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Abstract

Myocardial perfusion and coronary vascular resistance are regulated by signalling metabolites
released from the local myocardium that act either directly on the vascular smooth muscle cells
(VSMC) or indirectly via stimulation of the endothelium. A prominent mechanism of vasodilation
is endothelium-derived hyperpolarization (EDH) of the arteriolar smooth muscle, with
epoxyeicosatrienoic acids (EETs) and hydrogen peroxide (H,O5) playing important roles in EDH
in the coronary microcirculation. In some cases, EETs and H,O5 are released as transferable
hyperpolarizing factors (EDHFs) that act directly on the VSMCs. By contrast, EETs and H,O, can
also promote endothelial Ca2*-activated K+ channel activity secondary to the amplification of
extracellular CaZ* influx and Ca2* mobilization from intracellular stores, respectively. The
resulting endothelial hyperpolarization may subsequently conduct to the media via myoendothelial
gap junctions, or potentially lead to the release of a chemically-distinct factor(s). Furthermore, in
human isolated coronary arterioles dilator signalling involving EETs and H,O, may be integrated;
being either complimentary or inhibitory depending on the stimulus. With an emphasis on the
human coronary microcirculation, this review addresses the diverse and integrated mechanisms by
which EETs and H,0, regulate vessel tone, and also examines the hypothesis that myoendothelial
microdomain signalling facilitates EDH activity in the human heart.
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Introduction

The intrinsically high vasomotor tone of arterioles (50-200 um in diameter) under basal
conditions confers the majority of coronary vascular resistance to the arterial
microcirculation [26, 12]. These vessels are highly responsive to vasodilator stimuli (e.g.
mechanical, humoral, neural and metabolic factors), and play a key role in mediating acute
and chronic changes in coronary blood flow (up to ~5-fold increase) to match O,
consumption of the myocardium with metabolic demand [83, 12]. This same arteriolar
segment of the coronary circulation is also responsible for autoregulation, which maintains
coronary blood flow steady in response to fluctuations in mean arterial pressure [91, 12].
Exhaustion of coronary vasodilator reserve, which typically precedes the progressive
obstruction of conduit coronary arteries, results in reduced maximal coronary dilation,
leading to myocardial ischaemia and potentially infarction should oxygen demand increase,
such as during stress [83, 12].

Decreased arteriolar tone initiated by metabolites released from the local cardiomyocytes
(e.g. during increased heart rate and ventricular contraction) increases coronary blood flow.
This initiating metabolic dilation is then supplemented by endothelium-dependent, FID,
which amplifies dilation (and hence flow) in the metabolically active segment of
myocardium (Figure 1).

Coronary arterioles are also responsive to locally synthesized humoral factors that also
induce vasodilation via actions on the endothelium. These include ADP, ATP, adenosine
[156], calcitonin gene-related peptide [22], noradrenaline [112], neuropeptide Y [66],
serotonin, histamine [135], bradykinin and thrombin; several of which have been employed
as experimental agonists of vasodilation of human coronary arterioles (for examples see
references [95, 13, 135, 77, 76]). Agonist- or flow-induced vasodilation that is independent
of endothelium-derived NO and PGl, (or prostacyclin) is typically due to EDH of the
underlying VSMCs [43]. Collectively, these mechanisms play an important role in
optimizing myocardial perfusion and regulating peripheral coronary vascular resistance. In
coronary arterioles obtained from patients with CAD, EDH-mediated dilation is potentiated
compared to the same tissue obtained from patients without CAD, and these amplified
responses offset the loss of NO to maintain virtually full dilator capability [96]. The EC-
derived ROS H,0, and fatty acid epoxides EETs are important regulators of VSMC
membrane potential and tone in the human coronary microcirculation, as well as in selected
coronary, carotid, cerebral, renal, mesenteric, submucosal and skeletal muscle arteries from
various species [17, 126, 43]. In the coronary microcirculation of patients with CAD there
are unique interactions between EETs and H,05 that differ depending on the endothelial
stimulus, and thus the role of these two EDH-related signalling molecules forms a major
focus of the current review.
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The transfer of EC hyperpolarization to the underlying VSMCs via myoendothelial gap
junctions is becoming increasingly appreciated as an important general mechanism of EDH.
Furthermore, signalling microdomains associated with close contact sites between EC and
VSMC membranes is important not only for supporting gap junction presence and function,
but may also provide a low resistance conduit for the passage of transferable EDHFs to the
VSMCs. Considering that myoendothelial signalling microdomains and gap junctions are
becoming increasingly recognized as an important facet of human artery function, this will
also form a major focus as an important avenue for future research in the microcirculation of
the human heart.

EDH: an overview

The ubiquitous driving force for maximal EDH activity is a stimulated elevation in EC
[CaZ*); that leads to the opening of K¢, channels and EC hyperpolarization [29]. Ultimately,
this leads to VSMC hyperpolarization, but the mechanisms that link these two events are
controversial, and differ depending on the type or size of artery, species, disease state,
developmental stage and specific experimental conditions [59, 29]. In some vessels, EDH
may be mediated by a transferable EDHF that initiates VSMC hyperpolarization directly
following its release from the endothelium [18, 40, 82]. Under specific experimental
conditions and in specific tissues the molecular identity of EDHF has been variously
proposed as EETs, H,0,, K* ions, the endocannabinoid anandamide, CNP, nitroxyl,
hydrogen sulphide, adenosine and NO [108, 40, 58, 92, 23, 7, 82]. Although anandamide
and CNP have subsequently been ruled out as EDHFs [54, 120], it is nevertheless intriguing
to consider the physiological benefit of having such a diverse repertoire of transferable
factors that could potentially be involved in VSMC hyperpolarization. Common arguments
against the significance of a transferable EDHF(s) is: (a) whether it is produced in sufficient
amounts by the endothelium to activate its putative VSMC effector target, and (b) a range of
Kca channel blockers (including the primary EC localized K¢, channels; and and on
occasion of SM BKc,) is required to fully prevent EDH activity (also see Section
“Endothelial and smooth muscle hyperpolarization: central role of K¢, channels™).

Distinct from EDHF-mediated vasodilation, in a number of tissues EC hyperpolarization is
transmitted into the subintimal VSMCs via coupling of the two cell layers by
myoendothelial gap junctions. This hyperpolarization subsequently spreads in a radial
manner through the different layers of the vessel media via homocellular VSMC gap
junctions [29], and longidtudinally via (primarily) homocellular EC gap junctions [6].
Furthermore, in addition to their EDHF-type actions, EETs and H,O, may in some tissues
promote EC extracellular Ca2* influx and mobilization from intracellular ER stores,
respectively [50, 39]. In these cases EETs and H,0, act as autocrine signalling
intermediaries that amplify and/or prolong EC hyperpolarization, thereby promoting
vasodilation in a manner independent of their release from the endothelium. Notably, EETs
and H,0, may also modulate gap junctional communication, and therefore affect the relay
of EC hyperpolarization into and along the vessel wall [104, 29, 43].
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Endothelial and smooth muscle hyperpolarization: central role of Kg5 channels

EC hyperpolarization mediated by the opening of K¢, channels is recognised as the
important initiating step for EDH-mediated vasodilation. ECs express small-, intermediate-
and, in some cases (notably, in intact arteries in some models of hypoxia-related disease
[68]), large-conductance K¢, channels, variably designated as SKc,/KCa2.3/SK3, 1K,/
KCa3.1/IK1 and BK,/KCal.1/BK1/Slol-MaxiK, respectively [43]. Notably, while BK¢,
have been described in isolated ECs of a few vessel types (in hypoxia, or a stressed culture
state), native ECs of healthy vessels generally lack the regulatory p subunit that confers full
sensitivity to Ca2*. Most vascular BK¢, currents are in fact confined to VSMCs [113, 43].
Interestingly, in vessels such as the porcine coronary (conduit) artery, BKc,-mediated
VSMC hyperpolarization may be transmitted to the overlying endothelium via low
resistance heterocellular coupling ([11, 143]; also see Section “Cxs, gap junctions and
myoendothelial signalling microdomains: a brief overview”).

