Investigation into lon Channel- and
Nitric Oxide-Mediated Vasodilation in

Resistance Arteries

c

NIVERSITY OF

XFORD

Lillian Eleanor Wallis
Magdalen College
University of Oxford

A thesis submitted for the degree of
Doctor of Philosophy
Michaelmas 2024



ABSTRACT

Effective regulation of resistance artery tone is essential in maintaining adequate tissue
perfusion across the body. Artery tone is determined by various ion channels, with voltage-
gated calcium channels (VGCCs) expressed by vascular smooth muscle cells (VSMCs) being
key in facilitating the influx of Ca?* required for vasoconstriction. The endothelium provides the
main vasodilatory signals, including nitric oxide (NO) and endothelium-derived

hyperpolarisation (EDH).

The first part of this study develops a protocol to detect basal and stimulated NO release in
intact, ex vivo resistance arteries using a fluorescent dye. For the first time, this will allow real-
time NO release to be monitored in physiologically relevant artery preparations, addressing

an important gap in vascular research.

The second part of this study investigates the function and expression of T-type VGCCs in rat
mesenteric and coronary arteries. While the role of L-type VGCCs has been long established
in larger arteries, recent research has highlighted the importance of T-type VGCCs in smaller
resistance arteries and their potential involvement in vasodilation. Using RNAscope and
immunohistochemistry, we confirm the presence of Cay3.1, Cay3.2, and Cay3.3 channels in
endothelial cells (ECs) and VSMCs. Functional studies indicate that these channels contribute
to vasodilation through smooth muscle-mediated signalling, particularly by interacting with
BKca channels. For the first time in myogenically-active coronary arteries, we show that
blocking Cay3.2 channels produces vasoconstriction, revealing their paradoxical role in
opposing contraction and maintaining vascular tone. Furthermore, we show the expression of
T-type VGCCs by VSMCs at the points where myoendothelial projections (MEPs) make
contact, raising the possibility that these channels contribute to myoendothelial feedback

vasodilation.



The final part of this study explores the expression of hyperpolarisation-activated cyclic
nucleotide-gated (HCN) channels by ECs of resistance arteries. We provide the first evidence
that HCN channels are present in the endothelium, which corresponds to unpublished
functional data from the Dora/Garland group demonstrating their role in facilitating Ca?* influx

in hyperpolarised cells.

Overall, these findings enhance our understanding of microvascular function and provide a

basis for further research which may have significant clinical implications.
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1. Introduction



1.1 The role of resistance arteries in the cardiovascular system

The mammalian cardiovascular system, composed of the heart and blood vessels, delivers
vital oxygen and nutrients to tissues of the body whilst removing waste products. As blood
from the heart flows towards tissues, it is diverted through increasingly narrow arteries and
arterioles, producing a drop in blood pressure as resistance to flow increases. These small
resistance vessels, < 300 ym in diameter, are key in controlling blood pressure, with even
minor changes to their luminal diameter influencing blood pressure. A common feature of
resistance arteries is their ability to develop myogenic tone in response to increased
intraluminal pressure, which is important in stabilising tissue blood flow across the body
(Bayliss, 1902). The basal level of contraction of myogenically-active arteries allows them to
sensitively and dynamically respond to changes in blood pressure and flow by increasing or
decreasing tone, which is essential in meeting the metabolic demands of tissues including

skeletal muscle and the myocardium.

Resistance artery dysfunction, which manifests as elevated arterial tone, underlies the
development of hypertension and other related cardiovascular diseases including coronary
artery disease (progressing to myocardial infarction) and heart failure (Schiffrin, 1992).
Accounting for up to one third of deaths globally, our understanding of the mechanisms
governing resistance artery contraction and relaxation is key in treating hypertension and
preventing the onset of life-threatening cardiovascular diseases. Using rat resistance arteries
supplying the mesentery, heart, and cremaster, this thesis investigates novel mechanisms
contributing to the tone of arteries supplying smooth, cardiac, and skeletal muscle,
respectively. Additionally, it aims to develop a protocol for directly detecting nitric oxide (NO),

a key signalling molecule involved in vasodilation, in ex vivo resistance arteries.



1.2 Structure of resistance arteries

Like all blood vessels, resistance arteries consist of three distinct cell layers: the tunica intima
(composed of endothelial cells; ECs), the tunica media (vascular smooth muscle cells;
VSMCs) and the tunica adventitia (connective tissue and perivascular nerve endings).
Forming a monolayer coating the vessel lumen, ECs respond to circulating molecules, such
as hormones and other vasoactive mediators, as well as mechanical changes derived from

blood pressure and flow, by transmitting signals to the underlying media (Garland et al., 2011).

The tunica media is the thickest layer of the artery wall, consisting of multiple layers of VSMCs
mostly oriented circumferentially around the lumen. The contractile force generated by these
cells, which act in syncytium, determines the luminal diameter of blood vessels and hence
blood pressure and flow. Finally, the tunica adventitia contains sympathetic nerve terminals
which release a range of neurotransmitters, including adenosine triphosphate (ATP),
noradrenaline, and neuropeptide Y (NPY), which influence arterial tone by binding to G-protein
coupled receptors on VSMCs. The influence of innervation on artery contractility varies
between vascular beds, although mesenteric, coronary and cremaster resistance arteries are

all densely innervated (Aalkjeer et al., 2021).

Despite being separated by a sheet of connective tissue (the internal elastic lamina; IEL), ECs
and VSMCs work together to regulate resistance artery tone via a complex interplay. Their
communication occurs via many pathways, either involving the release of diffusible factors
such as NO and endothelium-derived hyperpolarising factor (EDHF), or the intercellular,
contact-mediated transfer of signalling molecules and ions (Garland et al., 2011). Facilitating
this intercellular communication are myoendothelial projections (MEPs; see Figure 1.2.1),
which originate from ECs and establish contact with VSMCs through fenestrations in the IEL

(Chaytor et al., 1998). At these points of contact, plasmalemmal connexin (Cx) proteins from



apposing cells dock to form myoendothelial gap junctions (MEGJs), creating a cytoplasmic
continuum between the cell types. Additionally, homocellular gap junctions in the endothelium
and vascular smooth muscle layer contribute to coordinated contractile responses, which are
especially important in coupling blood flow to local metabolic demand (Segal and Duling,
1989). Whilst the physiological role of MEPs and gap junctions in the resistance vasculature
is not fully understood, extensive evidence suggests they are important in regulating arterial

diameter by facilitating the movement of signalling molecules between cells.
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Figure 1.2.1. Structure of a resistance artery with cell-to-cell connections shown. (A, B,
C) Schematic cross-section through artery wall with myoendothelial projections highlighted.
These projections allow endothelial cells (ECs) to physically contact underlying vascular
smooth muscle cells (VSMCs) through the internal elastic lamina, where myoendothelial gap
junctions connect the cell types. (D) Electron micrograph showing transverse cross-section
through mesenteric resistance artery (~ 115 ym diameter). The black arrowhead indicates the
point where the myoendothelial projection makes contact with the VSMC. Scale bar is

approximately 250 nm. Electron micrograph taken from Sandow and Hill (2000).



1.3 Voltage-gated calcium channels determine arterial tone

As previously mentioned, the degree of arterial tone generated is dependent on the
synchronised contraction of individual VSMCs in the artery wall. Their contractile tension is
primarily governed by cytosolic Ca?* concentration ([Ca?*]), which is determined by (1)
depolarisation-driven Ca?* influx via sarcolemmal ion channels and (2) voltage-insensitive
Ca?* release from the sarcoplasmic reticulum (SR). The relative contribution of each pathway
differs between vessel type and size, with small resistance arteries relying more on Ca?* influx
via sarcolemmal voltage-gated calcium channels (VGCCs) compared to larger conduit
arteries. This is likely due to the increased abundance of L- and T-type VGCCs expressed in
resistance arteries relative to large arteries, their opening resulting in sufficiently elevated
cytosolic [Ca?*] to drive contraction (Ball et al., 2009). Ca?* drives vasoconstriction by binding
to calmodulin and activating myosin light chain kinase (MLCK), leading to the phosphorylation
of serine residues on myosin light chain (MLC) filaments and facilitating crossbridge formation
between myosin and actin. Due to their importance in regulating artery diameter, this section

of the thesis will primarily focus on Ca?* entry via VGCCs.

The VGCC family comprises ten molecular sub-types, although the predominant isoforms
expressed in arteries are high-voltage activated L-type VGCCs (Cay1.1-1.4) and low-voltage
activated T-type VGCCs (Cay3.1-3.3). All functional VGCCs have a pore-forming as subunit
containing 4 homologous domains, each with six transmembrane helical segments (Perez-
Reyes, 2003). This subunit facilitates the selective conductance of Ca?* and contains voltage-
sensing machinery, either existing in isolation (in T-types; see Figure 1.3.1) or in association
with other auxiliary subunits (in L-types). These auxiliary subunits, such as a» and 3, provide
additional regulation of ion conductance and kinetics through their impact on the channel’'s
voltage sensitivity, and account for the differences in biophysical characteristics of T- and L-
type VGCCs. All VGCCs are characterised by depolarisation-dependent activation, voltage-

dependent inactivation and hyperpolarisation-induced deactivation, however, T- and L-type



channels exhibit significant differences in terms of their voltage sensitivity and
activation/inactivation kinetics. Compared to L-type VGCCs, T-type VGCCs open at lower
voltages and activate and inactivate faster, thus providing a transient rather than sustained
current. The three T-type channel subtypes share a high degree of amino acid sequence
identity in their transmembrane segments (60 — 100%), with most variation between the
channels occurring within the I-1l linker and C-terminus region (Perez-Reyes et al., 1998). This
divergence in structure is reflected in subtle differences between the channels’ biophysical
properties; Cav3.1 and Cay3.2 display the fastest activation kinetics (1-2 ms) compared to
Cav3.3 (7 ms), and Cav3.1 displays the slowest deactivation kinetics, followed by Cay3.2 then

Cav3.3 (Klockner et al., 1999).
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Figure 1.3.1. Membrane topology of T-type voltage-gated calcium channels. (A) The a;
pore-forming subunit is formed of a single protein with 4 homologous domains (DI — V)
connected by cytosolic linkers (I-11, 1I-Ill, and 1lI-IV) shown in B. (B) The arginine/lysine-rich
S4 segments (coloured orange) form the voltage sensor, whereas the re-entrant P-loops form
the pore of the channel and provide Ca?* selectivity. The three T-type channel subtypes share
a high degree of amino acid sequence similarity within the transmembrane segments, with
the major sites of divergence occurring in the I-1l linker and the C-terminus regions. Alternative
splicing occurs in the llI-IV linker and C-terminus regions (coloured red), which produces
various splice variants with right-shifted current-voltage curves and prolonged activation
kinetics. L-type VGCCs, such as Cay1.2, comprise a similar a; pore-forming subunit but have
additional auxiliary subunits such as a> and B. Figure adapted from Weiss and Zamponi
(2019).



1.4 The roles of voltage-gated calcium channels in the vasculature

Investigations into the expression and function of L- and T-type VGCCs in the systemic
circulation have often yielded contradictory results which differ depending on species and
vascular bed (see Table 1.4.1 for summary). Of the two families, evidence suggests that L-
type VGCCs are major contributors to the elevated VSMC [Ca?*] associated with sustained
vasoconstriction. Their importance was demonstrated by Langton and Standen (1993), who
recorded Ca?* currents (Ica) in isolated rat basilar artery SMCs. Despite incrementally
increasing cells’ holding potential from -88 to -48 mV, they did not identify transient and rapidly
inactivating T-type currents, concluding that only L-type VGCCs contributed to the steady-
state Ca?* influx they observed. Subsequent investigations using intact, pressurised rat
cerebral arteries, showed that selectively blocking L-type VGCCs with dihydropyridine drug
nisoldipine (10 nM) almost completely abolished myogenic tone development and K*-induced
vasoconstriction (Knot and Nelson, 1998). Taken together, these studies reveal that L-type
VGCCs are essential in facilitating the depolarisation-driven Ca?* influx required for rat
cerebral artery constriction. Another study however, also using rat cerebral arteries, showed
that ~20% of myogenic tone remained after the application of L-type VGCC inhibitors diltiazem
or nifedipine to pressurised arteries, implicating a larger role for non-L-type VGCCs than first
thought (Mufti et al., 2010). More thorough analysis of Knot and Nelson’s work reveals that
the Ca?* chelator EGTA was not added to the zero Ca?* buffer used to estimate arteries’
passive diameter. Consequently, the maximum diameters were likely underestimated, whilst
the contribution of L-type channels to vasoconstriction was overestimated; Mufti et al.
compared the diameters of pressurised arteries in zero Ca?* buffer with those of arteries in

zero Ca?* buffer plus EGTA and found that the addition of EGTA caused further dilation.

Select studies have shown that resistance arteries do not always express functional L-type

VGCCs. Employing reverse transcription polymerase chain reaction (RT-PCR) and gel



electrophoresis to probe mMRNA expression in rat mesenteric arterioles, Gustafsson et al.
(2001) found that L-type VGCCs are not expressed in arterioles < 40 ym diameter. The effects
of various VGCC blockers on the diameter of small arterioles in vivo was measured.
Dihydropyridines (nifedipine or nimodipine, both 10 yM) had no significant effect on
vasoconstriction in response to local stimulation with current or noradrenaline, whereas T-type
VGCC blockers Ni?* (1 mM) and mibefradil' (10 uM) abolished vasoconstriction. An absence
of L-type VGCCs in the smallest resistance vessels was also observed by Morita et al. (1999),
who found that the fraction of nifedipine insensitive Ic; increased as guinea pig mesenteric
arteries became more distal, amounting to almost 100% of global /¢, in the most peripheral
vessels. Taken together, these studies indicate that T-type VGCCs contribute more to
depolarisation-induced vasoconstriction as artery diameter decreases, whereas L-types
contribute less. As the smallest resistance arteries contribute most to blood pressure control,
T-type VGCCs may provide a promising target to reduce blood pressure in hypertension

without inducing the negative side effects associated L-type VGCC blockers.

The significant role for T-type VGCCs in small arterioles does not mean that these channels
are not functionally relevant in larger arteries. Studying isolated dog basilar artery VSMCs,
Nikitina et al. (2007) identified both T- and L-type Ca?* currents, as well as mRNA and protein
corresponding to Cay1.2, Cay3.1 and Cay3.3 VGCCs (Cay3.2 expression was not probed).
Interestingly, they found that cells were heterogenous in the Ca?* currents they exhibited, with

some displaying mostly T-type currents and others mainly L-type currents. This highlights the

"It should be noted that the use of mibefradil to block T-type VGCCs is controversial, as it has
been shown to antagonise L-type VGCCs and other ion channels, particularly at concentrations
greater than 1 uM. Despite this, it is still the most widely used T-type VGCC antagonist, but the

potential for non-specific effects should be taken into account when interpreting its effects.



importance of exercising caution when interpreting current measurements from a small

sample of VSMCs and may be one reason why studies have produced conflicting data.

The potential for T-type VGCCs to contribute significantly to vasoconstriction in resistance
arteries is surprising as their associated Ca?* currents are tiny and transient. These
characteristics make them unlikely candidates for eliciting substantial increases in VSMC
[Ca?*]. Despite this, evidence indicates that T-type VGCCs can modulate arterial tone in a
variety of vascular beds, both directly and indirectly (summarised in Figure 1.4.1).
Understanding the complex roles of T-type VGCCs in arteries is especially important in the
context of drug development, as the use of T-type channel blockers to treat a range of

diseases is gaining interest.
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1.4.1 Direct role for T-type voltage-gated calcium channels in the vasculature

A direct role for T-type VGCCs in sustained vasoconstriction may result from continuous and
accumulating Ca?* influx occurring within the voltage window between the channels’
overlapping steady-state activation and inactivation curves (between -65 and -45 mV
measured in cardiac Purkinje cells using a 1 second pulse protocol; Hirano et al., 1989). The
ability of T-type VGCCs to mediate sustained Ca?* entry in VSMCs over their window current
has been demonstrated in guinea pig mesenteric arteries, where most of the Ic; in VSMCs
from small arteries was attributed to nifedipine-insensitive, Ni?*-sensitive VGCCs (Morita et
al., 1999). Although it has not yet been demonstrated, it is plausible that the increased
intracellular [Ca?*] attributed to T-type window currents could directly affect vasoconstriction.
This is supported by findings from a study on human myoblast cells, where T-type currents
were shown to elevate intracellular [Ca?*] by approximately 40 nM (Bijlenga et al., 2000). The
purported ability of T-type VGCCs to directly influence VSMC [Ca?*] is challenged by fact that
the window current of the channels falls outside of the range of membrane potentials recorded
in VSMCs of pressurised arteries (between -45 and -30 mV; Knot and Nelson, 1998). Despite
this discrepancy, emerging evidence suggests that splice variants of T-type VGCCs may be
expressed in the vasculature with more favourable electrophysiological properties for

significantly elevating intracellular [Ca?*].

