IP3R, and KCa

exists in a variety of cell types. For example, a functional interaction of

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 Proportion of internal elastic lamina holes with
localized channel densities in rat mesenteric artery

TRPC3 IKCa
a IP3Rb MEGJs (EM) Cx37a Cx40a

�73% �80% �75% �23% �28% �31%

IKCa, intermediate-conductance calcium-activated potassium channel; IP3R, inositol
1,4,5-trisphosphate receptor. EM, from serial-section electron microscopy analysis.
See also Supplementary material online, Figure S6.
aFrom Sandow et al.4
bFrom Sandow et al.7

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 3 Effect of drug interventions on endothelium-dependent vasodilation in rat mesenteric arteries

pEC50 Emax n

Vehicle 6.4+0.1 94.3+2.1 14

L-NAME (100 mM) + ODQ (10 mM) + indomethacin (10 mM) 6.9+0.2 86.1+5.0 10

L-NAME/ODQ + indomethacin + Pyr3 (0.3 M) 6.8+0.2 38.5+16.6*,† 6

L-NAME/ODQ + indomethacin + Pyr3 (1 mM) — 26.0+12.1*,† 5

L-NAME/ODQ + indomethacin + TRAM-34 (1 mM) 5.4+0.3*,† 72.9+10.8 7

L-NAME/ODQ + indomethacin + TRAM-34 + Pyr3 (1 mM) — 10.7+8.1*,†,‡ 7

L-NAME/ODQ + indomethacin + apamin (50 nM) 5.6+0.2*,† 53.0+11.8† 7

L-NAME/ODQ + indomethacin + apamin + TRAM-34 — 13.1+5.6* 3

L-NAME/ODQ + indomethacin + apamin + Pyr3 (1 mM) — 10.8+5.5*,†,§ 7

L-NAME/ODQ + indomethacin + apamin + TRAM-34 + Pyr3 — 1.3+2.8* 4

Data are mean+ SEM.
*P , 0.05, significant compared with vehicle.
†P , 0.05, significant compared with L-NAME + ODQ + indomethacin.
‡P , 0.05, significant compared with L-NAME + ODQ + indomethacin + TRAM-34.
§P , 0.05, significant compared with L-NAME + ODQ + indomethacin + apamin.
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IP3R and TRPC3 has been proposed in HEK-293 cells,35 cultured
bovine pulmonary artery endothelial cells,36 and passage 3–4
bovine uterine artery endothelial cells,23 the latter being suggested
to relate to NO-mediated activity.37 Further demonstration of such
a relationship has also been shown in rat cerebral artery, and in iso-
lated smooth muscle cells of these arteries,38 as well as in isolated
rabbit coronary artery smooth muscle cells.39 Similar reports of a
functional interaction of IP3R and large-conductance KCa have also
been suggested in isolated basilar artery smooth muscle cells,40 and
in cultured murine pancreatic b-cells,41 while IP3R and IKCa have
been reported to functionally interact in isolated guinea pig gastric
smooth muscle cells.42 Thus, the precedent for functional interaction
of TRPC3, IP3R, and KCa exists, supporting the potential spatial-
related functional activity of these channels and receptors in myoen-
dothelial signalling in rat mesenteric arteries.

The present data show that in the mesenteric artery of adult male
rats, TRPC3 is expressed in endothelial cells. Indeed, given that the
endothelium constitutes a relatively small mass of the vessel wall com-
pared with the smooth muscle (approximately ,10%; see Figure 2 in
Sandow and Hill43 and Figure 1A in Haddock et al.13 for examples),
that TRPC3 expression is reduced by .50% with endothelial
removal, and that TRPC3 is expressed in the perivascular nerve
plexus (Figure 1B, inset), any smooth muscle TRPC3 expression in
the intact rat mesenteric artery is negligible.

In rat mesenteric artery, 0.3–1 mM Pyr3 significantly attenuates
EDH-mediated vasodilation, with this activity being verified in the
mesenteric artery from KO and WT mice. At these concentrations,
the actions of Pyr3 were selective for EDH-mediated vasodilation
(see Supplementary material online, Figure S6) and did not influence
the level of underlying vasoconstriction, with patch-clamp data sup-
porting a lack of direct Pyr3 effect on SKCa or IKCa (see Supplemen-
tary material online, Figure S4). Furthermore, when either SKCa or IKCa

were blocked, subsequent exposure to Pyr3 blocked the residual
EDH-mediated vasodilator activity. This indicates that TRPC3 chan-
nels are integral to the function of SKCa and IKCa, and thus underpin
key aspects of EDH activity in rat mesenteric artery. Consistent with
this, Pyr3 inhibited the generation of hyperpolarization in mesenteric
endothelial cells, which is the initial critical step for EDH activity. The
transformation of endothelial cell hyperpolarization into a complex
multi-component response in the presence of Pyr3 is reminiscent of
changes seen in EDH-mediated smooth muscle responses following
inhibition of the different sources of Ca2+ in rat mesenteric arteries.9

Thus, the actions of Pyr3 may reflect inhibition of Ca2+ influx path-
ways necessary for ER Ca2+ store refilling and for direct activation
of SKCa and IKCa in rat mesenteric arteries (Figure 3). Notably, EDH
actions extend from transient to more tonic effects on blood flow
regulation in vivo,44– 46 and the relative contribution of different
EDH mechanisms to vasodilation can vary between isometric vs.