In a number of arteries SKc, and 1K, can be expressed within different subcellular EC
compartments, and thus are spatially separated; findings that are thought to confer their
specialised roles in endothelium-dependent vasodilation [118, 69, 119, 43]. Indeed, SK¢,
are suggested to be abundant in caveolae, where they may play a role in the activation of
NOS by electrochemically driving Ca2* entry at these sites. In some arteries, SK¢, are also
relatively enriched at EC-EC junctions proximal to interendothelial gap junction plaques
[118, 1, 32]. By contrast, in several vessels IK¢, are preferentially expressed within EC
projections [118, 21, 5] that extend through fenestrations/holes in the IEL to establish close
apposition with neighbouring subintimal VSMCs. These connections are variably designated
as MECCs, or myoendothelial junctions (for reviews see references [119, 43]; also see
Sections “Cxs, gap junctions and myoendothelial signalling microdomains: a brief
overview” and “Myoendothelial signalling microdomains and gap junctions: a role in the
human coronary microcirculation?”).

Pretreatment of vascular preparations with apamin (a selective SK¢, blocker) plus
charybdotoxin (non-selective blocker of 1K, and BK¢g) or the triple combination of
apamin plus TRAM (selective blocker of 1K) plus iberiotoxin (selective blocker of BK¢p)
consistently abolishes EDH activity in coronary arteries of humans [95, 13, 8, 77], pigs [41,
16, 7, 143], rats [138, 4], guinea pigs [152, 27], dogs [102] and mice [90, 103]; thus
highlighting the ubiquitous role of K¢, in EDH activity. However, the relative roles of
individual K¢, subtypes and the concerted activity of multiple subtypes is highly variable
between species, coronary vascular region and exact experimental conditions (see Table 1
for details) [99, 37, 54, 105, 152, 95, 101, 57, 27, 41, 16, 7, 8, 10, 138, 143, 4, 77, 9, 47, 82].

In porcine conduit coronary arteries, EC and VSMC hyperpolarization evoked by substance
P is abolished following the combined administration of apamin and TRAM, whereas those
evoked by bradykinin are only partially attenuated by this treatment, with residual apamin
+TRAM-insensitive responses being abolished by iberiotoxin [41, 16, 143]. Furthermore, in
coronary arterioles obtained from patients with CAD either apamin or charybdotoxin
attenuate EDH-mediated dilation to bradykinin (indicative of the participation of SK¢, and
IKc4 and/or BKcp) [95, 77, 76], whereas in tissues from patients without CAD apamin plus
charybdotoxin fully blocks dilation but apamin plus iberiotoxin is without any effect
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(indicative of sole mediation by 1K¢,) [8]. Besides the vessel disease state, a possible
explanation for these disparate findings may relate to the mode of induction of vessel tone
employed prior to the study of dilator responses (i.e. pressure-induced myogenic tone
supplemented by endothelin-1 in tissues from CAD patients [95, 77, 76] and the
thromboxane A, analogue U46619 in non-CAD tissues [8]; see also Table 1). Notably, in
cerebral arteries U46619 can attenuate SK¢, activity, and in isolated coronary VSMCs
U46619 variably attenuates or enhances BK ¢, activity through interaction with the pore-
forming a and regulatory 3 subunits, respectively (for review see reference [44]).

A further possibility to consider is the absolute level of tension experimentally applied to
arterial preparations. As VSMCs depolarize there is a progressive increase in the open
probability of BK¢, (which are also intrinsically sensitive to changes in voltage).
Furthermore, as tension develops, accumulated IP3 can be transferred from the depolarized
VSMC:s to the overlying ECs via myoendothelial gap junctions. The result is S/1K¢,
activation and hyperpolarization that serves to moderate myogenic or agonist-induced
constriction (designated as “myoendothelial feedback™) [69, 70]. Thus, the level of K¢,
activity induced following increased VSMC tone could limit further activation of these
channels following EC stimulation, and thus their ability to participate in EDH.

Biosynthesis and bioavailability of endothelium-derived EETs and H,0-»

In response to haemodynamic stimuli, such as cyclic stretch and shear stress, and
physiological agonists, such as bradykinin and acetylcholine, ECs synthesize a combination
of four EET regioisomers (5,6-EET, 8,9-EET, 11,12-EET and 14,15-EET) in varying
proportions via CYP epoxygenases (primarily the 2C and 2J isoenzymes) from various lipid
substrates that include arachidonic, linoleic, eicosapentaenoic and docosahexaenoic acids
[43]. Bioavailability of all regioisomers is primarily determined by sEH, which hydrate
EETs to form corresponding DHET regioisomers, whilst that of 5,6-EET is also determined
by COX activity (which metabolizes this regioisomer into prostanoids [43]; Figure 2).

Evidence of a role for a selective EET receptor in arteries rests on VSMC BKc, activation
by EETSs requires guanosine triphosphate (GTP)-dependent adenosine diphosphate (ADP)-
ribosylation of G proteins [80, 81, 53]; a finding consistent with the ability of EETs to
elevate cAMP in ECs [104, 87]. Indeed, photoaffinity labelling techniques have
demonstrated the ability of a particular 47 kDa candidate receptor to bind EETs (with the
rank order of potency 14,15-EET>11,12-EET>8,9-EET) within the nM range that is
typically associated with EDH activity (and hence at concentrations much lower than the pM
range in which EETSs bind to other eicosanoid receptors). This particular candidate receptor
was found to be expressed in the plasmalemma of VSMCs and, to a lesser degree, ECs of
bovine coronary arteries ([25]; and for a review on potential EET binding sites in the
vasculature see [43]). By contrast, certain regioisomers (5,6-EET, 8,9-EET and, variably,
11,12-EET [within the low-to-mid nM range]; but not 14,15-EET, except at an arguably
non-physiological threshold of 1-3 uM) may also be endogenous agonists of TRPV4
channels in ECs and VSMCs, and therefore mediate EDH activity in a manner distinct from
the occupation of a selective EET receptor [141, 36, 139, 3].
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During the production of EETs, CYP epoxygenases produce ROS, namely (,*-, as a by-
product of lipid metabolism. In isolated porcine coronary arteries and in patients with CAD,
levels of CYP-derived ROS may reach levels that significantly attenuate NO-mediated
vasodilation [49]. ECs are also capable of producing ROS from a number of other sources,
including several NADPH oxidase (Nox) isoforms, the mitochondrial electron transport
chain, uncoupled NOSs, xanthine oxidase, COXs and lipooxygenases ([142, 42]; Figure 2).
The majority of these sources reduce molecular O, to produce (),*-, which reacts rapidly
with NO to form ONOO™, thus reducing NO bioavailability and associated dilator responses
[51]. Indeed, ONOO™ may exacerbate ROS formation by oxidizing the NOS cofactor BHy,
leading to the uncoupling of NOS and an increase in (), *- formation by the oxygenase
component of the enzyme [51]. ), *- anions are further reduced by SODs (Cu/Zn-SOD
[cytosolic], Mn-SOD [mitochondrial] and extracellular SOD) to form H,0, (Figure 2); an
uncharged ROS that has been suggested to be an important signalling mediator for diverse
aspects of coronary circulatory homeostasis, including autoregulation [147], reactive
hyperaemia [72] and coronary dilation coupled to increased myocardial metabolism such as
during tachycardia [71, 148], and may also be involved in cardioprotection during
ischaemia-reperfusion [146]. Notably, of the Noxs typically expressed in the endothelium
(Nox2, Nox4 and Nox5), Nox4 has been proposed to produce H,0, directly without
intermediary (,*-, and is purportedly a vasculoprotective isoform and a potential
physiological regulator of vessel tone [97, 109, 123].