All three T-type VGCC subtypes are subject to extensive splicing, with the majority of changes
occurring in the llI-IV linker and C-terminal regions, where channel function would likely
change as a result (Mittman et al., 1999; Zhong et al., 2006). Evidence suggests that
alternative splicing in the llI-IV linker region of human Cay3.1 and Cay3.2 channels shifts both
activation voltages and window currents to more depolarised potentials (Chemin et al., 2001;
Zhong et al., 2006), and splicing of human Cay3.3 channels produces variants which display
slower activation/inactivation kinetics and faster recovery times following inactivation

(Murbartian et al., 2002). It should be noted that short pulse protocols used in these studies

12



(all less than 500 ms) may not accurately reflect the kinetics of channels expressed by VSMCs.
Unlike rapidly firing cardiac myocytes or neurones, electrically quiescent VSMCs normally
display graded depolarisations, which would be better replicated using longer pre-pulse
stimulations. In any case, the shifted window currents towards the physiological range of
membrane potentials found in pressurised arteries makes it likely that select T-type channel
splice variants underly part of the nifedipine-insensitive Ic.. Furthermore, if Cay3.3 channel
splice variants are expressed by VSMCs, they may underpin sustained Ca?* influx due to their

prolonged activation.
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Figure 1.4.1. Indirect and direct effects of T-type voltage-gated calcium channels
(VGCCs) on arterial tone. (A) Ca?* influx through T-type VGCCs may cause vasodilation by
activating endothelial nitric oxide synthase (eNOS) to produce nitric oxide (NO), or by forming
signalling microdomains with VSMC ryanodine receptors (RyRs) and BKca channels to trigger
spontaneous transient outward currents (STOCs). (B) Ca?* influx through T-type VGCCs
expressed by VSMCs may cause vasoconstriction directly by raising intracellular [Ca?*], or

indirectly by contributing to the activation of IP3 receptors (IP3Rs).
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1.4.2 Indirect role for T-type voltage-gated calcium channels in the vasculature

The indirect influence of T-type /¢, on vasoconstriction is believed to involve amplification of
the Ca?* signal via activation of nearby Ca?* channels located on the SR. This link was first
observed in Fluo-3 loaded cultured dysgenic mouse skeletal muscle cells, which lack L-type
VGCCs but express T-type channels. Using changes in fluorescence to estimate intracellular
[Ca?*], the increase in cell Ca?* triggered by test pulses (~ -20 mV) to activate T-type VGCCs
was significantly higher than predicted (~200 nM compared to ~12 nM). The authors
concluded that this unexpected increase was a result of Ca?* influx through T-type VGCCs
activating Ca?* release from intracellular stores, providing a positive feedback mechanism for

increasing intracellular [Ca?*] (Garcia and Beam, 1994).

The same mechanism was identified in rat renal arteriole VSMCs where vessel diameters
were measured in isolated perfused kidneys. First, it was established that angiotensin Il (ANG-
II) caused constriction of arterioles due to Ca?* release from intracellular stores, which was
inhibited by mibefradil (1 uM; Hayashi et al., 2003). The blocking effect of mibefradil on ANG-
ll-induced vasoconstriction persisted even in the presence of staurosporine, a protein kinase
C (PKC) pathway inhibitor, indicating that T-type VGCCs cause vasoconstriction through their
activation of SR Ca?* channels. Further work by El-Lakany et al. (2023) in mouse mesenteric
arteries confirms that T-type VGCCs, specifically the Cay3.1 subtype, interact with SR inositol
1,4,5-trisphosphate (IP3) receptors (IPsRs) to contribute to Ca?* wave generation and
myogenic tone development. Combining pressure myography with Ca?* imaging, the authors
found that VSMCs from Cay3.17- mice displayed 65% fewer Ca?* waves compared to arteries
from control mice, which were further reduced in the presence of IPsR blocker xestospongin

C.

A link between T-type VGCCs and other SR Ca?* channels has also been proposed.

Intriguingly, Harraz et al. (2014a) found that instead of contributing to vasoconstriction, Cay3.2

15



channels can oppose it by interacting with functionally coupled ryanodine receptors (RyRs)
and Ca?*-activated K* channels. In pressurised rat cerebral arteries, the selective T-type
VGCC blocker Ni?* (50 uM) evoked vasoconstriction while reducing VSMC Ca?* spark
frequency. This indicates that in slightly depolarised VSMCs, Cay3.2 channels underpin Ca?*
influx and RyR-associated Ca?* spark generation. Structural analysis including a proximity
ligation assay revealed the close association between Cayv3.2 channels and RyRs (<40 nm
apart), which were confined to discrete microdomains in or close to caveolae. Finally, the
group found that BKca channel blocker paxilline elicited arterial constriction equivalent, but not
additive, to Ni%*, suggesting that Cay3.2 channels oppose excess vasoconstriction by
triggering Ca?* sparks which activate hyperpolarising spontaneous transient outward currents

(STOCs) via BKca channels.

Although the VSMC Cav3.2/RyR/BKca channel axis has been identified in rat and human
cerebral arteries, and mouse mesenteric arteries (Harraz et al., 2014a; Harraz et al., 2015), it
is not a ubiquitous feature of all resistance arteries. The application of Ni?* (30 uM) to
pressurised murine superior epigastric arteries produced vasoconstriction which was not
attenuated by paxilline, suggesting that Cay3.2 channels regulate arterial tone independently
of BKca channels in these arteries (Mullan et al., 2017). The same group also repeated this
protocol in mouse mesenteric arteries, where Ni2* produced constriction even in the presence
of paxilline, a finding at odds with the results published by Harraz et al. A possible explanation
for these conflicting results is the difference in arterial diameters. Mullan et al. studied larger
second and third order mesenteric arteries, whilst Harraz et al. focused on smaller third and
fourth order arteries. As a link between T-type VGCCs and artery size has already been
established, the interaction between Cay3.2 channels, RyRs, and BKc, channels may be more

pronounced in smaller arteries.

Together, these studies demonstrate that T-type VGCCs expressed by VSMCs can both

directly and indirectly modulate arterial tone. T-type channels, specifically splice variants with
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right-shifted activation curves, facilitate sustained /¢, across their window current, leading to
MLC phosphorylation and vasoconstriction at low intravascular pressures. Evidence also
suggests that T-type VGCCs exert their effects indirectly by functionally coupling with other
proteins such as IPsRs, RyRs and BKca channels. Signalling through the Cay3.2/RyR/BKca
channel microdomain appears to be heterogeneous both between and within vascular beds,
and further studies are required to establish the reproducibility of results. Notably, there have
been no studies on T-type VGCC microdomain signalling in coronary resistance arteries,
despite the critical role of the coronary microcirculation in meeting the myocardium’s oxygen

demands.

1.4.3 Endothelial T-type voltage-gated calcium channels

While ECs are generally considered to be non-excitable, the presence and functional
significance of VGCCs in these cells remains a topic of debate due to the emergence of
contradictory evidence over the past 30 years. Early experiments using patch-clamp
electrophysiology to measure whole-cell currents in cultured ECs from conduit arteries found
no evidence for voltage-gated Ca?* channels (Takeda et al., 1987; Daut et al., 1988). Around
the same time, however, two distinct VGCC populations were identified in cultured ECs from
bovine adrenal gland capillaries (Bossu et al., 1989). Transient T-type currents and sustained
L-type currents were detected as cells were depolarised from -80 mV to -30 mV, perhaps
suggesting that these channels underpin endothelial Ca?* influx in only the smallest vessels.
This idea is supported by functional evidence of T-type VGCCs in cultured ECs from rat
pulmonary arterioles, but not in larger rat pulmonary arteries (Wu et al., 2003). Further
molecular characterisation of total RNA isolated from arteriolar ECs revealed that Cay3.1
VGCCs were responsible for the T-type /¢, recorded. The findings reported by these studies
should be interpreted with care, however, as the ECs used to investigate Ca?* currents had
been maintained in culture for extended periods of time, some over successive passages.

Indeed, differences in the presence of T-type /cs have been reported in freshly isolated vs
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cultured human coronary VSMCs (Quignard et al., 1997). ECs are known to undergo
significant changes in protein expression when cultured in vitro compared to their native
environment (Afshar et al., 2023). To address this potential issue, recent studies investigating
endothelial T-type VGCCs have moved away from using cultured ECs, instead using
advanced imaging techniques in whole arteries or observing functional differences in T-type

channel knockouts.

The first direct demonstration of T-type VGCCs in native ECs came from Braunstein et al.
(2009), who claimed that Cay3.2 channels are expressed in ECs of rat mesenteric arteries
and arterioles. However, the only evidence presented are longitudinal confocal micrographs
of immunolabelled arteries, which were not flushed or pressurised prior to fixing. This makes
it difficult to verify that the ECs were accurately characterised and were not mistaken for
immune cells which are known to express T-type VGCCs, such as T lymphocytes (Picard et
al., 2023). Nevertheless, other studies using immunohistochemistry in intact vessels have
identified both Cay3.2 and Cav3.1 channels in ECs from rat cerebral arteries (Kuo et al., 2010)
and mouse aortas and mesenteric arteries (Svenningsen et al., 2014), offering further

confirmation of their expression.

Although there is support for Cayv3.1 and Cay3.2 channels being expressed in the endothelium,
there is little evidence demonstrating their impact on artery function. One study found that
secondary vasodilation was severely compromised in pressurised mesenteric arteries from
Cay3.17- mice compared to arteries from wild-types, leading the authors to conclude that
endothelial Cay3.1 channels are important in NO-mediated vasodilation (Svenningsen et al.,
2014). However, the same paper reports that Cay3.17 arteries displayed similar vasodilation
to acetylcholine (ACh) as wild-type arteries, a finding which casts doubt on the paper’s
conclusions as ACh produces vasodilation by stimulating NO synthesis (Ignarro et al., 1987).
Using Cay3.17- mice from the same colony used by Svenningsen et al. (2014), Gilbert et al.

(2017) reported that ACh-mediated dilation of wire myograph-mounted pulmonary arteries
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was significantly impaired in the absence of Cayv3.1 channels. Although this supports a role
for Cay3.1 channels in NO-mediated vasodilation, the inconsistencies between the functional
responses observed in the two studies may indicate that compensatory mechanisms were at
play in some vascular beds, potentially invalidating data obtained from these mice. Another
study using pressurised coronary arteries from Cay3.2 knockout mice also found that ACh-
mediated vasodilation was impaired, although the authors speculated that this was a result of

a loss of Cay3.2 channels in VSMCs, not ECs (Chen et al., 2003).

Overall, more research is required to determine whether native ECs express functional
VGCCs. If endothelial T-type VGCCs do indeed contribute to NO production and vasodilation,
the therapeutic benefits of T-type VGCC blockers may be limited by their reduction of NO

availability.

1.4.4 Regulation of T-type voltage-gated calcium channels

T-type VGCCs can be regulated indirectly by NO or directly by its more reactive oxidation
products. NO indirectly regulates T-type VGCCs via activation of downstream effectors,
namely PKG; activation of PKG suppressed T-type currents in VSMCs isolated from rat
cerebral arteries (Harraz et al., 2014b). Studies using rat brain slices have also shown that
endogenous NO-generating compounds such as S-nitrosoglutathione and S-nitrosocysteine
can rapidly and reversibly inhibit T-type currents (Joksovic et al., 2007). The mechanism of
this regulation is via S-nitrosylation of cysteine residues on T-type VGCCs, located in
extracellular regions of domains | and Il of the a4 subunit (Lee et al., 2013). In accordance with
this, it is also believed that oxidative stress, a consequence of reduced NO bioavailability,
increases VSMC T-type channel expression and their contribution to peripheral vascular tone
(Howitt et al., 2013). The inhibition of T-type VGCCs by NO may explain the increased

electrical activity of rabbit coronary artery VSMCs observed following endothelial denudation

19



(Garland, 1985). This ‘electrical remodelling’ has been linked to the development of various

cardiovascular diseases, including hypertension (Joseph et al., 2013).

1.4.5 T-type voltage-gated calcium channels as a therapeutic target

The evidence discussed above indicates that T-type VGCCs may be a promising target for
treating hypertension, particularly in cases associated with endothelial dysfunction and
decreased NO production. Chronic loss of NO results in upregulated Cav3.1 and Cav3.2
channels in VSMCs and increased vascular tone, indicating that T-type VGCCs expressed in
the smooth muscle play a greater role in vascular responses in diseased rather than healthy

arteries (Howitt et al., 2013).

One of the first-line treatments for hypertension are L-type VGCC blockers such as nifedipine
and amlodipine, although a considerable proportion of patients do not experience blood
pressure reduction when taking these drugs, perhaps due to resistant hypertension (Epstein,
2007). Along with the evidence that T-type VGCCs contribute to vascular tone, it is possible
that blocking T-type channels instead of, or as well as, L-type channels, may prove effective
in treating hypertension. Indeed, clinical studies indicate that T-type VGCCs blockers are more
effective at reducing blood pressure than L-type channel blockers. For example, the combined
T- and L-type VGCC blocker benidipine was found to lower blood pressure more effectively in
hypertensive patients compared to the L-type VGCC blocker amlodipine (Ohishi et al., 2007).
However, since no selective T-type channel blockers have approved for therapeutic use, the
isolated effects of blocking these channels on blood pressure has not yet been assessed in

Vivo.

The study by Ohishi et al. (2007), and others, which found that blocking T-type VGCCs
reduces arterial tone, suggests that the vasoconstrictive effects of T-type channels outweigh

their vasodilatory effects. Therefore, despite the emerging role of endothelial T-type VGCCs
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in NO production, and the purported VSMC Cayv3.2/RyR/BKca microdomain, it appears that
the predominant effect of T-type blockade in vivo is vasodilation. More research into the
vasodilatory effects of T-type VGCCs across vascular beds is required, however, to better
understand the specific effects of channel blockade in different artery types. Furthermore, the
heterogeneous expression and function of the different T-type channel subtypes across ECs
and VSMCs means that drugs which preferentially target one subtype over the others may be
useful in treating disease. For example, inhibiting VSMC Cay3.3 channels could reduce direct
Ca?* influx and attenuate vasoconstriction, whilst activating EC Cay3.1 channels could

enhance NO production and vasodilation.

Since the market withdrawal of mibefradil, the first and only FDA-approved T-type VGCC
blocker, due to its reactions with other drugs, extensive efforts have been made to develop
alternative therapies. This is exemplified by the publication of over 40 patents between 2012
and 2018 describing new small molecule T-type channel inhibitors (Nam, 2018). There are
currently three promising pan-T-type VGCC blockers which have advanced to clinical trials:
apinocaltamide (also known as ACT-709478), ulixacaltamide (also known as Z944), and
suvecaltamide (also known as CX 8998). Apinocaltamide was well-tolerated in healthy
patients in a phase 1 trial (Richard et al., 2019), and both ulixacaltamide and suvecaltamide
showed improvements in pain and essential tremor symptoms, in phase 2 and phase 1b trials,
respectively (Papapetropoulos et al., 2021; Lee, 2014). As these T-type VGCC inhibitors
progress through clinical trials, it will become increasingly important to understand their effects

on the vasculature to avoid unwanted side effects.

