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higher than from endothelium-disrupted vessels (Figure 1G, H), with the ~60 kDa band being
reduced in a similar manner (Figure 1G). Endothelium-disruption of samples of the same vessel
segments as used in the endothelium-disrupted Western blot experiments, was confirmed with

von Willebrand Factor (vVWF) 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, acetylcholine
(ACh)-induced vasodilation was significantly attenuated and blocked by respective 0.3 and 1
UM Pyr3 application (Figure 2A; Table 3). In the absence of L-NAME, ODQ and indomethacin,
maximum ACh-induced dilation was unaffected, although the sensitivity to ACh was increased
(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 uM Pyr3
(Supplementary material online, Figure S6). Higher concentrations of Pyr3 (3 and 10 uM) were
found to block phenylephrine (PE)-induced constriction (n=3, each; data not shown), and thus 1
UM was used in subsequent experiments, for specific Pyr3 block. ACh-induced vasodilation was
significantly attenuated by the SK¢, blocker, apamin (100 nM), and abolished with the additional
application of Pyr3 (1 uM; Figure 2B; Table 3) or the IK¢, blocker, TRAM-34 (1 uM; 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 SK¢, or IKc,
block, Pyr3 blocked the respective residual Kc,-mediated components of EDH-mediated

vasodilation.
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3.2.3 Sharp electrode electrophysiology - endothelial cell membrane potential
In the presence of L-NAME and indomethacin, ACh (1 uM) evoked a hyperpolarization of 23 +
1 mV (n=6) in rat mesenteric artery endothelial cells, with Pyr3 (1 uM) significantly reducing
the hyperpolarization amplitude (Figure 2D, E). In the presence of Pyr3, the hyperpolarization
had a complex nature consisting of an initial rapid component of 13 + 2 mV (n=6, P<0.05,
compared with control; Figure 2D; C1 in Figure 2E) followed by a second slower component of
8 + 3 mV (n=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, E).

4. Discussion

The present anatomical and functional data support a link between TRPC3 channels, and the K¢,
channel-mediated endothelial vasodilator function associated with the EDH mechanism in the rat
mesenteric artery. TRPC3 likely facilitate calcium entry for close spatially associated IPs;R-

dependent ER calcium store refilling;"*'"

and/or direct activation of SK¢, and IK¢,. Support for
such a role of TRPC3 is illustrated in the present study by coincident TRPC3 and IK¢, localization
at a higher density at a proportion of IEL hole sites, as well as at the endothelial cell surface, where
lower level SK¢, and IKc, occur.®®"® Similar spatial localization of ER-IP;R occurs near the cell
membrane in the subplasmalemmal compartment,” with higher level localization at IEL-hole

sites’>*

(summarized in Figure 3; see also Supplementary material online, Figure S7). Further,
functional Pyr3-mediated TRPC3 block selectively abolishes the remaining respective SKc,- and

IKc,-mediated EDH activity. Collectively, these data support the presence of a functional

signalling microdomain which is critical for EDH activity in the rat mesenteric artery.
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A functional and spatial association between TRPC3, IP;R and K, exists in a variety of cell
types. For example, a functional interaction of IPsR and TRPC3 has been proposed in human
embryonic kidney (HEK)-293 cells, cultured bovine pulmonary artery endothelial®® and passage
3-4 bovine uterine artery endothelial cells;” the latter being suggested to relate to NO-mediated
alctivity.3 7 Further demonstration of such a relationship has also been shown in rat cerebral artery,
and in isolated smooth muscle cells of these arteries;” as well as in isolated rabbit coronary artery
smooth muscle cells.” Similar reports of a functional interaction of IP;R and large conductance
K¢, have also been suggested in isolated basilar artery smooth muscle cells,* and in cultured
murine pancreatic B—cells;41 whilst IP;R and IK, have been reported to functionally interact in
isolated guinea pig gastric smooth muscle cells.** Thus, the precedent for functional interaction of
TRPC3, IPsR and K¢, exists, supporting the potential spatial-related functional activity of these
channels and receptors in myoendothelial signalling in the rat mesenteric artery.

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 compared to the smooth muscle (<~10%; see Figure 2 in* and Figure 1A in," for
example), that TRPC3 expression is reduced by >50% with endothelial removal, and that
TRPC3 is expressed in the perivascular nerve plexus (Figure IB, inset), any smooth muscle
TRPC3 expression in the intact rat mesenteric artery is negligible.