Noxs differ with regard to their requirement for cytosolic subunits and in the regulation of
their activity. For example, Nox2 (formerly known as the phagocytic oxidase, or gp91Phox)
resides with the regulatory subunit p22Ph°% and these collectively form a flavocytochrome
b558 heterodimer, with full oxidase activity requiring association of the heterodimer with
cytosolic subunits (including p47PhoX p67PhoX and the GTPase Racl) [19]. Increases in
Nox2 activity are linked to receptor occupation by certain agonists (including angiotensin 11
and bradykinin) as well as by risk factors known to promote endothelial dysfunction and
cardiovascular disease, such as diabetes mellitus, hypertension, LDL and arsenic
intoxication [137, 34, 76, 136, 38, 42]. By contrast, neither Nox4 nor Nox5 require cytosolic
subunits for oxidase activity, with Nox4 being constitutively active and Nox5 activated by
Ca2* [97].

Integrated regulation of coronary vasodilation by EETs and H,0»

A number of studies have collectively highlighted diverse roles of EC-derived EETs and
H»0, in the regulation of VSMC tone in the human coronary microcirculation, with
considerable variation being apparent under different experimental conditions and/or disease
state. In general, EETs and H,0, do not share common EC/VSMC effector targets to initiate
decreases in vessel tone (an obvious exception being VSMC BKc, [17, 82]), but there is
nevertheless accumulating evidence of both complementary and inhibitory interactions
between their respective signalling pathways, indicative of integrated EDH signalling.

Evidence proposed to confer a role for EETs and H,0, as transferable EDHFs (Figure 3)
has been obtained from serial perfusion (or cascade) bioassays, in which effluent perfused
serially (or collected) from an agonist- or flow-stimulated endothelium-intact “donor” artery
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evokes hyperpolarization and dilation of a downstream (or isolated) endothelium-denuded
“detector” preparation [18, 58, 67, 77, 82].

Complementary roles of EETs and H,O- in flow-induced dilation of human coronary

arterioles

In coronary arterioles of CAD patients FID is attenuated by the H,O, degrading enzyme
catalase [94, 82]. Accordingly, analyses carried out in serial perfusion bioassays
demonstrate that: (a) when flow proceeds from donor to detector both vessels dilate, but in
the reverse direction only the donor vessel dilates; (b) detector dilation to perfusate
originating from the donor is prevented by PEG-Cat applied to either the detector vessel
directly or through the donor lumen; (c) compared to untreated donor effluents, dilation of
detector vessels is attenuated when these are incubated with donor effluents that have
previously been passed through catalase-bound bead columns; and (d) donor vessel effluent
evokes PEG-Cat- and iberiotoxin-sensitive VSMC K* currents in cell-attached patches [82].
In these same vessels H,O,-mediated activation of VSMC BKc, occurs through a cGMP-
independent, PKG-1a-mediated mechanism that involves dimerization of the kinase [153]
(Figure 3), presumably through oxidation and disulphide bridge formation via the cysteine42
redox sensor [15, 106]. By contrast, H,O, exerts direct inhibitory actions on BKc, (through
interactions with cysteine 911 within the Ca2* bowl region of the a subunit) when applied
selectively to the cytosolic side of the channel [133, 88]. The involvement of H,O, in EDHF
activity may therefore rest on potentially competing phosphorylation/oxidation actions on
BKca.

Even though compelling evidence supports H,O5 as a flow-induced EDHF in the human
coronary microcirculation [82], it should be noted that FID of these arterioles is attenuated
by miconazole [96] (an epoxygenase inhibitor and EET antagonist [25]) to a similar extent
as seen with preparations incubated with catalase (~60-70%) [96, 94]. Notably, in contrast to
the same tissue stimulated with bradykinin, EETSs are not detected in the downstream
effluent of endothelium-intact human coronary arterioles exposed to flow (DX Zhang and
DD Gutterman, unpublished observations; also see Section “Comparison of bradykinin- and
flow-induced dilation of human coronary arterioles”). While it has been observed that
miconazole at 3 or 10 uM can directly inhibit K¢, currents, this was not observed at the 1
UM concentration that was found to reduce FID in human coronary arterioles [62, 96]. It is
therefore more likely that the inhibitory effect of miconzole against FID actually reflects
reduced EET synthesis and/or action, rather than inhibition of Kc,. Collectively, these
findings indicate that EETs facilitate EDH activity in an autocrine manner, with H,O,
subsequently serving as the transferable mediator of vasodilation ([33, 43]; Figure 4). In line
with this proposal, FID in this tissue is also dependent on the activation of EC TRPV4
channels [14], for which most EETs (with the exception of 14,15-EET) are potent
endogenous agonists [141, 36, 89]. Indeed, EETs have been demonstrated as an essential
intermediary involved in flow-induced EC TRPV4 activity and dilation of the murine
carotid artery [87]. It is therefore plausible that in the human coronary microcirculation
EETs are signalling transducers of shear stress, essential for TRPV4 activation and the
synthesis and/or release of dilator HoO,. The mechanism linking potential EET-TRPV4
activity with mitochondria-derived HyO5 synthesis/release from the endothelium of these
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vessels as yet remains unexplored (also see Section “Comparison of bradykinin- and flow-
induced dilation of human coronary arterioles™).

The idea that epoxyeicosanoids play a critical role in transducing shear stress via TRPV4 is,
however, challenged by the observation that increased TRPV4 activity that follows the
addition of arachidonic acid may not be adequately explained by the accumulation of EETSs.
Indeed, arachidonic acid is a significantly more potent inducer of TRPV4 activity than EETs
in human coronary ECs [154], while, notably, DHETS are generally even less potent [78, 77,
76]. Notably, this effect of arachidonic acid depends on membrane hyperpolarization [154];
a finding that contrasts with the corresponding ability of EETs, which promote EC
hyperpolarization secondarily to extracellular Ca2* influx [35]. Indeed, the effects of
selective SK¢, and 1K, blockers (e.g. apamin and TRAM) against flow-induced EC
TRPV4 activity in the human coronary microcirculation remain to be determined; evidence
that could potentially clarify which of arachidonic acid or EETs (or both) underpin the
mechanotransduction of shear stress. Indeed, none of the four EET regioisomers within the
purported physiological nM range alter [Ca2*]; in human coronary ECs when applied
exogenously [30, 154]. It is thus unknown whether or not EETSs: (a) share a common TRPV4
binding site with arachidonic acid (putatively an arachidonate recognition sequence located
near the intracellular N-terminus [100]), and thus whether (b) EETs and arachidonic acid
play distinct but cooperative roles in initiating and sustaining TRPV4 activity with changes
in membrane potential.