1.5 The Endothelium Coordinates Vasodilation

Artery relaxation occurs when intracellular [Ca?*] decreases, either through its re-uptake into

the SR or expulsion out of the cell. Hyperpolarisation is a prerequisite for vasodilation, as
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VGCCs must remain closed to prevent Ca?* from entering cells. The generation of negative
membrane potentials in VSMCs occurs when K* channels open, facilitating the outward flow
of positive charge. The K* channels expressed by VSMCs are numerous, and they can be
activated by high voltages (K, channels), elevated intracellular [Ca?*] (BKca channels),
elevated extracellular [K*] (inwardly-rectifying K* channels; Ki channels), and elevated ATP
levels (Kate channels) (Nelson et al., 1990). In addition to being gated by various stimuli, K*
channel opening is independently regulated by the endothelium through its release of
diffusible factors such as NO, EDHF, prostacyclin (PGl.) and epoxyeicosatrienoic acids

(EETSs), each causing hyperpolarisation of VSMCs by opening K* channels (Jackson, 2017).

The first evidence that the endothelium mediates vasodilation came from experiments by
Furchgott and Zawadzki (1980), who found that removing the endothelium from rabbit aortic
strips abolished ACh-induced vasodilation. At the time of publication, it was understood that
ACh caused robust vasodilation when administered in vivo, but the same response was not
consistently observed in ex vivo artery preparations. The authors’ explanation for this
discrepancy was that the endothelium was unintentionally damaged in previous ex vivo
experiments, and that activation of endothelial muscarinic receptors by ACh is responsible for
vasodilation. This finding led to an explosion of interest into the role of the endothelium and
laid the foundations for subsequent important discoveries. These include the findings that ECs
produce diffusible vasodilators PGI. (Ingerman-Wojenski et al., 1981) and NO (Ignarro et al.,
1987), as well as a non-PGlz, non-NO vasodilator at the time termed EDHF (Chen et al., 1988),
but nowadays more accurately described as endothelium-dependent hyperpolarisation (EDH).
As the NO and EDH pathways are most relevant to this thesis, they are discussed in more

detail below.
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1.5.1 Nitric Oxide

1.5.1.1 Mechanism of Action

After Ignarro and colleagues’ discovery that the unidentified EDRF released from ECs was
NO, efforts focused on elucidating how it caused vasodilation. It was already understood that
EDRF was a humoral agent with a short half-life (3-5 seconds), which stimulated VSMC
soluble guanylyl cyclase (sGC) to increase levels of cyclic guanylyl monophosphate (cGMP)
and induce vasodilation (Forstermann et al., 1986; Holzmann, 1982). The link between cGMP
and vasodilation is complex, with evidence indicating that cGMP modulates multiple
independent signalling pathways. It was first reported that cGMP affected protein
phosphorylation when levels of radioactive phosphorus in myosin MLC were measured in rat
aortas. After adding ACh or NO donor sodium nitroprusside to intact tissue, the 3?P content of
MLC was reduced, providing an explanation as to why increased cGMP levels resulted in
vasodilation (Rapoport et al., 1983). The protein kinase intermediary between cGMP and
MLC was identified as PKG, and its presence was confirmed in vascular tissue (Hofmann and
Sold, 1972; Wolfe et al., 1987). As well as phosphorylating MLC, PKG is thought to
phosphorylate other targets, including IKca channels, L-type VGCCs, sarcoendoplasmic Ca?*-
ATPases, and phospholamban, all of which contribute to reduced intracellular [Ca?*] and
vasodilation (Robertson et al., 1993; Tewari and Simard, 1997; Yoshida et al., 1991). In
parallel to causing vasodilation via the sCG/cGMP/PKG/MLC pathway, NO hyperpolarises
smooth muscle by directly stimulating BKca and Kate channels (Bolotina et al., 1994; Mistry

and Garland, 1998; Garland and McPherson, 1992).

1.5.1.2 Synthesis and Storage

NO is synthesised when the enzyme NO synthase (NOS) converts L-arginine and molecular
oxygen to NO and L-citrulline. Of the three isoforms of this enzyme, which include neuronal
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NOS (nNOS) and inducible NOS (iNOS), endothelial NOS (eNOS) is the main source of NO
in the vasculature, the activity of which is regulated by numerous factors (Leo et al., 2021).
These include local substrate and cofactor availability, regulatory protein binding partners and

post-translational modifications of specific serine, tyrosine and threonine residues.

The enzyme is composed to two identical monomer subunits, each containing an oxygenase
domain at the N-terminus and a reductase domain at the C-terminus (Fleming and Busse,
1999). Separated by a linker region, the enzyme’s activity depends on the transfer of electrons
from the reductase domain of one subunit to the oxygenase domain of the other. This transfer
relies on a number of essential cofactors including tetrahydrobiopterin (BH4), which binds to
the oxygenase domain to facilitate subunit dimerization, and calmodulin (CaM), which binds

to the linker region to initiate the conformational changes required for subunit interaction.

EC [Ca?*] has long been thought to regulate eNOS activity through its activation of calmodulin,
resulting in its initial classification as a Ca?*-dependent enzyme (Luckhoff and Busse, 1990).
Regulation of eNOS by calmodulin requires an elevation in EC Ca?*, which primarily occurs
through the release of Ca?* from intracellular stores following stimulation of Gg11 protein-
coupled receptors by endogenous agonists (Busse et al., 1991). Additionally, the endothelium
can be activated during vasoconstriction by VSMC-derived signalling molecules which
negatively regulate vasoconstriction to prevent vasospasm from occurring. This mechanism,
termed myoendothelial feedback, was first observed in isolated, pressurised hamster cheek
pouch arterioles. In vessels with myogenic tone, basal EC [Ca?*] increased in response to PE
and high [K*], and vasoconstriction was enhanced by blocking eNOS (Dora et al., 1997). This
suggests that the endothelium can be indirectly stimulated by agents which act on VSMCs,
and that the signal from these cells increases NO production which opposes vasoconstriction.
The precise identity of the VSMC signal involved in myoendothelial feedback is contested,
although most agree that it is a combination of both Ca?* and IP; (Isakson et al., 2007; Kansui

et al., 2008; Garland et al., 2017).
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At rest, ECs [Ca?*] sits between 30-100 nM, and increases up to 10-fold during agonist
stimulation (Dalal et al., 2020). Evidence indicates that CaM is unable to bind to the eNOS-
CaM binding domain at resting intracellular Ca?* concentrations (< 100 nM), whereas it can
bind at elevated free [Ca?*] of 225 nM (Piazza et al., 2015). Combined with earlier data from
Greif et al. (2004), which showed that CaM has ~10% of its maximum activity at 100 nM Ca?*,

this suggests there is very little Ca?*-dependent eNOS activation in ‘resting’ ECs.

In addition to the binding of regulatory cofactors, sustained activation of eNOS requires post-
translational modifications of multiple serine, tyrosine and threonine residues. Of these, the
most extensively characterised is Ser1177 in the C-terminal reductase domain, which when
phosphorylated, enhances eNOS activity by increasing electron flux between the enzyme’s
subunits. The mediators responsible for eNOS phosphorylation following external stimulation
are well characterised, and include protein kinases such as AKT, protein kinase A (PKA), and
PKC (Lu and Kassab, 2011). Ser114 and Thr495 are two amino acid residues whose
phosphorylation downregulates enzyme activity. Specifically, Thr495, situated in the linker
region, acts as the key inhibitory site for eNOS and is constitutively phosphorylated at rest,
blocking the binding of CaM. A study using cultured porcine aortic ECs showed that application
of bradykinin results in the Ca?*-dependent phosphorylation of Ser1177 residues and
dephosphorylation of Thr495 residues, both of which contribute to increased enzymatic activity
and NO production (Fleming et al., 2001). Relatively little is understood about the
dephosphorylating phosphatase enzymes involved in eNOS regulation, although roles for
Ca?*-independent protein phosphatase 1 (PP1) and protein phosphatase 2A (PP2A) have
been proposed, whilst Ca?*/CaM-dependent calcineurin has been ruled out (Fleming et al.,

2001).

As well as being activated by Ca?*-elevating agonists like bradykinin, eNOS activity can be

enhanced independently of a rise in intracellular Ca?*. This was first observed by Presta et al.
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(1997) who found that purified bovine eNOS still produced NO in the absence of Ca?*.
Combined with observations that isolated arteries released NO in response to flow, even in
the absence of extracellular Ca?*, this indicated an alternative mechanism of eNOS activation,
mediated by flow and independent of EC [Ca?*]. This mechanism involves the activation of
kinases such as AKT and PKA, which form mechanosensing complexes with proteins
expressed on the luminal surface of ECs, including PECAM-1, VE-cadherin, and integrins.
Changes in shear stress e.g., due to increased blood flow to exercising muscles, are detected
by these complexes, leading to phosphorylation of key eNOS residues and NO-mediated
vasodilation. This mechanism of NO release contributes to flow-induced vasodilation, an
important physiological response which ensures the metabolic needs of muscles are met.
Sustained increases in NO release induced by shear stress appear to be largely independent
of increased EC Ca?*. In experiments using cultured human umbilical vein ECs, flow-mediated
NO production was not abrogated by either CaM blocker calmidazolium and Ca?* chelator
quin-2 AM, whereas bradykinin-mediated NO production was (Kuchan and Frangos, 1994).
Combining this with evidence discussed previously, it appears that eNOS activity can be
enhanced by two independent, yet synergistic pathways: 1) via CaM and various kinases
activated by elevated intracellular [Ca?*], and 2) via Ca?*-independent kinases activated by

shear stress.

There is also evidence of a NOS-independent NO source in arteries, demonstrated by the fact
that ACh-induced NO release was not fully inhibited by eNOS inhibitor N(w)-nitro-L-arginine
methyl ester (L-NAME), even at high concentrations (Cohen et al., 1997). Due to its highly
labile nature, it is unlikely that ‘free’ NO is stored in cells as it rapidly decomposes into nitrites
and nitrates (Lancaster, 1994). Instead, it has been suggested that NO reacts with
haemoglobin (Hb) to form stable adducts which release NO under specific conditions where
additional vasodilation is required. NO can directly bind to iron in Hb, forming
nitrosylhaemoglobin (HbNO), or it can interact with cysteine residues on the 3-chain of Hb to

form S-nitrosohaemoglobin (SNO-Hb; Jia et al., 1996). The release of NO from HbNO and
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SNO-Hb is dependent on the oxygenation state of Hb; when Hb is deoxygenated, NO is
released, promoting vasodilation and improved blood flow. Although the extent to which this
NOS-independent NO release mechanism contributes to vasodilation is unknown, it may be
important in hypoxic conditions where eNOS expression and activity are often diminished

(Murata et al., 2002).

1.5.2 Basal and Stimulated Nitric Oxide Release in Disease

While the relationship between impaired NO release and the subsequent development of
cardiovascular diseases is widely recognised (reviewed by Lundberg et al., 2015), relatively
little is known about how changes in NO signalling within the coronary circulation affect
disease progression. Studies have indicated that coronary endothelial dysfunction can predict
the development and progression of coronary artery disease, as well as future cardiovascular
events, implicating a role for coronary endothelial health in cardiac-specific pathologies
(Schachinger et al., 2000; Halcox et al., 2002; Lerman and Zeiher, 2005). However, these
studies fail to recognise the importance of basal NO release, and instead only measure
coronary vascular resistance in response to agonist stimulation. Understanding the difference
between basal and stimulated NO release is crucial, especially in coronary resistance vessels,
as it reflects different aspects of vascular health; basal release indicates ongoing endothelial
function, whereas stimulated release demonstrates the adaptive capacity of arteries to
respond to stimuli. These two NO release pathways may also be regulated by different
mechanisms and affected differently in disease states. Furthermore, the distinction is
important because basal and stimulated NO release could respond differently to therapeutic
interventions, making it important to develop a more comprehensive understanding of both

mechanisms in the coronary circulation.

From the limited studies that have distinguished between the two NO release pathways in the

coronary circulation, it has emerged that basal NO production in these arteries is variable.
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Comparing healthy individuals to those with cardiovascular disease risk factors, Quyyumi et
al. (1995) measured the diameter of large and small epicardial arteries following intracoronary
infusion of eNOS inhibitor N*-monomethyl L-arginine (L-NMMA). They found that L-NMMA-
evoked vasoconstriction was more pronounced in healthy subjects at rest compared to in
subjects exhibiting risk factors, suggesting that basal NO has a tonic dilator effect in coronary
arteries which is reduced in diseased arteries. However, another paper published around the
same time conflicts with this, reporting no difference in basal NO release in coronary
resistance arteries between healthy subjects and those with coronary artery disease
(Nishikawa and Ogawa, 1997). Evidence presented in these papers for the role of stimulated
NO release in coronary arteries is more harmonious. Quyyumi et al. (1995) found that peak
ACh-induced vasodilation was higher in healthy individuals than those with risk factors, and
pre-infusion of L-NMMA inhibited this dilation to a greater extent in healthy patients. This
indicates that agonist-stimulated, Ca?*-dependent NO release is impaired in diseased
coronary arteries. Nishikawa and Ogawa (1997) expanded on this, finding that Ca?*-
independent NO release stimulated by increased blood flow was also impaired in

atherosclerotic coronary arteries.

Given the incongruent findings concerning basal NO release presented by these papers, it is
clear that a more extensive investigation into NO release in healthy and diseased coronary
arteries is warranted. If further research confirms that basal NO release is dysregulated in
diseased arteries, it will be important to determine the underlying cause, which may be eNOS
uncoupling, increased superoxide production, or something else unknown. Understanding
why changes in NO production occur during coronary artery disease progression will help in
the development of new treatments, potentially reducing the risk of catastrophic cardiac events
occurring. Moreover, additional research may lead to the development of therapies which
target either basal or stimulated NO release, allowing treatments to be tailored to patients’

needs.
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1.5.3 Studying Nitric Oxide Release in Isolated Arteries

The vasoconstrictive effects of eNOS inhibition have been extensively replicated in isolated
artery preparations, where researchers can carefully manipulate experimental conditions such
as the presence of agonists and the rate of luminal flow. This is particularly useful when
studying basal NO release, as stimuli which are known to enhance eNOS activity can be
removed to reflect the amount of NO released in completely unstimulated arteries. Indeed,
studies using isolated resistance arteries from a range of vascular beds and species have
informed our understanding of basal NO release; they indicate that eNOS inhibition causes
vasoconstriction even in the absence of agonists and flow (Tschudi et al., 1991; Garcia and
Bund, 1998; McNeish et al, 2005). Moreover, the application of NO scavenger
oxyhaemoglobin to isometrically mounted rat mesenteric arteries reduced luminal [NO] to
below baseline levels, further reinforcing the idea that NO is produced basally (Simonsen et
al., 1999). This means that eNOS can be activated without the need for increased EC Ca?* or
Ca?*-independent phosphorylation, although the exact mechanism by which it is activated is

unknown.

Studies using isolated arteries track changes in arterial diameter using wire or pressure
myograph systems, requiring arteries to be manually stretched to replicate the effects of blood
pressure in vivo. However, recent studies using cultured ECs show that stretch itself can
activate eNOS by phosphorylating key residues (Kuebler et al., 2003; Hu et al., 2013),
meaning that previous studies measuring so-called basal NO release in isolated arteries may
not have eliminated all the factors stimulating NO production. As such, there is a need to
develop new methods for investigating NO release in isolated arteries which are not
mechanically stretched in a fixed position and do not rely on observing functional changes in

artery diameter.
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1.5.3.1 Direct and Indirect Measurements of Nitric Oxide

As our understanding of NO’s role in the vasculature has improved over the past 30 years,
different methods for measuring its production have emerged. Whilst some methods measure
NO directly, its short half-life and high reactivity means that most methods instead detect levels
of NO-derived species, including nitrite (NO2), nitrate (NOs°), and nitroxyl (HNO). The main
methods used to detect NO or its oxidation products are: 1) chemiluminescence, where the
reaction of NO derivatives with ozone produces a measurable light signal, 2)
spectrophotometric assays such as the Griess reaction, which measures the intensity of a
highly coloured azo dye produced from the conversion of nitrites, and 3) electrochemical
sensors, which measure the electric current that results from oxidation or reduction of NO on

an electrode’s surface.