In rat mesenteric artery, 0.3 to 1 uM Pyr3 significantly attenuates EDH-mediated vasodilation,
with this activity being verified in mesenteric artery from KO and WT mice. At these
concentrations the actions of Pyr3 were selective for EDH-mediated vasodilation (see also
Supplementary material online, Figure S$6) and did not influence the level of underlying
vasoconstriction, with patch clamp data supporting a lack of direct Pyr3 effect on SK¢, or IKc,

(Figure $4). Furthermore, when either SK¢, or IK¢c, were blocked, subsequent exposure to Pyr3
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blocked the residual EDH-mediated vasodilator activity. This indicates that TRPC3 channels are
integral to the function of SK¢, and IK¢,, 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 the 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 Ca®* in rat mesenteric arteries.’ Thus, the actions of Pyr3 may
reflect inhibition of Ca®* influx pathways necessary for ER Ca®* store refilling and for direct
activation of SK¢, and IKc, in rat mesenteric artery (Figure 3). Notably, EDH actions extend from

4446 and the relative contribution of

transient to more tonic effects on blood flow regulation in vivo,
different EDH mechanisms to vasodilation can vary between isometric versus isobaric conditions
and in vivo."” 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 the rat mesenteric artery (Figure 3; see also*'*!133+48:4%),
Based on present and previously published data from this vessel on the function and distribution of
TRPC3, SKc,, IKc,, IP3R and myoendothelial gap junctions, three potential signalling pathways
for EDH-related activity at myoendothelial contact sites exist in the normal rat mesenteric artery,
as: 1. TRPC3-IK,-IPsR functional microdomains at ~70-80% of IEL hole sites, of which ~25-
30% are also associated with myoendothelial gap junction sites (Table 2); these latter sites also
facilitating, 2. Cx-mediated transfer of current; with mechanism 3. a combination of 1. and 2.

Indeed, these mechanisms may operate independently or in synergy; as suggested for similar

mechanisms in the human mesenteric’’ and saphenous artery of the obese rat.”’
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This study characterized the selectivity and potency of a putative TRPC3 blocker, Pyr3,3 "in
rat mesenteric artery, with additional characterization 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 (Supplementary material online, Figure S5), as well as the CCh-induced
calcium influx component in WT, but not KO-derived aortic endothelial cells (Supplementary
material online, Figure S2B); as well the ATP-induced K" current in mouse mesenteric artery
endothelial cells (Supplementary material online, Figure S4). Interestingly, the Pyr3 response in
the WT cell line does not completely mimic that in the KO cell line (Supplementary material
online, Figure S2B). The slight attenuation of the response in KO cells was limited to the early

51

phase of the calcium response, as typically associated with release from internal stores,” and

suggests a degree of potential non-specific action at higher (10 uM) Pyr3 concentrations. Indeed,
the concentration used in the present calcium imaging work is ~3-fold higher than the 3 uM full
Pyr3 block previously reported using HEK cells transfected with murine TRPC3.?'

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 and48) and
the block of PE-induced constriction by 3 and 10 uM 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.
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Concluding remarks
TPRC3 channel localization and function in rat mesenteric artery is consistent with their role at
myoendothelial signalling sites associated with endothelial cell calcium dynamics and Kc,-
dependent EDH. In this role, TRPC3 channels likely promote activation of endothelial SK¢, and
IKc, through providing calcium directly to the channels and/or facilitating refilling of the IPsR-
mediated ER calcium stores (Figure 3; see also*!113 ’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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Supplementary material is available at Cardiovascular Research online.
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Figure legends
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,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), whilst 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 arrowed with asterisks; see also Tables I, 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
secondary antibody alone (data not shown). Perivascular nerve labeling (compare morphology to™)
acts as a positive control (B, inset, examples arrowed). 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 arrowed). Vessel region in panels A-C, correspond.
Longitudinal vessel axis (A-C), left to right, n=6 and 3, each from a different animal (A-C; D-F,
respectively). The characteristics of rat mesenteric artery TRPC3 and its primary endothelial
expression were examined using Western blotting and TRPC3 antibody (ACC-016; AN-07 used
here; Supplementary material online, Table SI1). Monoglycosylated TRPC3 is present as a band at
~120 kDa (G2, box; +EC; see a1s053), whilst the band at >~220 kDa (G, box; see a15054) probably
represents an undissociated aggregate of the TRPC3 tetrameric channel complex. TRPC3 expression
was normalized to actin (at ~43 kDa; lower bands, G), with endothelial removal (-EC; G, upper right

column) reducing TRPC3 expression at ~120 and >~220 kDa by ~2-fold each (H, upper and lower,
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respectively; *P<0.05, significant; values being mean+SEM). Two lanes per artery were run with
tissue from 3 different rats, 12 in total, with 20 pg of protein per lane being loaded. von Willebrand
Factor (vWF) labelling verified endothelial removal in whole mount preparations (G, lower panels).