Comparison of bradykinin- and flow-induced vasodilation in human coronary artrerioles

In contrast to FID, bradykinin-evoked, catalase-sensitive EDH-type dilation of human
coronary arterioles is unaffected by iberiotoxin, the selective CYP 2C inhibitor
sulfaphenazole or the EET antagonist 14,15-EEZE, with inhibitory effects of these agents
being unmasked only in preparations incubated continuously with catalase [77]. Together
with the demonstration that EETs do not undergo direct oxidative modification, these
findings have led to the proposal that bradykinin-evoked H,O, accumulation directly
inhibits epoxygenases and suppresses EET generation ([77]; Figure 4). This inhibitory
interaction contrasts with the apparently interdependent facilitator and mediator roles of
EETs and H,0», respectively, in FID (see Section “Complimentary roles of EETs and
H,0,"). In addition, while H,O, appears to fulfil the criteria of a transferable EDHF in
dilator responses to both flow and bradykinin, the VSMC effector target in each case is
different; being BK, for the former and an as yet unidentified iberiotoxin-insensitive
hyperpolarizing target for the latter [77, 82]. These differences are puzzling, but,
speculatively, may relate to: (a) the different principal sources of H,O, generation (i.e.
mitochondrial electron transport chain for flow [85, 84, 14] and Nox2 for bradykinin [76]);
(b) differing absolute concentrations of HoO, generated intracellularly; (c) [related to (a) and
(b)], the existence of discrete ROS signalling microdomains specific to each stimulus and
spatially confined to cell regions where only the respective effector target may be activated;
(d) a potential physiological role for arachidonic acid itself in FID, which would, in theory,
negate the need for CYP activity (N.B. The efficacy of more selective epoxygenase
inhibitors, such as sulfaphenazole, against FID in this vascular bed have not yet been tested);
or (e) disparate experimental methodology. It should be noted, however, that flow-induced
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mitochondrial HoO, accumulation and dilation in fact depends on Nox2 activity (BT Larsen,
DX Zhang and DD Gutterman, unpublished observations), whereas the Nox2-dependent
elevation in H,O5 in response to bradykinin is not associated with alterations in
mitochondrial ROS generation [76]. Speculatively, the differential effects of bradykinin- and
flow-evoked Nox2 activity on the generation and release of mitochondrial ROS may rest on:
(a) synergistic activation by Nox2 and TRPV4-dependent Ca2* influx; (b) spatially discrete
and differentially-activated pools of Nox2; or (c) differing absolute levels of Nox2 derived
ROS; i.e. theoretically sub-threshold with bradykinin.

As noted above, the iberiotoxin-insensitive EC/VSMC hyperpolarizing effector target(s) of
H,0, in bradykinin-induced dilation is currently unknown. In select arteries under specific
experimental states, H,0O, activates other classes of VSMC K* channel(s) to evoke dilation,
such as Katp and Ky, as has been variably demonstrated for exogenous H,O, (for examples
of each effector target see references [74, 111]). While serial perfusion bioassays appear to
confirm EDHF-type activity for bradykinin-induced H,05 in human coronary arterioles
[77], itis currently unknown whether the only dilator activity of this ROS involves its
release from the endothelium. Furthermore, residual catalase-insensitive bradykinin-evoked
dilation is abolished by sulfaphenazole, iberiotoxin or 14,15-EEZE, and in cascade
bioassays this residual response is clearly transferable from donor EC to detector VSMC.
Collectively, these findings indicate that in the continuous presence of catalase CYP 2C9-
derived EETSs (given that CYP 2J2 and 2C9 are the main epoxyegnases in human coronary
arterioles, and residual dilation is prevented by selective 2C inhibition) retain partial dilator
activity by serving as transferabletransferable EDHFs [77]. Compared to FID (see Section
“Complimentary roles of EETs and H,0, in flow-induced dilation of human coronary
arterioles”), the differential EDHF vs autocrine activity of EETs may rest on the
accumulation of different regioisomers (e.g. 14,15-EET does not appear to be a
physiological agonist of TRPV4 [141]), or, as suggested for H,O, above, the absolute level
of EET accumulation. Indeed, EETSs are not detected in the luminal perfusate originating
from EC-intact donor vessels stimulated by flow [33], and previous attempts to identify the
specific regioisomer(s) released in response to bradykinin could not be reproduced in a
consistent manner [77], even though 11,12-EET is clearly produced in the highest amount in
arterioles exposed to arachidonic acid [154].

The surprising apparent ability of arachidonic acid itself to act as a direct agonist of TRPV4
in human coronary arterioles [154] is puzzling, given that previous studies appear to have
ruled out this possibility [141, 140, 139, 87]. Notably, while these latter studies analysed the
murine (m)TRPV4 in heterologous expression systems, the differences observed cannot be
due to homologue (i.e. human vs murine)-specific ligand gating because human (h)TRPV4
expressed in HeLa cells can be activated by exogenous 5,6-EET at 100 nM [48]; a similar
concentration previously found to activate mTRPV4 [141], and more importantly far lower
than the micromolar range necessary in human coronary ECs [154]. Furthermore, in
HEK?293 cells expressing mTRPV4 5,6-EET, but not arachidonic acid, in the nanomolar
range activates TRPV4 in a membrane delimited fashion [141]. Correspondingly,
manipulation of epoxygenase levels modulates TRPV4-dependent Ca2* influx in response to
shear stress and hypotonic cell swelling in a manner consistent with the obligatory
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conversion of arachidonic acid to EETs [139, 87]. Though purely speculative, one
possibility for the disparate findings in human coronary ECs may be a disease-related
alteration in the sensitivity of TRPV4 to activating stimuli (i.e. in tissue obtained from CAD
patients). Even so, a current difficulty in interpreting the significance of these findings with
exogenous arachidonic acid is that the increase in IP5 associated with the response to
physiological agonists (following the occupation of PLC-coupled receptors) and flow
(which is typically accompanied by the efflux of purinergic receptor agonists, i.e. ATP; see
references [151, 150, 149]) is known to dramatically and synergistically increase the
senstivity of TRPV4 to EETs (to 1 nM 5,6-EET, for example) by evoking a direct physical
association between the IP3 receptor and a specific region of TRPV4 that at least in part
overlaps its Ca2*-calmodulin binding site [48].

Potential EC actions of H,O5 in the human coronary microcirculation

Distinct from a transferable EDHF-type action of H,O», it was noted that in rabbit iliac
(conduit) arteries either selective elevations in endothelium-generated H,0,, applied H,0,
(threshold of between 10 and 30 uM) or that generated in oxygenated physiological buffer
following the addition of ascorbic acid or BH, to the myograph chamber amplifies EDH-
type relaxation to acetylcholine and the SERCA inhibitor CPA in a manner that is prevented
by putative gap junction block with Cx-mimetic peptides [39, 56, 38] (see Section
“Myoendothelial signalling microdomains and gap junctions: a role in the human coronary
microcirculation?”). Simultaneous analyses of ER and cytosolic Ca2* led to the proposal
that H,O, promotes the mobilization of Ca2* from ER stores, possibly through oxidation of
the 1P3 receptor, leading to enhanced EC K¢, activity and potentiated vessel relaxation [39].
Intriguingly, relaxant responses to exogenous H,O, in this vessel are endothelium-
independent, but in the continuous presence of a low (essentially non-relaxant)
concentration of CPA H,0, evokes an additional EDH-type component of relaxation that
prevented by the combination of apamin plus TRAM [39]. As such, observations in human
coronary arterioles that dilator responses to exogenous H»O» are endothelium-independent
[94] do not rule out a role for enhanced endothelial Ca?* mobilization as a candidate
mechanism. Indeed, a similar synergy is evident in cultured human aortic ECs pre-treated
with 100 uM H,0,, which potentiates [Ca2*]; elevation evoked by histamine or following
the inhibition of SERCA with thapsigargin, whereas H,O, applied alone does not affect
[Ca?*]; [86]. By contrast, in ECs isolated from bovine aorta and human umbilical vein
increases in [Ca2*]; are evoked by H,0, alone [155, 86], and therefore the effects of H,0,
on EC Ca%* may be tissue- or condition (isolated cell) specific.