Whilst each of these methods are useful in different situations, they are not without limitations.
Measuring NO derivatives such as nitrites or nitrates using spectrophotometric assays only
provides an estimation of NO levels, as each assay typically detects a single derivative. As
NO can give rise to ~10 different chemical species, there is a risk that these may go
undetected, resulting in an underestimation of [NO] (Médller et al., 2019). Spectrophotometric
techniques such as the Griess assay are usually used to measure the NO content of fluids
including cell supernatant and blood plasma and are rarely used to measure NO produced by

isolated arteries.

Directly measuring NO using chemiluminescence is considered the gold-standard method for
quantification, although analysis of samples requires a time-consuming multi-step protocol.
Again, this may lead to the inaccurate quantification of original NO levels due to its short half-
life and rapid degradation over time. Chemiluminescence has been used to detect NO
production in intact arteries, where the buffer perfusing the artery is collected and analysed.

Evidence suggests that this method may not be robust, however, as endothelium denudation
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and pharmacological blockade of eNOS do not always significantly reduce [NO] detected

(Boric et al., 1999; Figueroa et al., 2001).

Electrochemical sensors are the most widely used method to detect NO production in arteries
in situ, whether they are in a living system or mounted ex vivo. The first report using an
electrochemical sensor to detect NO was published in 1990, where microelectrodes (under 50
pum diameter tip) were inserted into freshly-harvested rat cerebral slices (Shibuki, 1990). After
this, NO-sensitive microelectrodes were developed for in situ use in isolated rabbit aorta and
later in human superficial hand veins (Malinski et al., 1993; Vallance et al., 1995). While this
technique can detect NO in diverse biological settings, its accuracy is compromised by
interference from anions such as nitrite and nitrate, and its limited sensitivity means that small,

but potentially physiologically important amounts of NO may go undetected.

It is therefore clear that alternative methods are needed to accurately quantify NO production
in intact arteries. More recently, the use of NO-sensitive fluorescent dyes has been explored,
with varying degrees of success. In all cases, the binding of NO to the dye is not reversible;
therefore, changes in the rate and magnitude of fluorescence are measured, and ideally
compared to time courses in the presence of a NOS inhibitor. The first fluorescent NO dyes
developed were diaminobenzene-based fluorophores such as diaminofluoresceins (DAFs),
which produce a fluorescent signal when bound to NO. Although simple to use and sensitive
to low concentrations of NO, they have been criticised due to severe interference by Ca?*
which enhances conversion of the dye into its fluorescent product (Broillet et al., 2001).
Structurally related to DAFs, diaminorhodamine (DAR) dyes are another class of fluorescent
NO dye (see Figure 1.5.3.1 for structure). Rhodamine-based dyes are considered superior to
fluorescein-based dyes as they are more photostable, and their signal is less influenced by
artery autofluorescence (e.g., from elastin) due to the longer excitation wavelength. A cell-
trappable DAR dye, DAR-4M AM, has been successfully used in cultured bovine aortic ECs,

but has not yet been validated in intact artery preparations (Kojima et al., 2001). Once inside
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cells, DAR-4M AM is deacetylated by intracellular esterases to form DAR-4M, trapping it
intracellularly. It is then converted to fluorescent DAR-4M triazole (DAR-4M T) by binding with

NO.

Additionally, membrane-permeable NO dyes, such as copper-based fluorophores, are also
available and have shown promise in their ability to detect NO (see Figure 1.5.3.1). Similar to
DAF/DAR dyes, they detect NO directly and are non-toxic; however, previous protocols using
copper-based fluorophores such as Cu,FL2E have required the use of high concentrations of
both Cu?* (McQuade et al., 2010) and DMSO (McQuade et al., 2010; Ghosh et al., 2013),
which are both known to cause arterial dysfunction (Yi et al., 2017). Optimisation of these dyes
for use in ex vivo arteries would provide valuable insights into the spatial and temporal release
of NO from the endothelium, both basally and following eNOS stimulation. Using a NO dye in
isolated arteries where the stimulating influences of agonists, flow and stretch are removed
would allow for the detection of basal NO release, addressing the key question of whether NO

is produced at rest.
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Figure 1.5.3.1. Schematic diagram of Cu;FL2E and DAR-4M AM dye entry into cells and
binding of NO to produce fluorescence. (A) FL2E combines with Cu?* to form CuFL2E
(note the two Cu?*-binding sites), which can be loaded into cells. The ester moiety confers the
cell-trappability of the probe, as cytosolic esterases cleave the ester bonds to yield a
carboxylate which is negatively charged at physiological pH (not shown in diagram), and thus
unable to diffuse out of cells. Reaction of the probe with NO displaces Cu?* to produce
fluorescence. Intracellular and extracellular dye (FL2A) can both bind NO, emphasising the
importance of washing away excess dye after artery loading. (B) Cell-permeable DAR-4M AM
can be loaded into cells, where removal of the acetoxymethyl group (AM group) by esterases
produces DAR-4M which is membrane impermeable. The reaction of NO with DAR-4M results

in a triazolo-rhodamine analogue (DAR-4M T) which exhibits fluorescence.
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1.5.4 Endothelium-Derived Hyperpolarisation

1.5.4.1 Mechanism of Action

Along with NO, PGl, and EETs, another endothelium-dependent vasodilation mechanism
exists whereby hyperpolarisation ‘spreads’ from ECs to underlying smooth muscle cells,
opposing the action of VGCCs to maintain low levels of intracellular Ca?*. The contribution of
the two main vasodilatory pathways, NO and EDH, varies according to blood vessel size, with
the influence of NO diminishing and EDH becoming increasingly important as artery diameter
decreases (Shimokawa et al., 1996). This relationship reflects both the increased expression
of channels involved in generating hyperpolarisation as well as the increased reliance on
VGCCs to increase intracellular [Ca?*] in small resistance arteries compared to larger conduit

arteries.

Initially considered to be mediated by a diffusible factor, it is now accepted that EDH is caused
by the action of extracellular K* originating from ECs, as well as the direct conduction of
hyperpolarisation from ECs to VSMCs via MEGJs. The precise mechanism underpinning EDH
was elucidated over many years, starting with the observation that smooth muscle
hyperpolarisation evoked by muscarinic agonists required an intact endothelium (Bolton et al.,
1984). Following this, it became clear that endothelial Ca?*-sensitive K* channels, namely SKca
and IKcs channels, are responsible for generating EDH (Adeagbo and Triggle, 1993; Waldron
and Garland, 1994), and their activation by elevated EC [Ca?*] results in the accumulation of
K* in spatially restricted ‘clouds’ in the arterial wall. The mechanism by which elevated
extracellular [K*] evoked VSMC hyperpolarisation and relaxation was later determined in
isolated rat resistance arteries by selectively blocking various smooth muscle targets with
pharmacological inhibitors. Edwards et al. (1998) found that smooth muscle hyperpolarisation
and vasodilation to either exogenous K* or EDH (activated by stimulating the endothelium with

ACh) could be abolished with a combination of Ba?* and ouabain, which block Ki- channels
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and Na*/K*-ATPases. Taken together, these experiments revealed that K* is a component of
EDH which lowers VSMC membrane potential by increasing Ki- conductance and stimulating

electrogenic Na*/K*-ATPases.

The contribution of SKca and IKca channels in generating outward current in ECs changes
depending on the artery type being studied, perhaps due to differences in their expression or
sensitivity to Ca?*. In wire myograph-mounted rat mesenteric arteries, the membrane potential
of VSMCs was measured at rest and following PE-induced vasoconstriction in the absence
and presence of apamin (SKca channel blocker) or 1-[(2-chlorophenyl) diphenylmethyl]-1H-
pyrazole (TRAM-34; IKca channel blocker) (Crane et al., 2003a). In non-contracted arteries,
smooth muscle hyperpolarisation to ACh was abolished by apamin, but unaffected by TRAM-
34, indicating that SKca channels are solely responsible for generating ‘true’ EDH (i.e., EDH
that is not a result of myoendothelial coupling). A role for IKca channels in EDH was
demonstrated only after adding ACh to PE-constricted arteries, where their activation was
found to cause vasodilation by repolarising VSMCs back to resting levels. This difference in
SKcaand IKca channel activation may reflect differences in their Ca?* sensitivity; SKca channels
appear to be activated by basal levels of EC Ca?*, whereas IKca channel activation requires
the increased [Ca?*] associated with vasoconstriction. Alternatively, this apparent difference
in the channels’ Ca?* sensitivity may reflect their specific subcellular location.
Immunohistochemical studies indicate that IKca channels are only expressed in MEPs of rat
mesenteric arteries, whereas SKca channels are distributed across the whole EC membrane
but are particularly enriched at the points where ECs contact each other (Sandow et al., 2006).
As such, it may be that SKca channels are exposed to higher concentrations of Ca?* due to
their localisation near IP3; receptors, which facilitates their activation more readily than IKca
channels. Whether endothelial IKca and SKca channels have different Ca2* sensitivities or not,
their distinct subcellular expression profiles allow their functional effects to be separated,

potentially providing novel therapeutic targets for modulating vascular tone.
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Following the suggestion that K* was responsible for EDH, various research groups attempted
to replicate vasodilation to K*in arteries from different vascular beds and species (see Garland
et al., 2011 for review) . Amongst others, Lacy et al. (2000) failed to observe hyperpolarisation
and vasodilation to K* in rat mesenteric arteries, despite successfully inducing EDH with ACh.
This can be explained by the experimental design used, which failed to consider the role of
physiological antagonism between phenylephrine (PE) and K*. Preconstriction of these
arteries to high concentrations of PE (10 uM) blocked relaxation to K* as stimulation of as-
adrenoreceptors increases VSMC [Ca?*] which activates BKca channels, resulting in efflux of
K* and its accumulation in the extracellular space (Dora et al., 2002). This saturates Na*/K*-
ATPases so that additional, exogenous K* does not have any effect on membrane potential.
The masking effect of BKca channel activation of K*-induced hyperpolarisation was directly
demonstrated by Dora et al. (2002) who used iberiotoxin to block BKca channels and showed
that exogenous K* was able to evoke hyperpolarisation and vasodilation of PE-contracted

arteries.

The presence of gap junctions in the artery wall has long been recognised (Rhodin, 1967),
and a their ability to conduct both depolarisation and hyperpolarisation along the vessel wall
has been clearly demonstrated in resistance arterioles of the microcirculation (Segal and
Duling, 1989). Gap junctions were shown to be involved in EDH responses by Yamamoto et
al. (1999) when they measured whole-cell currents in ECs and VSMCs of guinea pig arterioles.
The biphasic hyperpolarisation profile of ECs was almost identical to that of adjacent VSMCs
following ACh application, and blockade of gap junctions by 18B-glycyrrhetinic acid prevented
the hyperpolarisation of VSMCs but not ECs. This revealed that in small resistance vessels,
MEGJs are essential in facilitating the rapid and direct transmission of hyperpolarising current
which contributes to EHD along with extracellular K*. The importance of MEGJs in EDH,
especially in small arteries, was further established by a morphological study where
anatomical evidence for the existence of MEGJs was obtained using reconstructed serial-

section micrographs of mesenteric arteries of different sizes. These images showed that
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MEGJ expression was inversely proportional to vessel diameter, with more MEGJs present in
distal compared to proximal regions (Sandow and Hill, 2000). This is consistent with the
important functional contribution of EDH to vasodilation in small arteries (Si et al., 2006), and

suggests that the direct hyperpolarising route may predominate over the action of K* clouds.

1.5.5 Conducted Vasodilation

In addition to hyperpolarisation from the endothelium spreading radially to VSMCs, it also
spreads axially to neighbouring ECs in a process called conducted vasodilation. This allows
vasodilation of distal arteries to spread upstream, affecting a more widespread drop in
vascular resistance which is necessary to increase blood flow and to coordinate blood flow
distribution within tissues. This coordination is particularly important in maintaining adequate
tissue perfusion, for example, during exercise, where local metabolic changes in active tissues
trigger a coordinated vascular response to increase blood flow in a process known as
functional hyperaemia. Originally attributed to agonist-induced nerve activation (Krogh, 1920),
it later became clear that conducted vasodilation was mediated by the transmission of a
vasodilatory signal along the arterial wall via intercellular low-resistance pathways

subsequently identified as homocellular EC-EC gap junctions.

After ruling out the input of NO, nerves, and blood flow (Hilton, 1959; Segal and Duling, 1986;
Dora et al., 1997), a key question was whether conduction through the artery wall occurred
though the endothelium or smooth muscle layer. Emerson and Segal (2000) mounted hamster
feed arteries in a pressure myograph and selectively damaged either a section of endothelium
or smooth muscle. They found that hyperpolarisation of one end of the artery evoked by focal
application of ACh did not spread beyond the area of damaged endothelium but did spread
across the area of damaged smooth muscle. It was therefore concluded that conducted
vasodilation spreads via the endothelium, an idea reinforced by 1) the high density of gap

junctions between ECs with a low resistance to ion flow (Lidington et al., 2002; Sandow et al.,
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2006), and 2) the axial arrangement of ECs in the artery wall, which allows for efficient and

direct hyperpolarisation of VSMCs via MEGJs.

1.5.6 Impaired Conducted Vasodilation in Disease

Impaired NO bioavailability and EDH are ubiquitous features of cardiovascular disease which
not only affect local vasodilation responses at the point of endothelial damage, but also
conducted vasodilation of distal sites with healthy endothelium. Impaired homo- and
heterocellular coupling between cells in the artery wall disrupts the spread of hyperpolarisation
and associated vasodilatory responses. This has been observed in hypertension, where
changes to the structural and contractile properties of arteries are well documented. In
exteriorised cremaster arterioles from spontaneously hypertensive hamsters, conducted
vasodilatory responses evoked by ACh decayed faster than in vessels from normotensive
controls (Kurjiaka, 2004). The increased electrical resistance of the endothelium observed in
this study aligns with reports of reduced Cx expression, particularly Cx43 and Cx37, in arteries
from animal models of hypertension (Haefliger et al., 1999; Yeh et al., 2006). These Cxs are
enriched at the boundaries of neighbouring ECs, making it likely that their reduced expression
is responsible for the impaired spread of hyperpolarisation across the endothelium (de Wit
and Griffith, 2010). Similar patterns of reduced Cx expression and impaired conduced
vasodilation responses have also been linked to diabetes (Sato et al., 2002; Lemmey et al.,
2018), emphasising the importance of identifying therapeutic strategies to preserve or restore

conducted vasodilation responses.

Indeed, peptide drug rotigaptide, which potentiates Cx43 conductance, has been effective in
improving intercellular communication between cardiac cells, both in vitro and in vivo (Clarke
et al., 2006; Chowdhury et al., 2021). Surprisingly, only one study has investigated the effects
of rotigaptide on vascular function. In a phase | clinical trial, rotigaptide treatment improved

endothelium-dependent vasodilation of forearm arteries following blood flow restriction,
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perhaps illustrating its ability to preserve or enhance conducted vasodilation responses
(Pedersen et al., 2016). Despite this, there are currently no approved gap junction modulators
for the treatment of cardiovascular diseases, highlighting an area requiring further research.
Another avenue for improving conducted vasodilation could be to activate ion channels
involved in amplifying EC hyperpolarisation. As the mechanisms underlying this amplification
are not yet fully understood, further research is required to identify possible drug targets to

inform the development of novel therapeutics.