Scale bars, 25 um (A-C,G), 50 um (B, inset), 5 um (D), 2 um (E), 1 um (F).

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 uM)
was examined in the presence and absence of Pyr3 (0.3 uM, A; 1 uM in A-C) with apamin (50
nM; B), or TRAM-34 (1 uM; C), or combined apamin and TRAM-34, to determine the relative
contribution of TRPC3, SK¢, and IK¢,. L-NAME (100 uM), ODQ (10 uM) and indomethacin
(10 uM) were present in all experiments. n=5-7 experiments, each from different animals;
P<0.05 indicates difference in *pECs, or #Emax, relative to ACh control (see Table 3 for drug
characteristics). The endothelial cell hyperpolarization evoked by ACh (1 uM; 100%; n=6; Ei) in
the presence of L-NAME (100 uM) and indomethacin (10 uM) was recorded in the presence of
Pyr3 alone (1 uM; n=6; Eii), Pyr3 and TRAM-34 (5 uM; n=4; Eiii), and Pyr3, TRAM-34 and
apamin (100 nM, n=4; D, Eiv). Example endothelial cell membrane potential recordings show
hyperpolarization before and after the addition of Pyr3, TRAM-34 and apamin (Eii-iv). Pyr3 (1
uM) reduced the hyperpolarization to ACh (D, Eii-iv), with the remaining hyperpolarization

having a complex nature (D, Eii-iv), consisting of an initial rapid component (C/, with arrow in

blockers, ACh evoked endothelial cell depolarization (E, far right) trace. Inset shows example of
dye-filled endothelial cells (Ea, inset, arrow) indicates cell from which recording was made.

Scale bar, 50 wm, with longitudinal vessel axis, left to right.
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Figure 3 Vasodilator signalling mechanism at myoendothelial contact sites in rat mesenteric
artery. At sites of close contact between the endothelium and smooth muscle, localized gap
junction connexins (Cx), endoplasmic reticulum (ER) 1,4,5-triphosphate receptors (IP;R), and
intermediate conductance calcium-activated potassium channels (IKc,) occur in close proximity
with 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 (2,3); with the net effect
being smooth muscle hyperpolarization and endothelium-dependent relaxation (modified

34

from;”* see also Figures I and S7). TRPC3-dependent calcium influx may activate

myoendothelial K¢, directly (i), and/or refill the IP;R-mediated ER store (ii). Inward rectifying

potassium channels (K;,) are exclusive to the endothelium®'*>’

and are activated by potassium in
a feedback with K¢, and Na'/K*-ATPase activity. DAG, diacylglycerol; E,,, membrane potential;
MEG]J, myoendothelial gap junction; PLCP, phospholipase C-beta; VDCC, voltage-dependent

calcium channel.
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Table 1 Internal elastic lamina (IEL) hole, TRPC3 and myoendothelial gap junction (MEGJ)

characteristics (per 10* umz) in rat mesenteric artery.

IEL IEL holes with  IEL holes with Number TRPC3 TRPC3 plaques MEGIJ density

holes TRPC3 plaques no TRPC3 plaques not at [EL holes

71+£7 52+£6 19+£6 60 +7 8+2 16.3+1.8

For IEL and TRPC3 characteristics, n=4, each from a different rat; each n being the mean
data from four different randomly selected 10* um2 regions. For MEGJ characteristics, n=3

series of 5 wm of serial sections, each from a different animal. Data are mean + SEM.
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Table 2. Proportion of internal elastic lamina holes with localized channel densities in rat mesenteric

artery.
TRPC3 K * IP;R’ MEGJs (EM) Cx37* Cx40%*
~73% ~80% ~75% ~23% ~28% ~31%

*from;" "from;® IK¢,, intermediate conductance calcium-activated potassium channel; IP;R, inositol
1,4,5-trisphosphate receptor. EM, from serial section electron microscopy analysis. See also

Supplementary material online, Figure S6.
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Table 3 Effect of drug interventions on endothelium-dependent vasodilation in rat mesenteric

arteries.