Notably, there is also evidence of diametrically opposing effects of H,O, on VSMC tone
between arteries. For example, exogenous H,0, (1-300 uM) causes mainly constriction in
rat proximal (conduit) coronary arteries, but marked relaxation in distal arteries [121]. Such
diversity is also apparent in human vessels, such as when comparing the coronary arterioles
with intestinal submucosal arterioles; the latter demonstrates constriction to H,O, in the
absence of an intact endothelium [61]. Furthermore, the ability of H,O, to enhance ER Ca?*
store depletion is more profound in ECs obtained from small (e.g. murine mesenteric)
compared to large (e.g. murine aorta) sized vessels [131]. Of interest, application of
exogenous H,0, at concentrations of up to 100 uM may reflect physiological concentrations
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of the ROS thought to accumulate intracellularly (1-15 uM), because only 1-15% of applied
H,0 is thought to be biologically available within the cytosol [122].

Whilst in some circumstances H,0, itself is suggested to act as a transferable EDHF in the
human coronary microcirculation [77, 82], it is currently unknown whether this is the sole
dilator role of this ROS within this particular vascular bed. Further studies are therefore
required to clarify the potential autocrine signalling role of endothelium-derived H,0, in the
microvasculature of the human heart. In addition, it is currently unknown whether
myoendothelial gap junctions play a role in the transfer of EC hyperpolarization radially to
the vascular media to mediate human coronary microvascular dilation.

Cxs, gap junctions and myoendothelial signalling microdomains: a brief overview

Gap junctional communication underlies a number of key aspects of vasomotor control,
which include the transfer of metabolites and signalling molecules/second messengers (<1
kDa; including IP3 and cAMP) between neighbouring cells, as well as providing a conduit
for the passage of current [43]. Specifically, hyperpolarization initiated in the endothelium
can be transmitted radially into the subintimal VSMCs via myoendothelial gap junctions,
and can continue in a radial manner through the different layers of the media via
homocellular smooth muscle gap junctions. EC hyperpolarization can also spread
longitudinally along the length of the vessel through low-resistance interendothelial gap
junction plaques, which in general are significantly larger and more numerous than those
observed at points of heterocellular close contact (represented in Figure 5) and between
neighbouring VSMCs [43], where such junctions are small. In an integrated fashion, such
electrical continuity allows locally initiated hyperpolarization and dilation to encompass
upstream (i.e. feed arteries) and downstream vascular regions to coordinate changes in blood
flow over relatively large distances [31, 6, 43]. Heteroecellular communication via gap
junctions in most cases is bidirectional, thereby allowing increased vessel tone to be tightly
regulated via myoendothelial feedback (described previously in Section “Endothelial and
smooth muscle hyperpolarization: central role of K¢, channels™; and for a review see
reference [69]).

Vascular gap junctions are composed of two opposing hemichannels/connexons, each
consisting of six Cx subunits, which join to form a pore between adjacent cells [59, 29].
Intercellular communication is enhanced by the aggregation of individual gap junction
channels into plaques, which can be visualised by electron microscopy at points of homo-
and heterocellular contact [116, 59]. Vascular cells variably express Cxs37, 40, 43, and 45
(classified according to their approximate molecular weight in kDa), the expression and
distribution of which vary between vessel types and different regions within single vascular
beds, as well as in development and disease [117, 24, 29]. Indeed, gap junctions can be
composed of hemichannels that contain only a single Cx subtype (homotypic), but multiple
Cxs of specific subtypes often co-localise at EC or VSMC borders or at discrete MECCs;
consistent with the formation of hemichannels that are either each constructed from a
different Cx subtype (heterotypic) or from a mixture of subtypes (heteromeric) [29, 43].

Historically, several studies conducted during the late 1950s and 60s identified MECCs and,
without direct investigation into their possible function, suggested that such sites may be
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important for the regulation of vascular tone [98, 46, 110]. However, it was not until 1982
that pentalaminar structures consistent with the ultrastructure of gap junction plaques were
identified at these sites [129]. Kristek and Gerova (1992) demonstrated the presence of
MECCs in rabbit and canine coronary arteries, and postulated that, in addition to being sites
of metabolite transfer, MECCs may also facilitate the passage of current between
neighbouring ECs and subintimal VSMCs ([73]; for more comprehensive historical
perspectives see additional reviews [65, 119, 43]).

These hypotheses have ultimately inspired a modern and rapidly growing field examining
the roles of these sites in vascular function. It has been demonstrated that the expression of
Cxs at MECCs (of which Cxs 37, 40, and 43, but not as yet Cx45, have been demonstrated
in varying compositions between different arteries, disease states and during development)
has been shown to increase with decreasing vessel size; findings that have been suggested to
generally confer an increased role for EDH in vasodilation in smaller over larger sized
vessels [43]. It should be noted, however, that IEL hole density is not necessarily an
indicator of the presence of trans-IEL EC/VSMC projections, and, in turn, the presence of
projections and MECC:s are not necessarily a clear indicator of the presence of
myoendothelial gap junction plaques, with the latter being present at a highly variable
proportion (0-50%) of IEL holes depending on the artery, species and disease state [115,
119, 43]. In human saphenous veins MECCs are present on projections arising mainly from
ECs, and number around 10 per cell, but their morphology is not always compatible with the
formation of gap junction plaques [132]. Thus, whilst IEL holes and the associated cell
projections and MECCs are required for myoendothelial gap junctional communication (see
Figure 5), there is significant diversity in their relative ability to transmit heterocellular
signals (for reviews see references [119, 43]). IEL holes lacking cell projections (or, indeed,
MECCs lacking gap junctions) have been suggested to provide a low-resistance pathway for
the heterocellular diffusion of vasoactive signalling molecules; given that a non-fenestrated
IEL represents a potentially significant diffusion barrier, even to relatively low mass
molecules [114].

Myoendothelial signalling microdomains and gap junctions: arole in the human coronary
microcirculation?

The mechanisms that underlie the structural remodelling of ECs to form trans-1EL
projections and MECCs have on the whole remained elusive; but a role for PAI-1 activity
has been alluded to from in vitro and in vivo studies of EC-VSMC co-cultures and intact
murine coronary arterioles [64]. PAI-1 mMRNA may in fact be locally translated at MECCs
through a novel mMRNA protein binding complex, thereby promoting PAI-1 enrichment
within EC projections rather than at the main cell body [63]. Circulating PAI-1 has also been
proposed to accumulate at specific sites in the endothelium to regulate MECC formation, as
alluded to from heart transplants from PAI-1-deficient to wild-type mice, following which
the normally absent MECC:s in the coronary circulation of the transplanted heart are re-
established within 5 days post-surgery (i.e. following exposure of the PAI-1-deficient
coronary vasculature to the circulation of wild-type animals) [64].
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PAI-1 is a biomarker for a number of vascular disease states, including diabetes and obesity,
and, correspondingly, in coronary arterioles of mice maintained on a high fat diet the
number of MECCs is increased [64]. These findings may relate to observations in saphenous
arteries of obese rats, in which there are morphological changes in the head of EC
projections favouring greater surface area contact with the subjacent subintimal VSMCs.
This is associated an elevation in the expression of 1K, localized at IEL holes and increased
incidence of myoendothelial gap junctions (~12-fold higher than that in lean rats), which
together serve to potentiate EDH-mediated dilation and offset the loss of NO that is typically
associated with this cardiovascular risk factor [20]. It should be noted, however, that the role
of PAI-1 in MECC formation in human arteries has not yet been verified. Furthermore,
studies investigating the presence and role of MECCs and associated EDH signalling
microdomains in the human coronary microcirculation are lacking, as are investigations that
are commonly employed to infer the presence and role of myoendothelial gap junction-
related communication in EDH, including: (a) the radial spread of endothelium-loaded tracer
dyes [60]; (b) simultaneous recordings of EC and subintimal VSMC membrane potential,
with observed similarities at rest and following EC stimulation (per the temporal and
waveform characteristics) generally being indicative of strong electrical continuity between
the two cell layers, as demonstrated in porcine conduit coronary arteries [11, 143]; (c) the
efficacy of putative blockers of gap junctional communication, such as Cx-mimetic peptides
(see below), against (a) and (b), and also EDH-mediated dilation [60, 59, 29]; and (d)
detailed ultrastructural analyses of human coronary resistance arteries. Indeed, the role of
gap junctions, and specifically those constructed from Cx43, in subcutaneous resistance
arteries from pregnant women is inferred by the efficacy of a Cx43-specific Cx-mimetic
peptide against EDH-type relaxation [75], with the presence of myoendothelial gap
junctions at MECC:s of these vessels having been supported by electron microscopy analyses
[75].