1.6 Propagation of Conducted Vasodilation

As conducted vasodilation is observed over distances greater than can be explained by
passive decay of hyperpolarising current (1-2 mm), it follows that there must be a positive-
feedback mechanism which sustains its spread. Indeed, it appears that amplification of
intracellular hyperpolarising current occurs in conducted vasodilation, as hyperpolarisation in
response to ACh spreads over longer distances than hyperpolarisation stimulated by current
injection (Emerson et al., 2002). The specific amplification mechanism triggered by ACh has
not been identified, although various candidates have emerged which may be responsible,
including 1) Ki channels, 2) Na*/K*-ATPases, and 3) hyperpolarisation-activated cyclic

nucleotide-gated (HCN) channels.

Although there is evidence for the expression of Ki- channels in resistance artery ECs (Crane
et al., 2003b), their role in amplifying hyperpolarisation in conducted vasodilation is unclear.
Due to the high density of SKca channels expressed near EC-EC contact points, it follows that
their opening will increase extracellular [K*] sufficiently to activate proximate K channels of
neighbouring ECs, triggering outward currents and hyperpolarisation. The unique biophysical
characteristics of Ki- channels further supports a role for them in the positive feedback

generation of hyperpolarisation, as their activity increases with cell hyperpolarisation (known
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as negative slope conductance). Selectively blocking Kir channels with Ba2* (30 uM) impairs
remote vasodilatory responses to ACh in pressurised porcine coronary arteries, rat mesenteric
arteries and hamster retractor muscle arteries, although the exact location of the channels in
the artery wall is unclear (Rivers et al., 2001; Goto et al., 2004; Jantzi et al., 2006). Of these
papers, only Goto et al. speculate that the K responsible for conducted vasodilation are
expressed by ECs, although they fail to present convincing evidence which rules out
expression of these channels by VSMCs. Another paper, again using rat mesenteric arteries,
found that the same concentration of Ba?* did not alter conducted vasodilation in response to
ACh, casting doubt around the obligatory role of K. channels in this phenomenon (Takano et

al., 2004).

Much like how the activation of Na*/K*-ATPases by K* induces hyperpolarisation in VSMCs,
it is plausible that these pumps play a similar role in ECs which may sustain conducted
vasodilation over long distances. Inhibiting Na*/K*-ATPases by removing extracellular K*
depolarised rat aortic ECs from en face-pinned arteries by 11 mV from a resting potential of -
43 mV, and the reintroduction of K* produced abrupt endothelial hyperpolarisation which was
blocked by the specific Na*/K*-ATPase inhibitor ouabain (500 uM; Bondarenko and Sagach,
2006). This indicates that Na*/K*-ATPases are important in regulating membrane potential in
resting ECs, and their activity alone can result in hyperpolarisation. The same study also found
that sustained endothelial hyperpolarisation to ACh was attenuated by ouabain, implicating a
role for EC Na*/K*-ATPases in sustaining, and possibly amplifying conducted vasodilation.
Despite these results, evidence for the role of endothelial Na*/K* ATPases in conducted
vasodilation in pressurised resistance arteries is lacking, highlighting an unmet area of

research.
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1.6.1 A possible role for HCN Channels in Conducted Vasodilation

Due to the inconclusive evidence for the roles of K; channels and Na*/K*-ATPases in
amplifying hyperpolarisation along the endothelium, HCN channels have been suggested to
play a role, in part due to their unusual voltage dependence characteristics. Reflected in their
name, HCN channels are activated by both hyperpolarisation (< -60 mV; DiFrancesco et al.,
1986) and cyclic nucleotides, resulting in the influx of cations such as Na*, K* and Ca?* (Yu et
al., 2004). Widely expressed in the heart and central nervous system (see Table 1.5.7.1),
these channels are responsible for triggering action potentials which generate the ‘funny
current’ (I in the sinoatrial node (SAN) of the heart (Brown et al, 1979) and the

‘hyperpolarising current’ (I5) in neurones (Halliwell and Adams, 1982).

mRNA/
Citation Tissue Relative expression
protein
Calejo et al. (2014) Rat whole heart mRNA Hcn2>Hcen4>Hen1>>>Hen3
Baruscotti et al. Rabbit SAN MmRNA Hcn4>Hcn1>Hcn2 (no Hen3)
(2005) Rabbit heart ventricle MmRNA Hcn2 only
Huang et al. (2016) Rat SAN Protein HCN2 and HCN4 only
Rat neocortex Protein HCN2>HCN1>HCN3>HCN4
Moosmang et al. Rat hippocampus Protein HCN1>HCN2>HCN >HCN4
(1999) Rat cerebellum Protein HCN1>HCN3>HCN2=HCN4
Mouse hippocampus mRNA Hcn1=Hcn2>Hcn4>Hcn3
Calejo et al. (2014) Rat liver mRNA Hcn2>>Hcn3>Hen12Hen4
Bolivar et al. (2008) Rat kidney MmRNA Hcn1>Hcn4>Hcen2>Hcen3
Greenwood and Rat portal vein
MmRNA Hcn4>Hcn2>Hen3>>>Hcen1
Prestwich (2002) smooth muscle cells
Xiao et al. (2004) Mouse colon mRNA Hcn2>Hen1>Hen4>>Hcn3

Table 1.5.7.1. Summary of relative levels of expression of hyperpolarization-activated

cyclic nucleotide-gated channel genes (italicised) and proteins in different tissues.
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The HCN family consists of 4 tetrameric channels, HCN1-4, each with six transmembrane
segments (S1-6; see Figure 1.5.7.1). The S4 segment contains the channel’s voltage sensor,
and the intracellular C-terminus carries the cyclic nucleotide binding domain (CNBD) which is
connected to the S6 helix via a C-linker protein. The 4 HCN isoforms share a sequence
homology of ~60%, with each member of the family displaying distinct biophysical properties
primarily relating to level of hyperpolarisation required for channel activation; HCN1 channels
open at more depolarised potentials compared to the others, whereas HCN4 channels open
at more hyperpolarised potentials. Similarly, the kinetics of activation vary widely, with HCN1
channels showing the fastest opening kinetics, followed by HCN2 and HCN3 channels, and
with HCN4 channels activating (and inactivating) the most slowly (Santoro and Shah, 2020).
These features allow a significant degree of specialisation for HCN channel activity, which
may be significant for the function of blood vessels. The intracellular binding of cyclic
nucleotides, such as cyclic adenosine monophosphate (cCAMP) or cGMP, modulates channel
activation by shifting the voltage dependence to more depolarised voltages, increasing the
maximum current amplitude, accelerating the activation kinetics and slowing the deactivation
kinetics (Zong et al., 2012). HCN channel activation can still occur in the absence of cyclic
nucleotide binding, which may allow these channels to open in ECs without elevated cyclic

nucleotide levels, such as in those not being stimulated by Gs-coupled receptor agonists.

Due to their inward conduction of cations, the role of HCN channels in vasodilation appears
paradoxical. However, if expressed by ECs, the influx of cations, including Ca?*, through these
channels may lead to the generation of NO and/or the activation of SKcs and IKcs channels,
thereby producing hyperpolarisation and vasodilation. Furthermore, endothelial expression of
HCN channels, particularly in close proximity to SKca channels, could provide a means to
amplify the spread of hyperpolarisation to remote ECs (see Figure 1.5.7.2). Interestingly,
increases in EC Ca?* following hyperpolarisation have previously been reported in cultured
and freshly dissociated cells, although the ion channel responsible was not identified (Luckhoff

and Busse, 1990; Langheinrich et al., 1998). Since hyperpolarisation would increase the
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electrochemical gradient for Ca?* entry into ECs, the Ca?* rise has historically been attributed
to Ca?*influx via an undefined Ca?* ‘leak’ channel (Johns et al., 1987). More recently, it has
been proposed that a specific gated pathway might underlie Ca?* influx in hyperpolarised ECs,

namely, HCN channels (Dora and Garland, 2013).

Single subunit

A

N terminus C terminus
Figure 1.5.7.1. Membrane topology of hyperpolarisation-activated cyclic nucleotide-
gated (HCN) channels. (A) These channels are formed from 4 separate subunits (HCN 1-4),
each of which consist of 6 transmembrane segments (S1-6), shown in B. (B) Like in voltage-
gated calcium channels, the arginine-rich S4 segment (coloured orange) forms the voltage-
sensor, whereas the re-entrant P-loop forms the pore of the channel and provides cation
sensitivity. The C-terminus of each subunit contains a cyclic nucleotide-binding domain
(CNBD) connected to S6 via a C-linker. Together, the CNBD and C-linker regulate channel
gating by cyclic nucleotides such as cyclic adenosine monophosphate (cAMP). Figure
adapted from Postea and Biel (2011).

To date, there are no published studies investigating the expression or function of HCN

channels in the native vasculature. HCN2 and HCN3 channels have recently been identified
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in smooth muscle cells of human lymphatic vessels using RT-PCR analysis, although the
relevance of this to arterial expression is likely limited (Majgaard et al., 2022). Another study
using human umbilical vein ECs (HUVECs) found that HCN1 and HNC2 channels were
expressed at the mRNA and protein level, although they didn’t investigate HCN3 or HCN4
expression (Civil Urkmez et al., 2024). Whether this mirrors the HCN channel expression
profile of native ECs in resistance arteries is unknown, highlighting an area for further

research.

The non-selective HCN channel blocker, ivabradine, has been shown to improve endothelium-
dependent vasodilation in both mice and humans (Drouin et al., 2008; Hohneck et al., 2019).
This effect is thought to be secondary to its negative chronotropic action via inhibition of the If
in the SAN, rather than through a direct effect on the vasculature. In support of this, a different
HCN channel blocker, S 16256, did not exhibit direct effects on coronary artery diameter or
coronary blood flow in vivo when measured with an ultrasonic transit-time micrometer and
Doppler flow wire (Simon et al., 1995). Despite this, preliminary data from pressurised
cremaster arterioles suggests that ivabradine prevents Ca?* influx evoked by hyperpolarisation
in ECs (unpublished results from Dora/Garland group), although its effects on conducted
vasodilation have yet to be investigated. If endothelial HCN channels are indeed important in
propagating conducted vasodilation, HCN channel blockers such as ivabradine may disrupt
normal blood flow regulation and distribution. This could have broad implications for
cardiovascular health such as exercise intolerance, organ dysfunction, and vascular

remodelling, limiting the effectiveness of such drugs.
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Figure 1.5.7.2. Proposed role of hyperpolarisation-activated cyclic nucleotide-gated
(HCN) channels in propagating conducted vasodilation in resistance arteries. An
increase in endothelial cell (EC) Ca?* (eg. triggered by agonists such as acetylcholine binding
to muscarinic receptors on ECs) activates |IKca and SKca channels, resulting in K* efflux and
membrane hyperpolarisation (tEm). Hyperpolarisation spreads to neighbouring ECs via gap
junctions, where it activates HCN channels leading to Ca?* influx. The increased intracellular
[Ca?*] then activates IKca and SKca channels, generating more hyperpolarisation upstream.
When hyperpolarisation passes to VSMCs, it affects vasodilation by reducing the open
probability of voltage-gated calcium channels expressed by VSMCs, preventing a rise in
[Ca?].
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1.7 Thesis aims and objectives

Despite growing evidence demonstrating that NO signalling is disrupted in many
cardiovascular diseases, our understanding of the conditions under which NO is synthesised
is limited. Optimising a protocol for detecting NO production in situ in ex vivo arteries is
therefore a priority as it will help elucidate mechanisms of basal and stimulated NO release.
Secondly, advancing our understanding of how T-type VGCCs contribute to vascular tone is
necessary as recent reports have found that activation of these channels can have
vasodilatory effects in mesenteric and cerebral resistance vessels, challenging the long-held
view that Ca?* influx through these channels mediates vasoconstriction only. The possible
vasodilatory influence of T-type VGCCs should be further probed as the use of T-type VGCCs
to treat neurological disorders may result in unwanted cardiovascular side effects. Finally,
elucidating the expression profile of HCN channels in the endothelium is important as
preliminary studies indicate they may underly Ca?* entry into hyperpolarised ECs and
contribute to conducted vasodilation responses. If HCN channels are indeed important in
propagating hyperpolarisation between ECs, inhibitors of these channels might produce
unintended consequences, while activators (targeting the vasculature specifically) could offer

therapeutic benefits for certain cardiovascular diseases.

The objectives of the following chapters are:

i.  Todevelop a protocol for tracking NO production in ex vivo arteries using a fluorescent
indicator.
ii.  Tounderstand the role of T-type VGCCs in regulating the tone of resistance coronary
arteries.
iii.  To characterise the expression of HCN channels in arteries to determine whether they

may have a role in conducted vasodilation.

46



2. Materials and Methods



2.1 Animals and tissue preparation

All animal procedures were conducted in accordance with the University of Oxford local ethical
guidelines, the ARRIVE guidelines, and the UK Home Office Animal (Scientific Procedures)

Act, 1986.

Wild-type male Wistar rats (6-8 weeks, 200-300 g; Charles River, UK or Germany) were used
in the present investigations. Animals were housed in individually ventilated cages under a
12:12 h light:dark cycle at 20-22°C. Standard chow and water were available ad libitum. Rats
were killed in accordance with UK legislation as specified by Schedule 1 of the Animals
(Scientific Procedures) Act by increasing concentration of CO, and confirmed with cervical
dislocation. The heart, mesentery, and cremaster muscle were excised and placed in ice-cold

Krebs-buffered solution (see Section 2.9).

2.1.1 Isolation of mesenteric arteries

The mesenteric arcade was pinned out in a Sylgard-coated dissection dish containing ice-cold
Krebs-buffered solution (Figure 2.1.1). Third-order mesenteric arteries (diameter between
150 and 250 um) were isolated from adhering connective tissue, perivascular fat and the

parallel mesenteric vein. Mesenteric arteries were used in Sections 3, 4, and 5.

2.1.2 Isolation of coronary septal arteries

The excised heart was pinned down in a Sylgard-coated dissection dish containing ice-cold
Krebs-buffered solution (Figure 2.1.2). The wall of the left atrium and right ventricle was
partially removed to allow the interventricular septal coronary artery to be isolated from the
adhering connective tissue and cardiomyocytes. Coronary arteries were used in Sections 4

and 5.

47



2.1.3 Isolation of cremaster arteries

The cremaster muscle was pinned down in a Sylgard-coated dissection dish containing ice-
cold Krebs-buffered solution. The muscle and connective tissue surrounding the cremaster

artery were removed. Cremaster arteries were used in Section 5.

2.1.4 Isolation of EC tubes from mesenteric arteries

The endothelial layer of arteries can be isolated as an intact tube of cells, providing a useful
approach to studying EC function. Separating native ECs from the surrounding smooth muscle
layer allows them to be studied without the influence of myoendothelial feedback, providing

insights into their intrinsic intra- and intercellular signalling mechanisms.

Figure 2.1.1. Rat mesenteric artery dissection. (A) Pinned mesenteric arcade, where the
dashed box represents the region of magnification in (B). B shows first, second, and third
order arteries which have been cleared of adherent tissue, alongside a parallel mesenteric

vein. Third order resistance arteries were used in the present study. Scale bar = 1 cm.
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Figure 2.1.2. Rat heart dissection. Pinned heart before (A) and after (B) removal of part of
the ventricular wall, revealing the intraventricular septum. The septal artery is visible running

from the aorta towards the apex. Scale bars = 2 mm.

The mesenteric arcade was pinned out in a Sylgard-coated dissection dish containing ice-cold
dissection buffer (see Section 2.9). Third-order mesenteric arteries were dissected free of
surrounding tissue, cannulated at one end by a glass micropipette (~150 um outer diameter),
and flushed with dissection buffer to remove residual blood. Arteries were then cut into 2 or 3
smaller segments ~ 1 mm in length and transferred into a 1.5 mL Eppendorf tube on ice

containing 1 mL of dissection buffer.