PECs E,x n
Vehicle 6.4+0.1 943+21 14
L-NAME (100 pM) + ODQ (10 uM) + indomethacin (10 pM) ~ 6.9+02 86.1+50 10
L-NAME / ODQ + indomethacin + Pyr3 (0.3 utM) 68+02 385+166"" 6
L-NAME / ODQ + indomethacin + Pyr3 (1 uM) - 260+12.17 5
L-NAME / ODQ + indomethacin + TRAM-34 (1 uM) 544037 729+108 7
L-NAME / ODQ + indomethacin + TRAM-34 + Pyr3 (1 uM) - 107 £8.1°" 7
L-NAME / ODQ + indomethacin + apamin (50 nM) 56027 53.0+11.8" 7
L-NAME / ODQ + indomethacin + apamin + TRAM-34 - 13156 3
L-NAME / ODQ + indomethacin + apamin + Pyr3 (1 uM) . 108 5.5 7
L-NAME / ODQ + indomethacin + apamin + TRAM-34 + Pyr3 - 13428 4

Data are mean + SEM.
“P<0.05, significant compared to vehicle.

"P<0.05, significant compared to L-NAME + ODQ + indomethacin.

P<0.05, significant compared to L-NAME + ODQ + indomethacin + TRAM-34.

¥P<0.05, significant compared to L-NAME + ODQ + indomethacin + apamin.
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Transient receptor potential canonical type 3 channels facilitate endothelium-derived

hyperpolarization-mediated resistance artery vasodilator activity

Supplementary Data

Supplementary Methods, Results, Discussion and Tables

2. Methods
2.1 Animals and tissue
Adult male Sprague Dawley rats were anaesthetised with sodium pentathol (100 mg/kg; ip), and

~300 pm diameter 1%-3™

order mesenteric arteries dissected in Krebs’ solution containing (in
mM): 112 NaCl, 25 NaHCOs, 4.7 KCl, 1.2 MgS04.7H,0, 0.7 KH,PO4, 10 HEPES, 11.6 glucose,
2.5 CaCl,.2H,0; pH 7.3. Male 8-10 week old TRPC3 KO mice’ 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. Respiration rate and tactile responses were monitored to indicate adequacy of
anaesthesia.

KO and WT mice were genotyped via PCR amplification of the genomic TRPC3 DNA. The
genotyping confirmed the omission of exon 7 of the TRPC3 gene in the KO mice as reported by
Hartmann et al.'

All procedures conform with the Guide for the Care and Use of Laboratory Animals

published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996),



and were approved by the Animal Experimental Ethics Committees of the University of New
South Wales (09/43B) and Monash University (SOBSA/P/2007/100), and the Animal Protocol

Review Committee, Baylor College of Medicine (AN-4366).

2.2 Reagent characterization

TRPC3 antibody specificity was determined by immunohistochemistry using stably transfected
HEK-293 cells expressing mouse TRPC3 (Supplementary material online, Figure S1A-C), and by
confocal immunohistochemistry (Supplementary material online, Figures S1D-l, S2A) and
Western blotting using extracts of tissues from rat (Supplementary material online, Figure S3).
Primary antibody and primer characteristics are detailed in Supplementary material online,
Tables S1 and S2.

The  specificity of the putative TRPC3  blocker Pyr3  (ethyl-1-(4-(2,3,3-
trichloroacrylamide)phenyl)-5-(trifluoromethyl)- 1 H-pyrazole-4-carboxylate)® was validated by
pressure myography in mesenteric artery from KO and WT mice, patch clamp using freshly
isolated mouse mesenteric artery endothelial cells (Supplementary material online, Figure S5) and
transfected HEK cells expressing TRPC3 (Supplementary material online, Figure S4) and by
calcium imaging using aortic endothelial cells obtained from KO and WT mice (Supplementary

material online, Figure S2B).

2.3 Western blotting

The specificity of TRPC3 antibody and characteristics of TRPC3 channels 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. Tissues were ground

using a mortar and pestle, resuspended in phosphate buffered saline (PBS), pH 7.4, containing














































