The specificity of Cx-mimetic peptides is suggested to be due to their homology with Cx-
specific variations in the first and second extracellular loops (the so-called ‘Gap26’ and
‘Gap27’ domains, respectively) of these proteins [29]. Indeed, interpretation of the findings
in coronary arterioles obtained from non-CAD patients that 18a-glycyrrhetinic acid and
carbenoxolone, as further putative gap junction blockers, fail to attenuate EDH-type
responses to bradykinin [8] is difficult given that these agents are associated variably with
elevated Cx expression, NO synthesis, modulation of EC membrane potential and non-
specific Ky and voltage-gated Ca2* channel block [27, 134, 59]. Notably, non-junctional
effects of these agents are apparent in human arteries, such as subcutaneous arterioles in
which 18B-glycyrrhetinic acid and carbenoxolone attenuate acetylcholine-evoked EC
hyperpolarization via non-specific block of voltage-dependent Ca* and Ky, channels [27].
As such, studies analysing the efficacy of more specific gap junction blockers against dilator
responses of the human coronary microcirculation are required.

The presence of MECCs and the role of microdomain signalling are apparent only in a
limited number of human arteries. In human mesenteric arteries, for example, trans-1EL
projections arising from both ECs and VSMC:s are associated with an IKc,-Cx37
microdomain that underpins dilator responses to bradykinin (with vasopressin
preconstriction; [21]); findings that may relate to observations in coronary arterioles from
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non-CAD patients, in which EDH-type responses to the same agonist are mediated entirely
by IKc, ([8]; see Table 1). In human renal arterioles projections arising from mainly ECs
form MECCs that separate the two cell types by ~10-15 nm [128]. In the context of the
thesis of this review, MECCs have been demonstrated in human coronary arterioles at pre-
capillary sphincters [125], but their role in regulating resistance in the coronary
microcirculation (and also how these alter in CAD) is not currently known and warrants
further investigation (see Figure 5). Notably, in the pulmonary circulation of patients with
hypertension there is IEL thickening and a decrease in the number of IEL holes [2].

The idea that MECCs and associated trans-1EL cell projections serve as important spatially
discrete signalling microdomains that amplify the biological role of EDH is supported by the
demonstration that these are also sites of enriched expression of several key EDH signalling
components. In addition to gap junction Cxs and 1K¢, (and potentially SK¢, in specific
tissues and states) these include TRP channels (of which TRPA1, TRPC3 and TRPV4 have
been demonstrated at such sites in specific arteries), the Na*/K*-ATPase on the closely
apposed VSMC membrane [5, 119, 124, 127, 107, 43], and K;j, on VSMCs or ECs, or both,
depending on the vessel and state [43]. Novel findings indicate that caveolin-1 may also be
enriched in EC projections of specific vessels, but, surprisingly, not necessarily (or always)
within membrane structures (caveolae) most commonly associated with this regulatory
protein (SL Sandow, unpublished observations). Together with the proposal that these sites
also contain their own discrete pools of IP3-sensitive ER Ca2* stores [69, 119, 43], the
functional assembly of myoendothelial signalling microdomains is indicative of highly
specialised and potentially specific function (Figure 5). Variations in the composition of ion
channels, Cxs and organelle content, as well as the specific morphology of projections and
MECCs, are thought to confer significant plasticity in the mechanisms of vessel function
[43]. The mobilization of ER Ca?* and the influx of extracellular CaZ* at these sites is thus
spatially restricted and does not usually propagate as a Ca2* wave that encompasses the
main cell body, with such discrete IP3-mediated Ca?* release events (designated Ca2*
“pulsars”) and TRP-mediated extracellular Ca2* influx (designated Ca2* “sparklets”) being
central to the activation of spatially associated K¢, channels and hyperpolarization that is
subsequently transmitted via juxtaposed myoendothelial gap junctions ([79, 5, 127]; Figure
5). The proposed specialised role of such microdomains in EDH-mediated dilation is alluded
to by observations that the activation of as little as three or four TRPV4 channels per EC is
sufficient to evoke maximal EDH-type dilation [127].

Conclusions and future directions

This review highlights the diverse and integrated signalling roles of EETs and H,0 in the
coronary circulation, and examines the implications for further research into regulation of
the human coronary microcirculation in health and disease. Specialised myoendothelial
microdomain signalling complexes are becoming increasingly appreciated as important
contributors to the general mechanism of EDH-mediated vasodilation and coordinated
function. Considering the potential for artery-specific differences in ion channel and Cx
composition, ER content and specific MECC morphology, associated differences in EDH
signalling between arteries, species, disease and development renders pharmaceutical
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targeting of global in vivo EDH activity difficult. However, such variations may also provide
specific targets for modulating EC function in an artery-specific manner.

The presence and role of EC and/or VSMC projections, MECCs and associated
microdomain signalling in the human coronary microcirculation is unknown. Indeed, the
efficacy of Cx-specific inhibitors of gap junctional communication against EDH-mediated
dilation, as has been reported in numerous arteries of animal models, has not yet been
undertaken in the resistance arteries of the human heart. A priority for future research should
therefore be establishing the relevant ultrastructural features of the human coronary
microcirculation, and subsequently whether these are associated with myoendothelial
signalling microdomains relevant to EDH activity.

Despite evidence linking Kc,, several TRP channel subtypes, ER Ca2* stores, Cxs and gap
junctions (in varying compositions) as being preferentially enriched within discrete
myoendothelial microdomain sites in numerous arteries, the association with other
potentially key EDH signalling components, such as CYP 2C and 2J, Nox2, Nox4 and SOD,
has not yet been investigated. Indeed, the recent suggestion that endothelial NOS and
haemoglobin a, which together form an NO synthesizing and signal regulation complex
[130], may be enriched at these sites has served only to heighten interest in myoendothelial
microdomain signalling. The potential enrichment of Nox4 in the membrane of discrete
pools of ER, coupled with the purported ability of this Nox to produce H,O, directly, could
also be an important future avenue for research. Indeed, EC-specific overexpression of Nox4
potentiates acetylcholine- and histamine-evoked relaxation in the murine coronary
circulation and lowers blood pressure via mechanisms involving H,O,. Notably, there are
currently no selective Nox4 inhibitors to assist in establishing the physiological role of this
oxidase [28]. Furthermore, determining whether there are actually distinct EC ER pools and
how these may be altered in different functional states, including development and disease,
is an area for further work.