The artery segments were then left to warm to room temperature, and the solution was
aspirated and gently replaced with dissociation buffer to remove residual dissection buffer.
This solution was aspirated and replaced with preheated dissociation buffer containing the
following enzymes: papain (0.62 mg mL-"; P4762, Sigma, USA), dithioerythritol (1.0 mg mL-";
D8255, Sigma, USA), and collagenase (1.5 mg mL"; C8051, Sigma, USA). Artery segments
were incubated for 25 minutes at 37°C, then the buffer was replaced with enzyme-free

dissociation buffer to prevent over digestion.
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Artery segments were transferred to a 35-mm x 10-mm culture dish (430165, Corning, SUA)
containing enzyme-free dissociation buffer for trituration. Endothelial cell tubes were
dissociated from surrounding smooth muscle cells by gentle trituration using a glass
micropipette with an inner diameter of ~90 to 150 ym. An injector (Nanoliter 2010, ~300 to 500
nL minute™') coupled with a Micro4 controller (both World Precision Instruments, USA) was
mounted on an upright BX51WI microscope (Olympus, Japan) to allow for real-time

visualisation of the trituration procedure.

Freshly isolated endothelial cell tubes were transferred to a 2 mL confocal imaging chamber
(RC-27, Warner Instruments, USA) containing room-temperature perfusion buffer. Endothelial
cell tubes were pinned on the bottom of the chamber using two round-tipped pinning pipettes
(~140- to 160-um tip diameter) positioned using micromanipulators. Tubes were then
stretched to their approximate physiological lengths by adjusting the horizontal tension on the
tissue using the micromanipulators. EC tube experiments were conducted at room

temperature as the integrity of the tubes is reduced at higher temperatures.

2.2 Wire myography

A Mulvany-Halpern myograph, described in detail by Mulvany and Halpern (1976), was used
to record the tension responses of isolated arteries ~2 mm in length. Wires are carefully
inserted through the lumen of an artery and secured onto two parallel jaws, one of which is
attached to a force transducer and the other a micrometer. This configuration allows the artery
to be stretched by known increments whilst measuring tension, generating a length-tension
relationship curve. The resting tension of the vessel can then be set to reflect the in vivo blood

pressure across that artery bed, without masking changes in active wall tension
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2.2.1 Artery set up

Two 25 ym diameter gold-plated tungsten wires were threaded through the lumen of artery
segments and secured to the jaws of a 5 mL chamber Mulvany-Halpern wire myograph
(Danish Myo Technology Organ Bath Model 700MO or 610M, Denmark; Figure 2.2.1) in
Krebs-buffered solution gassed with a 21% O, 5% CO,, and 74% N2 mixture. Chambers were
warmed to 37°C and arteries were normalised to a resting tension equivalent to that generated
at 90% of the diameter of the vessel at 70 mmHg (mesenteric arteries) or 80 mmHg (coronary

and cremaster arteries).

Changes in tension (mN) were recorded at 10 Hz using a PowerLab/4SP data acquisition
system (ADInstruments, New Zealand) and LabChart software (v8.1.17, AD Instruments, New

Zealand).

4-channel wire myograph

Figure 2.2.1. Wire myograph apparatus. (A) Image of equipment used to measure artery
tension under isometric conditions. (B) A channel from the wire myograph with force

transducer and micrometer indicated. Arteries are secured to the jaws with tungsten wires
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2.2.2 Studying mesenteric arteries under isometric conditions

After equilibrating for 30 minutes at their normalised tension, artery function was assessed
using PE, an as-adrenergic agonist, and ACh, a muscarinic M3 receptor agonist. Only arteries
that demonstrated robust and sustained constriction to PE (1-3 pM) and >95% relaxation to
100 nM ACh were considered functional. To study vasodilation, arteries were precontracted
with a submaximal concentration of PE. Arteries were not exposed to multiple inhibitors,
unless where indicated, nor washed out after their addition to eliminate the possibility of

irreversible effects confounding other results.

2.2.3 Studying coronary arteries under isometric conditions

Arteries were left to equilibrate at their normalised tension for 60 minutes. Artery function was
assessed by the development of spontaneous myogenic tone followed by endothelium-
dependent relaxation to ACh. Arteries that developed >0.5 mN/mm spontaneous myogenic
tone and relaxed >95% to 100 nM ACh were considered functional. If sufficient myogenic tone
was not developed, PE (1-5 yM) was used to contract arteries, followed by ACh (10-1 uM) to
stimulate endothelium-depended vasodilation. In this case, arteries that demonstrated robust
and sustained contraction to PE and >95% relaxation to 100 nM ACh were considered

functional.

In experiments assessing the function of vascular smooth muscle only, the endothelium was

removed by passing a human hair through the lumen. Successful endothelial denudation was

confirmed by <10% relaxation to 1 yM ACh.

Arteries were not exposed to multiple inhibitors, unless where indicated, nor washed out after

their addition to eliminate the possibility of irreversible effects confounding other results.
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2.2.4 Analysis of mesenteric artery tension recordings

Each data point used for analysis represents the mean tension over a 10-second period. For
relaxation responses, the preconstriction tension was obtained by adding PE, and the baseline

tension was taken as the tension immediately following normalisation (Figure 2.2.4 A):

o tension at peak — preconstriction tension
Vasodilation (%) = , , — — x 100
baseline tension — preconstriction tension

Vasoconstriction was expressed as the increase in tension above baseline and was adjusted

to account for the length of each artery (mN/mm).

2.2.5 Analysis of coronary artery tension recordings

Each data point used for analysis represents the mean tension over a 10-second period. For
relaxation responses, the myogenic tone tension (MT tension) was taken as the level of
myogenic tone prior to the addition of the test agent, or if arteries did not generate myogenic
tone, the maximum contraction to L-NAME + NS 6180. The baseline tension was taken as the

tension immediately following normalisation (Figure 2.2.4 B):

o tension at peak — MT tension
Vasodilation (%) = - - — x 100
baseline tension — MT tension

For constriction experiments, data were presented either as the increase in tension above MT
tension (adjusted for artery length), or as a percentage of vasoconstriction evoked by 45 mM

KCI, which was applied at the end of experiments (Figure 2.2.4 C):

o tension at peak — MT tension
Vasoconstriction (% of 45 mM KCl) = - - - - x 100
baseline tension — maximum tension (after KCI)
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Figure 2.2.4. Sample traces demonstrating analysis method for wire myography
tension experiments. (A) Sample trace from mesenteric artery indicating the values used for
analysing vasodilation responses. (B) Sample trace from coronary artery indicating the values
used for analysing vasodilation responses. As the artery did not develop stable myogenic tone
(MT), MT tension is taken as the maximum tension generated after adding 10 uM L-NAME (L-
N) and 1 uM NS 6180. (C) Sample trace from coronary artery indicating the values used for
analysing vasoconstriction responses. Blue rectangles indicate the data points used to
calculate mean tension. Black dots indicate when labelled drugs were added.
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2.3 Pressure myography

The pressure myography set up used for these experiments was adapted from the original
method published by Duling et al. (1981), which aimed to replicate the in vivo state of blood
vessels more closely than previous methods had achieved. As well as facilitating the
measurement of changes in artery diameter, pressurised arteries can be loaded with
fluorescent indicators to measure the levels and localisation of endogenous signalling
molecules such as NO and Ca?*. Furthermore, the direct access to the lumen provided by this
set up allows for selective loading of fluorescent indicators into either ECs or VSMCs, thus

providing a valuable tool for investigating cell type-specific signalling in arteries.

2.3.1 Artery set up

Following isolation, mesenteric and coronary artery segments (1-2 mm length) were
transferred to a 2 mL confocal imaging chamber (RC-27, Warner Instruments, USA; Figure
2.3.1). Each end of the artery was cannulated with a glass micropipette (inner diameter ~ 80
Mm, outer diameter ~120 um) and secured with 11-0 nylon sutures (Ethicon, USA). The
chamber was secured to the stage of an inverted microscope (IX70; Olympus, Japan),
attached to a confocal scanning unit (FV500 or FV1000; Olympus, Japan), with a heating
platform (PH-6; Warner Instruments, USA) connected to a temperature controller (TC-342C;

Warner Instruments, USA).

Unless otherwise stated, arteries were continually superfused at a rate of 2 mL/minute with
Krebs-buffered solution warmed to 36.6—37.2°C and gassed with a 21% Oz, 5% CO-, and 74%
N2 mixture. One pipette was attached to a pressure head which could be vertically adjusted to
alter the intraluminal pressure of the artery. The intraluminal pressure was gradually increased
to 70 mmHg (mesenteric) or 80 mmHg (coronary), longitudinally stretching the artery with each

pressure step. Whilst pressurised, an inline 3-way tap was closed to check for artery deflation

55



to ensure that no side-branches were present in the artery and that the sutures had been
adequately secured. Arteries were visualised using a 10x objective (NA 0.3; Olympus, Japan)
and images were recorded at 1 Hz. Changes in artery diameter were recorded using FluoView

software (v5.0; Olympus, Japan).

150 um

Figure 2.3.1. Pressure myography set up and pressurised artery. (A) Temperature-
controlled imaging chamber with artery mounted on two glass micropipettes. (B) Cannulated

and pressurised mesenteric artery.

2.3.2 Studying mesenteric arteries under isobaric conditions

If no leaks were detected, mesenteric arteries were left to equilibrate for 30 minutes followed

by the same function test as detailed in Section 2.2.2. The superfusion was stopped

immediately prior to adding agents to the chamber.
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In NO dye experiments using mesenteric arteries, measures were required to prevent
movement artefacts. This was achieved by performing experiments in the continued presence

of the L-type VGCC blocker nifedipine (1 uM; Sigma, USA).

2.3.3 Studying coronary arteries under isobaric conditions

If no leaks were detected, coronary arteries were left to equilibrate for 60 minutes. Artery
function was assessed by the development of spontaneous myogenic tone followed by
endothelium-dependent relaxation to ACh (10 nM—1 uM). Only arteries that developed >20%
myogenic tone and >95% vasodilation to 100 nM ACh were considered functional. The

superfusion was stopped immediately prior to adding agents to the chamber.

2.3.4 Analysis of coronary artery diameter recordings

The inner diameter was measured using VasoTracker Offline Diameter Analyser (v1.1.0,
VasoTracker, UK) (Lawton et al., 2019). Each data point represents the mean diameter over
10 seconds. Myogenic tone is calculated as the percentage decrease from the passive

diameter (pre-myogenic tone development):

passive diameter — diameter with myogenic tone 100
X

Myogenic tone (%) = : :
yog (%) passive diameter
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2.4 Calcium imaging

2.4.1 Loading mesenteric EC tubes with Ca?* indicator

The perfusion buffer bathing pinned EC tubes was gently removed and replaced with perfusion
buffer containing the Ca?* indicator, Calbryte 520 AM (50 nM, AAT Bioquest, USA) and
0.0025% pluronic F-127 (Invitrogen, USA). EC tubes were loaded for ~10 minutes until they
could be clearly visualised, and excess indicator was removed from the chamber by aspiration
and replaced with normal perfusion buffer. The loaded dye was left to de-esterify and

equilibrate for 10 minutes before imaging.

EC tube Ca?* activity was imaged at 40x (40x/1.15W, UApo N340 objective; Olympus, Japan)
using an inverted microscope (IX81, Olympus, Japan) attached to a linescan confocal
microscope (FV5000; Olympus, Japan). Images were acquired at a frequency of 3 Hz in a
640x128-pixel clip box at 2x zoom. Calbryte 520 AM was excited at 488 nm and emitted light

detected at = 505 nm.

2.4.2 Analysis of mesenteric EC tube Ca?* fluorescence measurements

Whole cell Ca?* activity was analysed offline using MetaMorph (v7.7.4.0; Molecular Devices,
USA). Only cells that responded to ACh were included in analyses. Ca?* activity is expressed
as F/Fo where F and Fy are both taken as a 10 second average ~2 minutes after treatment
and at baseline, respectively. Each data point represents the mean fluorescence intensity of

at least 3 cells per tube.
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2.4.3 Loading mesenteric arteries with Ca?* indicator

To visualise MEPs, the ECs of pressurised mesenteric arteries were selectively loaded with
calcein AM (C3100MP, Invitrogen, USA). Although no longer widely used as a Ca?* indicator,
calcein is used as a cytoplasmic marker due to the fluorescent signal it produces when taken
up by cells. The reconstruction of serial images through the Z-axis of the artery allows the
artery wall to be viewed in 3D, where bright MEPs are clearly visible. Calcein remains inside

cells post-fixation, allowing MEPs to be visualised alongside immunolabelled proteins.

Krebs-buffered solution containing calcein AM (3 uM; Invitrogen, USA) and 0.05% pluronic F-
127 (Invitrogen, USA) was luminally pumped into pressurised mesenteric arteries for 10
minutes. Excess dye was washed out of the vessel lumen by pumping through normal Krebs-
buffered solution, and loaded dye was left to de-esterify and equilibrate for 30 minutes. Arteries

were then fixed (see Section 2.6.1), ready for immunostaining.

2.4.4 Loading coronary arteries with Ca?* indicator

ECs of pressurised coronary arteries were selectively loaded by intraluminally pumping filtered
Krebs-buffered solution containing 50 nM Calbryte 520 AM (AAT Bioquest, USA) and 0.0025%
pluronic F-127 (Invitrogen, USA). ECs were loaded for ~10 minutes until they could be clearly
visualised. Excess indicator was washed out the vessel lumen by pumping through normal
Krebs-buffered solution, and the loaded dye was left to de-esterify and equilibrate for 30
minutes. EC Ca?* activity was imaged at 40x (40x/1.15W, UApo N340 objective; Olympus,
Japan) using an IX81 inverted microscope (Olympus, Japan) attached to a linescan confocal
microscope (FV1000; Olympus, Japan). Images were acquired at a frequency of 3 Hz in a

640x128-pixel clip box at 2x zoom.
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2.4.5 Analysis of coronary artery Ca?* fluorescence measurements

Sub-cellular Ca?* activity was analysed offline using MetaMorph (v7.7.4.0; Molecular Devices,
USA). Only cells that responded to ACh were included in analyses. Ca?* activity is expressed
as F/Fo where F and Fy are both taken as a 10 second average ~2 minutes after treatment

and at baseline, respectively.

2.5 NO dyes

Cell-trappable NO-sensitive fluorescent dyes, including DAR-4M AM and CuzFL2E, directly
measure NO synthesis and release. Optimisation of an NO dye for use in live, ex vivo arteries
would provide insights into the spatial and temporal release of NO from ECs in situ, advancing

our knowledge of the mechanisms of vasodilation.

2.5.1 Cu2FL2E preparation

FL2E (0.5 mg; 07-0291, STREM Chemicals, Cambridge, UK) was dissolved in DMSO to make
a stock solution of 1.0 mM FL2E. This was aliquoted and stored at -80 °C as per the product
sheet. When thawed, the solution was kept chilled in the dark and used as quickly as

technically feasible; any unused dye was discarded.

The steps in preparing Cu,FL2E (1 pM) for use in cell-free chambers were:

1. Prepare the working solution of Cu,FL2E (1 uM, working ratio 1:2) by adding 2 uL of
stock (1 mM in DMSQO) FL2E and 4 pL of stock (1 mM in H,O) CuCl, to 2 mL buffered
solution (either phosphate buffered saline (PBS) or Krebs-buffered solution), at 25 °C,
mixing well.

2. In some experiments, higher concentrations of Cu,FL2E were used (2 yM and 5 uM).
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3. Insome experiments, the concentration of CuCl, was increased to make working ratios

of 1:5 and 1:10.

The steps in preparing Cu,FL2E (2.5 uM) for use in arteries were:

1. Prepare the working solution of Cu,FL2E (working ratio 1:2) by adding 5 pL of stock (1
mM in DMSO) FL2E and 10 pL of stock (1 mM in H,O) CuCl, to 2 mL Krebs, mixing
well.

2. Add 3 L pluronic F-127 (Invitrogen, USA) to the 2 mL working solution, mixing well.

3. Remove the Krebs from the chamber bathing the artery and immediately replace with
1 mL Krebs working solution (2.5 uM Cu2FL2E; 0.03% pluronic, 0.37% DMSO).

4. Wash with Krebs for > 5 minutes to remove residual NO dye.

2.5.2 DAR-4M AM preparation

DAR-4M AM (1 mg; 251765, Calbiochem, USA) was dissolved in DMSO to make a stock
solution of 5.0 mM DAR-4M AM. This was aliquoted and stored at -20 °C. When thawed, this

solution was kept chilled in the dark and used as quickly as technically feasible.