Figure 3 The vasodilator signalling mechanism at myoendothelial contact sites in rat mesenteric artery. At sites of close contact between the endo-
thelium and smooth muscle, localized gap junction connexins (Cx), endoplasmic reticulum (ER) 1,4,5-triphosphate receptors (IP3R), and intermediate-
conductance calcium-activated potassium channels (IKCa) occur in close proximity to TRPC3. The localization and differential distribution of these
channels and receptors suggests that these myoendothelial microdomains enable transfer of a connexin (Cx)-dependent endothelial hyperpolarizing
current (1) and/or localized K+ activity (2 and 3), with the net effect being smooth muscle hyperpolarization and endothelium-dependent relaxation
(modified from Sandow et al.;7,34 see also Figure 1 and Supplementary material online, Figure S7). TRPC3-dependent calcium influx may activate myoen-
dothelial KCa directly (i), and/or refill the IP3R-mediated ER store (ii). Inward rectifying potassium channels (Kir) are exclusive to the endothelium6,13,55

and are activated by potassium in a feedback with KCa and Na+/K+-ATPase activity. DAG, diacylglycerol; Em, membrane potential; MEGJ, myoendothe-
lial gap junction; PLCb, phospholipase C-beta; VDCC, voltage-dependent calcium channel.
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isobaric conditions and in vivo.47 The role of TRPC3 in the generation
of EDH under in vivo conditions will need to be elucidated in future
studies.

The present data lend further support to the concept that there is
heterogeneity in EDH-related myoendothelial signalling mechanisms
in rat mesenteric arteries (Figure 3; see also4 –10,13,34,48,49). Based on
present and previously published data from this vessel on the function
and distribution of TRPC3, SKCa, IKCa, IP3R, and myoendothelial gap
junctions, three potential signalling pathways for EDH-related activity
at myoendothelial contact sites exist in the normal rat mesenteric
artery: (i) TRPC3–IKCa– IP3R functional microdomains at �70–80%
of IEL hole sites, of which �25–30% are also associated with myoen-
dothelial gap junction sites (Table 2), these latter sites also facilitating
(ii) Cx-mediated transfer of current, with mechanism (iii) a combin-
ation of (i) and (ii). Indeed, these mechanisms may operate independ-
ently or in synergy, as suggested for similar mechanisms in the human
mesenteric50 and saphenous artery of the obese rat.29

This study characterized the selectivity and potency of a putative
TRPC3 blocker, Pyr3,31 in rat mesenteric artery, with additional char-
acterization of the agent being carried out in transfected HEK cells
expressing murine TRPC3 and in WT and KO mouse tissues. Pyr3
was found to attenuate the carbachol (CCh)-induced inward
current in transfected HEK cells expressing TRPC3 (see Supplemen-
tary material online, Figure S5), as well as the CCh-induced calcium
influx component in WT, but not KO-derived aortic endothelial
cells (see Supplementary material online, Figure S2B), as well the
ATP-induced K+ current in mouse mesenteric artery endothelial
cells (see Supplementary material online, Figure S4). Interestingly,
the Pyr3 response in the WT cell line does not completely mimic
that in the KO cell line (see Supplementary material online, Figure
S2B). The slight attenuation of the response in KO cells was limited
to the early phase of the calcium response, as typically associated
with release from internal stores,51 and suggests a degree of potential
non-specific action at higher (10 mM) Pyr3 concentrations. Indeed,
the concentration used in the present calcium imaging work is ap-
proximately three-fold higher than the 3 mM full Pyr3 block previously
reported using HEK cells transfected with murine TRPC3.31

The smooth muscle layer of the rat mesenteric artery is the site of
action for the a-adrenergic agonist and vasoconstrictor, PE. The
absence of TRPC3 at this site (see present data and Hill et al.48)
and the block of PE-induced constriction by 3 and 10 mM Pyr3
observed in this study suggests that Pyr3 may possess a non-specific
action at these concentrations in the smooth muscle layer of intact
vessels, consistent with the above potential early-phase non-specific
Pyr3 action on calcium in isolated endothelial cells. Together, these
findings suggest that Pyr3 is an effective inhibitor of TRPC3 channels,
but at higher concentrations may have concentration-dependent non-
selective effects possibly related to inhibition of calcium release from
internal stores.

5. Concluding remarks
TPRC3 channel localization and function in rat mesenteric artery are
consistent with their role at myoendothelial signalling sites associated
with endothelial cell calcium dynamics and KCa-dependent EDH. In
this role, TRPC3 channels probably promote activation of endothelial
SKCa and IKCa through providing calcium directly to the channels and/
or facilitating refilling of the IP3R-mediated ER calcium stores (Figure 3;
see also4 –10,13,34,48,49). Thus, TRPC3 have a fundamental role in EDH-

mediated vasodilation and thus in the regulation of vascular tone in rat
mesenteric artery.
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