From a broader perspective, it remains to be determined whether dilator H,O5 activity is
aetiological to the onset of vascular disease, and thus whether this oxidant is a potentially
pathological participant in EDH; compared to elevated dilator HoO, synthesis associated
with, for example, prolonged exercise training [144, 145] or acute H,O,-mediated metabolic
coronary vasodilation [71]. Furthermore, an ongoing limitation in understanding the
physiological role of EETs and therefore establishing potential drug targets is the lack of
formal identification of its putative receptor, and potentially the existence of multiple
receptor subtypes with varying distributions in the vascular system. The potential of such
diversity is apparent when considering the highly heterogeneous responses of different
arteries to individual EET regioisomers applied exogenously (see reference [43] for review).

Further complications in elucidating the mechanisms of EDH in the human coronary
microcirculation are: (a) the sparsity of data available for healthy tissue, and therefore
determining how such mechanisms alter over the course of specific disease states, such as
hypertension, obesity and diabetes; and (b) elucidating potential regional differences in
coronary vasomotor regulation. Indeed, related to (b), arterioles obtained from human atrial
and ventricular tissue respond very differently to acetylcholine; with profound
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vasoconstriction evoked in the former and dilation in the latter [93]. Nevertheless,
observations that HoO, mediation of vasodilation in coronary microvascular tissue from
CAD patients can be reverted back to NO-mediated vasodilation by inhibiting ceramide
formation [52] provide and intriguing avenue for further research and, potentially, for novel
drug development in the treatment of cardiac ischaemia and atherosclerosis.

In consideration of the ongoing interest in SEH inhibitors as a potential means of
pharmaceutically improving vasodilator and anti-inflammatory EET bioavailability, future
research should also focus on: (a) elucidating the physiological role of parent molecule
arachidonic acid in FID in the context of human disease [154]; and (b) ascertaining potential
alternative routes of EET metabolism, because under physiological conditions 5,6-EET is
unstable and, via its 8-lactone (which sEH cannot hydrolyse), may be a substrate for
paraoxonase-1 [45] (N.B. paraoxonase-1-deficient mice are hypotensive due to increased
5,6-EET bioavailability [55]). Elucidation of the physiological role of these pathways could
leverage the identification of intriguing alternative drug targets relevant to human vascular
disease. An improved understanding of the regulatory mechanisms of the human coronary
circulation could also assist with the development of novel cardioplegic solutions to improve
patient outcomes following coronary artery bypass surgery.
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Abbreviations

14,15-EEZE 14,15-epoxyeicosa-5(Z)-enoic acid
ADP adenosine diphosphate

ATP adenosine triphosphate

BH,4 tetrahydrobiopterin

BKca large conductance Ca2*-activated K* channel
CAD coronary artery disease

cAMP cyclic adenosine monophosphate
Cat catalase

cGMP cyclic guanosine monophosphate
CNP C-type natriuretic peptide

COX cyclooxygenase

CPA cyclopiazonic acid
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Cx
CYP
DHET
EC
EDH
EDHF
EET
ER
FID
GTP
H20;
HEK?293
IEL
IKca

Oyt
ONOO~
PAI-1
PEG-Cat
PGI,
PKA
PKG

connexin

cytochrome P450

dihydroxyeicosatrienoic acid

endothelial cell

endothelium-derived hyperpolarization
endothelium-derived hyperpolarizing factor
epoxyeicosatrienoic acid

endoplasmic reticulum

flow-induced dilation

guanosine triphosphate

hydrogen peroxide

human embryonic kidney cells

internal elastic lamina

intermediate conductance Ca2*-activated K+ channel
inositol 1,4,5-trisphosphate

ATP-activated K* channel

Ca?*-activated K* channel

inwardly rectifying K* channel
voltage-gated K* channel

low density lipoprotein

myoendothelial close contact site
nicotinamide adenine dinucleotide phosphate
nitric oxide

nitric oxide synthase

nicotinamide adenine dinucleotide phosphate oxidase
superoxide anions

peroxynitrite

plasminogen activator inhibitor-1
polyethylene glycol catalase

prostaglandin I, (prostacyclin)

protein kinase A

protein kinase G
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PLC phospholipase C
ROS reactive oxygen species
sEH soluble epoxide hydrolase
SERCA sarcoendoplasmic reticulum Ca2*-ATPase
SKca small conductance Ca2*-activated K* channel
SOD superoxide dismutase
TRPA1 transient receptor potential ankyrin type 1 channel
TRPC3 transient receptor potential canonical type 3 channel
TRPV4 transient receptor potential vanilloid type 4 channel
VSMC vascular smooth muscle cell
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Perspectives

Stimulated increases in blood flow in the coronary microcirculation of patients with CAD
is mediated by complex, diverse and integrated activity of EETs and H,O», which replace
NO-mediated responses normally present in the same tissue from healthy individuals.
Several intriguing areas for future research include: (a) the molecular mechanisms that
drive the switch in dilator molecule activity during CAD; (b) the significance and role of
myoendothelial signalling microdomains and gap junctional communication in the
regulation of the human coronary microcirculation, and their alteration in disease; and (c)
elucidating the physiological dilator activity of non-metabolized arachidonic acid, as well
as alternative (non-sEH/non-COX) routes for EET degradation, e.g. paraoxonase-1. A
better understanding of the regulatory mechanisms of the microcirculation of the human
heart could uncover interesting new drug targets for correcting altered coronary blood
flow in specific disease states, and also potentially improve patient outcomes following
coronary artery bypass surgery.
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Figure 1.
Physiological benefit of arterial flow-induced dilation (FID; communication between

arterioles and upstream feed arteries). (A) Basal arteriolar tone governs tissue perfusion
under baseline conditions. (B) When parenchymal cells (e.g. cardiomyocytes) become active
they release vasodilator metabolites that reduce resistance in local arterioles, increasing flow
(F), since the majority of resistance occurs in this segment of the circulation. With the
resulting vasodilation more of the overall organ resistance shifts to upstream arteries. (C)
Conservation of mass requires that an increase in flow locally be matched to an equal
increase in flow in all upstream feed arteries. This increase in flow evokes endothelium-
dependent FID in the upstream vessels, further reducing resistance and increasing coronary
blood flow, potentially up to ~5 fold.
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Figure 2.
Biosynthesis and bioavailability of endothelial cell (EC)-derived epoxyeicosatrienoic acids

(EETSs) and hydrogen peroxide (H20,). The activation of phospholipase A, (PLA))
following stimulation with shear stress or secondary to inositol 1,4,5-trisphosphate (1P3)-
sensitive endoplasmic reticulum (ER) Ca2* store depletion by agonists leads to synthesis of
arachidonic acid (AA), which is metabolized by cytochrome P450 (CYP) 2C or 2J
isoenzymes to produce EETs; with soluble epoxide hydrolases (sEH; for all EET
regioisomers) and cycolooxygenase (COX; for 5,6-EET only) metabolizing EETSs to
dyhydroxyeicosanoic acids (DHETS) and prostaglandins (PGs) respectively, thereby
influencing EET bioavailability (left panel). Shear stress and agonist stimulation also results
in the reduction of molecular O, to form the reactive oxygen species (ROS) superoxide
(0O5*), as a by-product of metabolism, by a number of sources, including nitric oxide
synthases (NOS), CYP, COX, lipooxygenase (LOX) and mitochondria (mito). 0, *- is then
further reduced by superoxide dismutases (SOD) to form H,0,, the bioavailability of which
is determined by endogenous antioxidant enzymes, which include catalase (Cat) and
glutathione peroxidease (GSH-Px). Nicotinamide adenine dinucleotide phosphate oxidase
isoforms (Nox2 and Nox4) synthesize ROS as their sole enzymatic product, with Nox2
producing O, *- and Nox4 mainly H,0, (right panel). PLC, phospholipase C.
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Figure 3.
Endothelium-derived hyperpolarizing factor (EDHF)-type actions of epoxyeicosatrienoic