The steps for preparing DAR-4M AM (5 pM) to use in cell-free chambers were:

1. Dilute the stock DAR-4M AM (5 mM) into buffered solution (PBS or Krebs).

In experiments where DAR-4M AM was loaded into cells of intact arteries, additional steps
were followed. We chose 5 uM DAR-4M AM as this allowed us to maximise the ability to
visualise NO dye loading as well as maintain levels of pluronic F-127 and DMSO similar to

those used for Cu,FL2E.
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The steps in preparing DAR-4M AM (5 pM) for use in arteries were:
1. Prepare the working stock by adding 1 L of stock (56 mM) DAR-4M AM to 3 uL pluronic
F- 127 (Invitrogen, USA) in a 0.5 mL Eppendorf tube and triturate well.
2. Add the 4 uL of working stock to the chamber bathing the artery in Krebs (1 mL). This
working solution contains 5 yM DAR-4M AM, 0.06% pluronic F-127, 0.34% DMSO.
3. Ensure gassing is on and incubate for 20 minutes to load the artery.

4. Wash with Krebs for > 5 minutes to remove residual NO dye.

2.5.3 Cell-free experiments

The first set of experiments aimed to establish the extent of NO dye fluorescence in response
to the NO donor S-Nitroso-N-acetyl-DL-penicillamine (SNAP; Abcam, UK), and the effect of
different experimental conditions on this response. These experiments were performed using
a 2 mL chamber (RC-27; Warner Instruments, CT, USA) containing room temperature (~25°C)
buffered solution, seated within the stage of an XI81 inverted microscope. The solution was
routinely visualised 200 um above the coverslip using an Olympus 20x water immersion (0.17
NA, 0.70 mm WD) and linescan confocal microscope (FV300 or FV500) with FluoView
software (Olympus, Japan). Each image was 512 x 512 pixels, equating to images of X = 318

um by Y = 318 um. The frequency of acquiring images for each NO dye was 0.45 Hz.

Each NO dye was added to the chamber, mixed and allowed to equilibrate for at least 2
minutes. Once the signal was stable, SNAP was added, and acquisition continued for ~15
minutes. The acquisition settings remained consistent between data sets for each NO dye.
Cu,FL2E was excited at 488 nm, emitted light detected at = 505 nm; DAR-4M AM was excited

at 543 nm, emitted light detected at = 560 nm.
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2.5.4 Loading NO dyes into pressurised mesenteric arteries

First, arteries were incubated for 10 minutes with the elastin label Alexa Fluor™ 633 Hydrazide
(AF, 10 nM; A30634, Invitrogen, USA). Since the internal elastic lamina separating ECs and
VSMCs is very thin yet visible, and there is elastin between adjacent VSMCs, this ‘template’
of artery structure could be captured by acquiring Z-stacks. The same focal planes could then

be selected for comparative images over time.

Each NO dye was then added to the chamber, mixed, and allowed to load from the outside of
arteries. Once the signal was clear above the background autofluorescence, the time course
of baseline, 1 yM ACh, and 10 yuM SNAP (each 30 minutes), was recorded in a static chamber
with gassing. In some experiments no agonists were added (time control), and other
experiments were performed in the presence of the NOS inhibitor L-NAME (100 uM; Sigma,

USA).

The artery wall was imaged using a 40x (1.15 NA, 0.25 mm WD, Olympus, Japan) water
immersion objective, initially obtaining 13.5 ym Z-stacks in 1.5 ym steps. Each image plane
was 780 x 340 pixels, equating to image volumes of X =351 uym, Y = 153 ymand Z = 13.5

um.

The acquisition settings remained consistent between data sets for each NO dye. AF was
excited at 635 nm, emitted light detected = 660 nm. Cu2FL,E was excited at 488 nm, emitted
light detected at 505-550 nm; DAR-4M AM was excited at 543 nm, emitted light detected at =
560 nm. Z-stacks spanning 13.5 ym were acquired every 120 s, with 83.2 s rest time between
each stack, 90 minutes per run. Z-stacks of 130 ym were acquired every 330 s, with 2144 s
rest time between each stack, 90 minutes per run. In all cases, each line was the average of
two scans (line Kalman) and the wavelengths were captured sequentially. The transmitted

light signal was also recorded.
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Signal from AF was not detected in the wavelengths used for acquiring the NO dyes (488 nm
and 543 nm), and equally no NO dye signal was visible at 635 nm, even during maximal

responses to SNAP.

2.5.5 En face mounting

While pinned in the dissecting dish, cleaned arteries were partially cut transversely to reveal
an opening in the lumen. Curved Vannas micro scissors (World Precision Instruments, USA)
were used to cut longitudinally through the wall along one side, leaving a flat, rectangular-
shaped artery with ECs on one surface and adventitia on the other. The flat section of artery,
around 1-2 mm in length, was cut away from the rest of the tissue and transferred to an
imaging chamber (5 mL volume; Confocal Cardiac Myograph, Danish Myo Technology,
Denmark) containing chilled Krebs-buffered solution. The artery was secured at each end by
two micro clamps (Fine Science Tools, USA) and stretched to resemble its physiological
length in vivo. Arteries were loaded with AF and either NO dye using the same concentrations

and durations as pressurised arteries (see Section 2.4.4).

2.5.6 Analysis of NO dye experiments

2.5.6.1 Cell-free experiments

For data analysis of cell-free experiments, data were analysed offline using MetaMorph

software (version 7.7.4.0, Molecular Devices, USA). The whole image field was defined as the

region of interest (ROIl), which was used to generate time courses of DAR-4M AM and

Cu,FL2E fluorescence. Each fluorescence intensity value (F) was divided by the 30 s average

before adding SNAP (F), giving F/F.
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2.5.6.2 Experiments in arteries

For data analysis of the artery wall, data were first analysed using Imaris software (v8.0.2;
Bitplane, USA). The 13.5 ym Z-stacks were visually inspected for the AF and NO dye. The AF
signal, indicating elastin, was an excellent indicator of artery movement. We noted that in all
cases there was little movement of the artery, hence the AF signal did not vary over time.
Once this was established, the Z-stack was merged into a single image plane, averaging the
fluorescence for each time point and for each dye (wavelength). The files were saved as
separate TIF files and opened in MetaMorph for further analysis. ROls the size of the image
field were used to generate separate time courses of fluorescence intensity for AF and each
NO dye. The fluorescence ratio (FR) of NO dye/elastin over time was calculated to provide
data as FR/FRQ. For these experiments, the FR increased under baseline conditions;
therefore, the value for FRQ was taken 30 minutes into each acquisition run, as the timepoint
immediately prior to the addition of 1 yM ACh in other experiments. The FR/FRQ value was
also expressed as a percentage of the fluorescence response to 10 uM SNAP, which

represents maximum fluorescence in each experiment.

2.6 Immunohistochemistry

2.6.1 Immunostaining of pressurised arteries

Arteries mounted for pressure myography experiments (see Section 2.3) can be fixed and
stained to identify proteins of interest. Pressurised arteries were fixed in situ by adding 4%
paraformaldehyde aqueous solution (PFA; J61899.AK; Thermo Fisher Scientific, USA) to the
chamber for 60 minutes at room temperature before being washed with PBS (P3813; Sigma,
USA). Arteries were then blocked for 90 minutes by luminal pumping of blocking buffer

containing 1% bovine serum albumin (A3059; Sigma, USA), 0.5% Triton X-100 (T8532;
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Sigma, USA), and 0.05% Tween20 (P2287; Sigma, USA) diluted in PBS. Blocking buffer was
also added to the chamber. Arteries were incubated with the primary antibodies overnight at
4°C. The following day, arteries were washed in PBS and incubated with the secondary
antibodies, Hoechst 33342 (10 yg/mL), and AF (10 nM; all diluted in blocking buffer) for 2
hours at room temperature, before being washed in PBS again. Arteries were imaged

immediately.

2.6.2 Immunostaining of wire-mounted arteries

Following functional experiments, arteries were fixed in situ by adding 4% PFA solution to the
chamber for 60 minutes at room temperature, before being washed with PBS. Fixed arteries
were cut open laterally and removed from the wire myograph. Arteries were then blocked for
90 minutes with blocking buffer and incubated with the primary antibodies overnight at 4°C.
The following day, arteries were washed in PBS and incubated with the secondary antibodies,
Hoechst 33342 (10 pg/mL), and sometimes AF (10 nM) for 2 hours at room temperature,
before being washed in PBS again. Antibodies, Hoechst and AF were diluted in blocking
buffer. After staining, the arteries were carefully opened and placed flat on glass slides in
mounting medium (VECTASHIELD, H-1000; Vector Laboratories Inc., USA), with the EC layer
facing up. Coverslips were lowered on top and sealed (CoverGrip, 23005; Biotium, USA) ready

for imaging.

2.6.3 Imaging of immunostaining

Arteries were excited at 405, 488, 543, and 635 nm using sequential scans. The emitted
fluorescence was acquired through a 40x water immersion objective (NA 1.15; WD 0.25 mm;
1024x1024-pixel clip box; Olympus, Japan) using a laser scanning confocal microscope
(FV1200; Olympus, Japan). Arteries were imaged at 1-3x digital zoom. Scans were Kalman
line arranged. Sequential Z-stacks through the artery wall were acquired at 0.5 um intervals
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using FluoView Software (FV10-ASW 3.0; Olympus) and reconstructed in Imaris Software

(v8.0.2; Bitplane, USA).

2.7 RNAscope

2.7.1 Artery preparation

RNAscope (Advanced Cell Diagnostics, ACD; USA) allows single mRNA molecules to be
visualised in situ at a cellular level, where every punctate dot represents an individual RNA
molecule. It uses an oligo-based double ‘Z’-probe system with each ‘Z’ probe containing a
complementary target binding sequence of 18-25 base pairs, a linker sequence, and a 14-
base tail sequence which, when paired with another ‘Z’-probe, acts as a binding site for the
preamplification scaffold and amplifiers. Fluorescent label probes then bind to the amplifiers,

allowing molecules of RNA to be visualised using fluorescence microscopy (see Figure 2.7.1).

Wire-mounted arteries were fixed for 60 minutes with 4% PFA (see Section 2.6.2). After this
initial fixing, arteries were washed in PBS, removed from the wires, and fixed overnight in 4%
PFA at 4°C. Fixed arteries were then washed twice in 0.1% PBS-T (0.1% Tween-20 in PBS)
for 5 minutes each. Arteries were dehydrated in a methanol (Sigma, USA) gradient (methanol
diluted in PBS-T; 25%, 50% 75% and 100% x 2 for 10 minutes each). Once in 100% methanol,

arteries can be stored at -20°C for up to 6 months.

2.7.2 RNAscope protocol

To detect the hybridisation signal, RNAscope Multiplex Fluorescent Detection Reagents v2
(ACD, USA), utilising the TSA Vivid 520 and TSA Vivid 570 fluorophores respectively (Perkin

Elmer, USA), were applied. Arteries were rehydrated using the same methanol gradient and
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washed twice in 0.1% PBS-T. Arteries were treated with hydrogen peroxide (ACD, USA) at
room temperature for 10 minutes before being washed with PBS-T. This was followed by
digestion with RNAscope protease plus at 40°C for 10 minutes before arteries were washed
with 0.2x saline-sodium citrate (SSC; Sigma, USA) 5 minutes x3. Following protease
treatment, arteries were incubated with the RNAscope probes: Rn-Cacna1g (319661, ACD,
USA), Rn-Cacna1h-C3 (319671, ACD, USA), Rn-Cacnati-C2 (414231, ACD, USA), Rn-
Cacnaic (415141, ACD, USA), Rn-Hcn1 (590421, ACD, USA), Rn-Hcn2 (592111, ACD,
USA), Rn-Hcn3-C2 (1160711, ACD, USA), Rn-Hcn4-C2 (580491, ACD, USA), for
approximately 5 hours at 40°C and overnight at room temperature. The recommended positive
control probe against Ppib (Rn-Ppib-C3, 313921, ACD, USA) was used to confirm successful
detection of RNA. Ppib encodes a cyclosporine-binding protein which is ubiquitously
expressed at a low level by all cell types, thereby providing a rigorous control for sample
quality. Arteries were then washed with 0.2x SSC. Probe signals were amplified by incubation
with AMP1, AMP2 and AMP3 at 40 °C for 50, 50 and 20 minutes respectively, with 0.2x SSC

washes after each.

Following this, RNAscope HRP-C1-3 was applied for 20 minutes at 40°C before the addition
of TSA Vivid 520 (for the Cacna and Hcn probes), with 0.2x SSC washes between and after
fluorophore addition. HRP blocker was then applied for 20 minutes at 40°C followed by a 0.2x
SSC. This was then repeated with RNAscope HRP in the appropriate channel for the Ppib
probe, and TSA Vivid 570, followed by HRP blocker before a final 0.2x SSC wash. Nuclei were
then stained as per the IHC protocol described in Section 2.6.2, and imaged as described in

Section 2.6.3.

2.7.3 RNAscope analysis and quantification

RNAScope images were analysed offline using Imaris software (v8.0.2; Bitplane, USA), where

average projections through the EC and VSMC layers were obtained by selecting and merging
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3 consecutive 0.5 ym Z-axis sections (Figure 2.7.1). First, the number of discrete mMRNA
molecules per cell in each cell type was quantified. mRNA staining was modelled as a 3D
surface and the mean volume of 10 puncta believed to be single mRNA molecules was
calculated. The total volume of the modelled mRNA surface was then divided by the mean
volume of a single mRNA molecule. The number of nuclei in the field of view was counted,

giving the number of individual MRNA molecules per cell.

To calculate the nuclear to cytoplasmic ratio of mMRNA molecules, 3 ECs or VSMCs per Z-
stack were selected and the total volume of all puncta in both cell compartments was
calculated, using the stained nuclei as a guide. Again, this total was divided by the mean
volume of a single mRNA molecule, giving the number of individual mMRNA molecules in the
nucleus and the cytoplasm. Cell borders were visualised using a polyclonal conjugated IgG

antibody against mouse/rat CD31 (2 pg/mL; FAB3628G, Biotechne).
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A Summary of RNAscope method
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Figure 2.7.1. RNAscope in en face-fixed mesenteric arteries. (A) Schematic diagram
summarising the principles of the RNAscope protocol. First, double ‘Z’-RNA probes bind to
the mRNA sequence of interest, providing a foundation for the preamplification scaffold and
amplifiers. Fluorescent label probes then bind to the amplifiers, allowing the fluorescent
signal for even single mMRNA molecules to be detected. (B) Merged confocal micrographs
(3x 0.5 ym Z-axis planes) showing EC nuclei (cyan) and the raw fluorescent signal (red)
corresponding to mRNA molecules. The volume of each cluster was calculated in Imaris
(yellow), allowing the number of mMRNA molecules per cell to be calculated. The degree of
overlap between the red and yellow signal in C and D demonstrates the accuracy of this

auantification method.
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2.8 Western blotting

Mesenteric arteries from rats (n = 3) were dissected and cleaned, then snap frozen in liquid
N2 and stored at -80°C. Arteries were homogenised and total protein collected and quantified.
Briefly, tissue was homogenised in cell lysis buffer containing protease and phosphatase
inhibitors using a MiniLys homogeniser (Bertin Technologies, France). The samples were
centrifuged at 12,000 rpm for 20 minutes at 4°C and the supernatant was collected for protein

content quantification.

For the western blotting, 10 pg of protein lysate from rat mesenteric arteries (RMAs) and rat
brain were loaded into precast polyacrylamide gels (4-12% Bis Tris; Invitrogen, USA) for
separation by electrophoresis (80 V for 10 minutes, then 115 V for 60 minutes). Following this,
proteins were transferred from the gel onto a polyvinylidene difluoride membrane and
Ponceau S stain was used to verify successful transfer. After blocking in milk (5%),
membranes were immunoblotted for 2 hours at room temperature with primary antibodies.
After washing, membranes were incubated for 1 hour at room temperature with secondary
antibody, and bands were visualised with fluorescence detection using an Odyssey M imager

(Li-COR, USA).