acids (EETs) and hydrogen peroxide (H,05,) in the coronary circulation. Endothelium-
derived EETs activate vascular smooth muscle cell (VSMC) large conductance Ca2*-
activated K* channels (BKc,) potentially via two different mechanisms; through coupling
via the putative EET receptor [EET(R)], or by activating VSMC transient receptor potential
vanilloid type 4 (TRPV4) channels to induce localized Ca?* influx that activated
sarcoplasmic reticulum (SR) ryanodine receptors (RyR) to trigger spatially discrete, non-
propagating Ca2* sparks that in turn activate BKc,. BKc, activation by H,0, occurs via a
distinct mechanism, whereby the ROS triggers dimerization of VSMC protein kinase G
(PKG) 1a monomers to form PKG heterodimers via disulphide bridge (-S-S-) formation at
cysteine4?2. This residue acts as a redox sensor that, when activated, increases the affinity of
PKG for BK¢,. The low resistance diffusion of EETs and H,0, from EC to VSMC is
potentially facilitated by holes in the internal elastic lamina (IEL) separating the two cell

types.
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Figure 4.
Signalling interactions between epoxyeicosatrienoic acids (EETS) and hydrogen peroxide

(H205) in endothelial cells (EC) of the human coronary microcirculation. During shear
stress stimulation the production of EETs by cytochrome P450 isoforms (CYP 2C and/or 2J)
leads to activation of transient receptor potential vanilloid type 4 (TRPV4) channels to
induce extracellular Ca2* influx. TRPV4-dependent Ca2* influx plus superoxide (02°)
formation by Nox2 are required to trigger H,O5 release from mitochondria, with dilator
responses attenuated to similar degrees by the H,0, degrading enzyme catalase (Cat) or
inhibition of epoxygenase/antagonism of EETSs (left panel). By contrast, stimulation with
bradykinin triggers Nox2-dependent (), - formation, and H,O, formed following the
dismutation of o, *- directly inhibits EET synthesis by CYP 2C and 2J; with EET synthesis
and action being de-restricted in the continuous presence of Cat (right panel).
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Figure 5.
Potential future avenues for research into the hypothesized roles of myoendothelial

microdomain and gap junctional signalling in EDH-mediated vasomotor regulation in the
human coronary microcirculation. It remains to be determined whether myoendothelial gap
junctions (MEGJ) play a permissive role in the relay of endothelial cell (EC)
hyperpolarization to the underlying vascular smooth muscle cells (VSMC) to evoke dilation,
and whether trans-internal elastic lamina (IEL) EC projections facilitate myoendothelial
close contacts (MECC), and whether these are sites of putative signalling microdomains, as
demonstrated in selected arteries In a number of vascular beds, the mobilization of discrete
pools of inositol 1,4,5-trisphosphate (1P3)-sensitive endoplasmic reticulum (ER) Ca2* stores
and influx through transient receptor potential vanilloid type 4 (TRPV4) and canonical type
3 channels (TRPC3; both of which are activated by specific epoxyeicosatrienoic acid [EET]
regioisomers) associated specifically with these sites (designated as “Ca2* pulsars” and
“Ca2* sparklets”, respectively), leads to the opening of Ca2*-activated K* channels (Kcj) to
initiate an EC hyperpolarization that is conducted to the VSMCs via MEGJs. It also remains
to be determined whether EC projections are preferentially enriched with cytochrome P450
2C/2J, Nox2/4 and superoxide dismutase (SOD) to facilitate localized EETs and H,0,
synthesis and action at these sites. Although suggested from culture studies, it is also
currently unknown whether EETs modulate MEGJ-related intercellular communication;
given their ability to increase interendothelial coupling through a cyclic adenosine
monophosphate (CAMP)-dependent protein kinase (PKA)-dependent mechanism. Kca,
small conductance Ca2*-activated K+ channel.
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Table 1

Pharmacological diversity of endothelial cell (EC) small- and intermediate- and vascular smooth muscle cell
(VSMC) large-conductance Ca?+-activated K* channels (SKcg, 1K, and BKc,, respectively) in EDH-
mediated responses. Administration of apamin (selective blocker of SK¢;), TRAM (selectively for IKcp),
iberiotoxin (IbTx; selective for BK¢,) and charybdotoxin (CbTx; non-selective blocker of IKc, and BKcy),
either alone or in various combinations, reveal heterogenous dependency on individual channel subtypes and
their concerted activity to a range of endothelial stimuli, including the agonists bradykinin (BK), acetylcholine
(ACh), thrombin (Tmb) and substance P (SP), as well as the haemodynamic stimuli of flow, pulsatile
perfusion (PP) and pressure oscillations (P.osc; to induce rhythmic cyclic stretch). EDH is variably studied as
EC and VSMC hyperpolarization (EC-hyp and VSMC-hyp, respectively), and EDH-mediated dilations. EC
stimuli are generally (but not always) studied following the induction of smooth muscle tone with a variety of
agonists, such as U46619 (a thromboxane A, analogue), prostaglandin F,, (PGF5.), 2,2-aminoehylpyridine

(AEP) and endothelin-1, as well as following pressure-induced myogenic tone (P).

species coronary vessel tone stimulus  attenuated/abolished unaffected refs
human arterioles (CAD) P+ET-1 Bk ChTx>apamin 1bTx [95, 77]
arterioles (non-CAD) U46619 Bk apamin+CbTx>apamin+IbTx apamin/CbTx/IbTx/apamin+IbTx  [8]
arterioles (CAD) P+ET-1 Tmb CbhTx 1bTx [13]
arterioles (CAD) P+ET-1  flow CbhTx/IbTx nd [94, 82]
porcine conduit (EC-hyp) none Bk apamin+TRAM+IbTx>apamin+TRAM  TRAM [143]
none SP apamin+TRAM>apamin IbTX/TRAM [16, 143]
conduit (VSMC-hyp) none Bk apamin+TRAM+IbTx>apamin+TRAM  1bTx [41, 143]
SP apamin+TRAM 1bTx
conduit P P.osc apamin+lbTx nd [105]
conduit U46619 Bk apamin+CbTx apamin+IbTx [8]
conduit U46619 Bk apamin+TRAM apamin+IbTx [9]
arterioles U46619 Bk apamin+ChTx>CbTx=IbTx apamin [57]
arterioles U46619 Bk apamin+CbTx>apamin+IbTx>1bTx apamin/CbhTx [10]
canine conduit PGF,, ACh CbTx IbTx/apamin [99]
conduit P PP apamin+CbTx>apamin+IbTx nd [102]
arterioles P ACh 1bTx nd [101]
rat perfused heart P Bk CbTx IbTx [54]
small arteries P flow apamin+CbTx nd [138, 4]
arterioles P ACh 1bTx nd [47]
guinea-pig  conduit PGF,,  ACh apamin+ChTx apamin+IbTx [152]
conduit (rel+VSMC-hyp)  AEP ACh nd apamin/IbTx [37]
conduit U46619 ACh apamin (slight)/CbTx/apamin+CbTx nd [27]
arterioles U46619 ACh CbTx/apamin+ChTx nd
murine conduit PGF,, ACh apamin+CbTx nd [90]
arterioles P ACh apamin+CbTx nd [103]

nd none determined. >denotes preceding reagent combinations as reducing EDH-type responses to a greater extent.

Microcirculation. Author manuscript; available in PMC 2017 January 01.