2.9 Solutions and drugs

During tissue collection, dissection, and myography experiments, Krebs-buffered solution was
used containing (in mM): 118 NaCl, 25 NaHCOs3, 3.6 KClI, 1.2 MgS04(7H20), 1.2 KH2PO4, 11

glucose, and 1.25 CaCl, and gassed with 21% O3, 5% CO_, and 74% Na.

The dissection buffer used in the EC tube protocol contained (in mM): 137 NaCl, 5.6 KCI, 1
MgCl,, 10 Hepes, 10 glucose, 0.01 sodium nitroprusside, and 0.1% BSA. The dissociation

buffer used in the EC tube protocol contained (in mM): 137 NaCl, 5.6 KCI, 1.0 MgClz, 10.0
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Hepes, 10.0 glucose, 2.0 CaCl,, and 0.1% BSA. The perfusion buffer used in the EC tube

protocol contained (in mM): 137 NaCl, 5 KCI, 1 MgCl,, 10 Hepes, 10 glucose, and 2 CaCls.

Drug and compound stock solutions were diluted in Krebs-buffered solution. The total level of
DMSO arteries were exposed to never exceeded 0.4%, which the laboratory has proven is the
maximum amount that can be used before stimulating ECs (unpublished data from
Dora/Garland group). Arteries were allowed at least 15 minutes between experiments to
recover. All inhibitors were incubated with the tissue for at least 15 minutes prior to
experimentation and until myogenic tone had plateaued when relevant. Details of drugs and

compounds used in the current investigations are given in Table 2.9.1.

Drug/Compound | Product code Supplier [Stock] (mM) Stock solvent
Acetylcholine AB625 Sigma, USA 10 Milli-Q
Bay K 8644 1544 Tocris, UK 10 DMSO
CuCl 229628 Sigma, USA 10 Milli-Q
L-NAME N5751 Sigma, USA 100 Milli-Q
NiCl 339350 Sigma, USA 10 Milli-Q
nifedipine N7634 Sigma, USA 10 Ethanol
NNC 55-0396 2268 Tocris, UK 10 Milli-Q
NS 6180 353262-04-1 g?urgglr;?n 10 DMSO
Paxilline P2928 Sigma, USA 10 DMSO
Phenylephrine P6126 Sigma, USA 10 Milli-Q
SNAP ab120014 Abcam, UK 100 DMSO

Table 2.9.1 Drugs and compounds used in experiments.
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2.10 Statistical analysis and data presentation

Data were analysed using Microsoft Excel 2011 (v16, Microsoft Corporation, USA) and
GraphPad Prism (v8.0, GraphPad Software, USA) software. Figures were made using Adobe
lllustrator (v29.1, Adobe, USA) software unless otherwise indicated. All results are
summarised as mean + SEM of n replicates (unless otherwise stated), where n is the number
of separate cell-free chamber experiments, or the number of individual arteries obtained from

separate animals.

Concentration-response curves were fitted using variable slope nonlinear regression.
Normality was assessed using the Shapiro-Wilk test. If data were normally distributed,
statistical testing was applied using a student’s t-test, or one- or two-way ANOVA, using
multiple comparisons where appropriate. Datasets which didn’t pass the normality test were
analysed using a nonparametric two-tailed Mann-Whitney U or Wilcoxon test, or a Kruskal-

Wallis test followed by a Bonferroni’s post-test. Statistical significance is defined as p<0.05.
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3. Optimising a Fluorescent Dye to Detect Nitric Oxide

Production in Rat Resistance Arteries



3.1 Introduction

NO plays a crucial role in vascular physiology, acting as a potent vasodilator and regulator of
vascular tone. Since its discovery as EDRF by Furchgott and Zawadzki in 1980, our
understanding of NO's importance in cardiovascular health has grown exponentially
(Furchgott and Zawadzki, 1980; Ignarro et al., 1987). However, accurately measuring NO
production in intact arteries remains a significant challenge due to its short half-life and high
reactivity. This chapter focuses on the optimisation of fluorescent indicators for detecting NO

in ex vivo arteries, addressing a critical need in vascular research.

NO is synthesised in ECs by the enzyme eNOS, which converts L-arginine to NO and L-
citrulline. The activity of eNOS is regulated by various factors, including substrate availability,
cofactors, and post-translational modifications. Once produced, NO diffuses to nearby
VSMCs, where it activates sGC, leading to increased cGMP levels and subsequent

vasodilation.

The release of NO in resistance arteries can be broadly categorised into two types: basal and
stimulated. Basal release occurs continuously at low levels in unstimulated conditions,
whereas stimulated release occurs in response to various stimuli, such as shear stress or
agonists like ACh. Both types of NO release are critical for maintaining vascular health; basal
NO production contributes to the regulation of resting vascular tone (see Figure 3.1.1) (Rees
et al., 1989; Stamler et al., 1994), while stimulated NO release allows blood vessels to adapt
to changing physiological demands (Gryglewski et al., 1988). Importantly, dysregulation of
either basal or stimulated NO release has been implicated in various cardiovascular diseases,

including coronary artery disease (Quyyumi et al., 1995; Nishikawa and Ogawa, 1997).

Despite the importance of NO in vascular function, accurately measuring its production in

intact arteries remains challenging. Existing methods for NO detection each have their
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limitations. Chemiluminescence, while considered the gold standard, requires time-consuming
sample preparation, which may lead to inaccurate quantification due to the short half-life of
NO. Spectrophotometric assays typically measure NO derivatives and may underestimate
total NO production by failing to detect all relevant species. Electrochemical sensors, although
widely used for in situ measurements, are prone to interference from anions and may lack the

sensitivity to detect small, physiologically relevant changes in NO levels.

Several classes of fluorescent NO indicators have been developed, each with their own
advantages and limitations. DAFs were among the first fluorescent NO dyes developed, which
are sensitive to low NO concentrations, although they suffer from significant interference by
calcium ions which limits their utility. DARs, structurally related to DAFs, offer improved
photostability and reduced interference from tissue autofluorescence. The cell-trappable DAR-
4M AM has shown promise in cultured endothelial cells (Kojima et al., 2001) but has not been
widely validated in intact artery preparations. Copper-based fluorophores, which are
membrane-permeable, have demonstrated potential for direct NO detection (McQuade et al.,
2010; Ghosh et al., 2013). However, previous protocols have required high concentrations of
copper and DMSO, both of which can cause arterial dysfunction. The optimisation of these
fluorescent indicators for use in ex vivo arteries would provide valuable insights into the spatial
and temporal release of NO from the endothelium, both under basal conditions and following
eNOS stimulation. The experiments described in this chapter address a gap in our ability to
measure NO production in intact arteries. By optimising fluorescent indicators for NO detection
in ex vivo arterial preparations, this work will further our understanding of artery function in

several ways.

Existing methods for studying basal NO production in isolated arteries often rely on observing
functional changes in artery diameter. However, these approaches may inadvertently
stimulate NO production through mechanical stretch. The development of a fluorescence-

based method that does not require arterial stretching will allow for more accurate
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measurements of truly basal NO release. Fluorescent indicators offer the potential for real-
time, spatially resolved measurements of NO production. This could provide new insights into
the dynamics of NO release from the endothelium and its diffusion to VSMCs. Moreover, the
ability to accurately measure both basal and stimulated NO release in the same preparation
will allow for a more comprehensive understanding of how these two aspects of NO signalling

are regulated and how they may be differentially affected in disease states.

While much of our understanding of NO signalling comes from studies of large conduit arteries,
the regulation of coronary artery tone is particularly important for cardiac health. The methods
developed in this study could be applied to coronary resistance arteries, providing new insights
into how NO signalling in these vessels is affected in conditions like coronary artery disease.
Finally, a more nuanced understanding of basal and stimulated NO release in healthy and
diseased arteries could inform the development of new therapies targeting specific aspects of
NO signalling. By addressing these areas, the work presented in this chapter aims to
contribute to our understanding of vascular physiology and may ultimately inform new

approaches to treating cardiovascular diseases.
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Figure 3.1.1. Effect of eNOS inhibition on tension of rat coronary arteries mounted in a
wire myograph. (A) Representative trace of an artery showing transient spontaneous
myogenic tone (MT) development followed by enhanced contraction in the presence of eNOS
inhibitor L-NAME (L-N;10 uM). Red dot indicates when drug was added. (B) Bar graph
showing the tension generated from spontaneous MT compared to after adding 10 uM L-N.
Data are paired means, n = 5. *P = 0.0107 vs MT using paired student’s t test.
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3.1.1 Aims and objectives

The present study aimed to develop a protocol to detect NO using a fluorescent indicator in

intact, pressurised arteries. This was achieved through several specific objectives:

i. To evaluate and optimise the performance of two fluorescent NO indicators, CuxFL2E
and DAR-4M AM, in cell-free conditions and intact arterial preparations.

ii. To assess the ability of these indicators to detect both basal and stimulated NO
production in pressurised mesenteric arteries, using ACh as an endothelium-
dependent NO stimulator and SNAP as an exogenous NO donor.

iii. To validate the specificity of the NO detection by using the eNOS inhibitor L-NAME to

confirm that the observed fluorescence changes are indeed due to NO production.

By achieving these objectives, this study sought to address an important gap in vascular
research methodology, namely the accurate measurement of NO production in physiologically
relevant, intact artery preparations. The development of such a protocol would provide
valuable insights into the spatial and temporal aspects of both basal and stimulated NO
release from the endothelium. This, in turn, could enhance our understanding of vascular
physiology and potentially inform new approaches to treating cardiovascular diseases

associated with endothelial dysfunction and altered NO signalling.
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3.2 Materials and methods

3.2.1 NO dye preparation

NO dyes CusFL2E and DAR-4M AM were prepared from stock solutions as detailed in
Sections 2.5.1 and 2.5.2. In all experiments, the working solution of NO dye was freshly

prepared immediately before use.

For CuzFL2E, note that each FL2E molecule has the potential to bind two copper ions (hence
Cuz), and each of the copper ions can be displaced by NO to form FL2E-NO (or FL2A-NO
once deesterified inside cells) and increase dye fluorescence. Therefore, when NO binds, Cu?*
becomes free in solution. We commenced studies using a working ratio of 1:2, although effects

of increasing the ratio of Cu?* to FL2E were investigated.

3.2.2 Cell-free experiments

To establish the extent of NO dye fluorescence in response to SNAP, experiments were
performed in 2 mL chambers containing room-temperature (~25°C) PBS or Krebs-buffered
solution (see Section 2.5.3). These experiments were performed by PhD students Lucy

Donovan and Aaron Johnston.

3.2.3 Wire myography

Mesenteric arteries were prepared for wire myograph chambers (see Section 2.2) where the
effects of SNAP and Cu?* on tension were investigated. In wire myography experiments,
arteries were normalised to a resting tension equivalent to that generated at 90% of the

diameter of the vessel at 70 mmHg.
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3.2.4 Pressure myography

Mesenteric arteries were prepared for pressurisation (see Section 2.3) and then loaded with
AF and either Cu2FL2E or DAR-4M AM, which were added to a static bath to load from the
outside (see Section 2.5.4). Excess dye was washed out when loading was complete. As this
protocol was being developed, it was clear that measures were required to prevent movement
artefacts. This was achieved by performing these experiments in the continued presence of
L-type VGCC blocker nifedipine (1 uM). Nifedipine was used instead of other anti-contractile
agents such as MLCK inhibitors due to its well-characterised mechanism of action and limited

off-target effects.

3.2.5 En face mounting

Mesenteric arteries were cut longitudinally through one side to produce a flat, rectangular

section, which was mounted in a custom-made imaging chamber and loaded with AF and

either NO dye (see Section 2.5.5). These experiments were also performed in the continued

presence of nifedipine (1 uM).
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3.3 Results

3.3.2 Cu? enhanced SNAP-mediated vasodilation and impaired artery function

SNAP stimulated concentration-dependent relaxation of mesenteric arteries, with an ECso of
0.74 uyM and Enax of 10 pM (Figure 3.3.1 A). Therefore, to replicate functionally-relevant
concentrations of SNAP, 10 uM was used to characterise the NO dyes. Next, since Cu?* is
added to the FL2E solution and is displaced from CuzFL2E to allow binding of NO, the
influence of Cu?* on arteries’ response to SNAP and overall artery function was investigated.
Preincubation with 1 uyM Cu?* left-shifted the SNAP concentration response curve (the ECso
became 0.24 uM; *P < 0.05 vs Cu?*-free; Figure 3.3.1 A). Mechanistically, this is most likely
attributable to the Cu?*-catalysed decomposition of S-nitrosothiols to yield NO (Dicks and
Williams, 1996; Williams, 1999). By increasing the degree of SNAP decomposition, and thus
NO generation, the presence of 1 yM Cu?* augmented the relaxation to SNAP. Moreover, the
rate of SNAP decomposition has been suggested to be proportional to the product of [Cu?*]
and [S-nitrosothiol]; perhaps explaining the heightened rate of fluorescence accumulation in
the presence of Cu?*. The effect of Cu?* on EC and VSMC function was then established.
Since 2 yM and 5 yuM Cu?* were added to generate working ratios of 1:2 when using 1 yM and
2.5 uM CuzFL2E, respectively, arteries were preincubated with 2 yM and 5 uM Cu?* and their
responses to ACh and PE were compared to Cu?*-free conditions. Relaxation to ACh tended
to be reduced by the presence of Cu?*, and Cu?* significantly reduced contraction to PE
(Figure 3.3.1 B and C). At higher concentrations (10 uM), Cu?* caused a slow but substantial
increase in artery tone over 20 minutes followed by aberrant relaxation to ACh (data not shown
due to analytical limitations). This indicates that elevated extracellular Cu?* is damaging to
arteries, and as such, levels of exposure should be minimised. In light of this, [Cu?*] was kept
to a minimum in live-cell experiments. Furthermore, care was taken when considering

responses to SNAP in the presence of Cu,FL2E. The Cu?* displaced by NO would potentially
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be available to augment the release of NO from SNAP, establishing a positive feed-forward

loop resulting in increased fluorescence.
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Figure 3.3.1. Cu?* impairs the function of wire-mounted rat mesenteric arteries. (A)
Effect of 1 uM Cu?* on concentration-dependent relaxation to SNAP in arteries preconstricted
with 3 uM phenylephrine (PE). n = 6. *P < 0.05 vs Cu?* -free using paired Wilcoxon test for
log ECso values. (B) Effect of Cu?* on contraction to 3 uM PE. n = 5-8. *P = 0.0479 vs 2 uM
Cu?* and P = 0.1062 for control vs 5 yM Cu?*, using unpaired Kruskal Wallis test (C) Effect of
Cu?* on concentration-dependent relaxation to acetylcholine (ACh) in arteries preconstricted
with 3 uM PE (n = 4-8). All data are means + SEM.
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3.3.2 Response of Cu;FL2E and DAR-4M AM to SNAP in cell-free chambers

The first step in validating the use of CusFL2E and DAR-4M AM was to test their response to

10 uM SNAP in cell-free chambers containing PBS.

CusFL2E (1 pM) was intrinsically fluorescent and the addition of SNAP concentration-
dependently increased fluorescence, both in rate of increase and magnitude (Figure 3.3.2 A).
A 6.5 + 1.0-fold increase in fluorescence was observed to 10 yM SNAP (**P = 0.0012 vs 1 uM
SNAP; n = 3; Figure 3.3.2 B). To establish whether a working ratio of 1:2 was limiting for
fluorescence, it was increased to 1:5 and 1:10 (Figure 3.3.2 C). No significant differences
were observed between working ratios of 1:2. 1:5 or 1:10 (Figure 3.3.2 D), suggesting an
optimal working ratio of 1:2 for CuzFL2E fluorescence. This had the advantage of limiting the
levels of free and potentially damaging Cu?*. Similar Cu2FL2E responses to 10 uM SNAP were
observed in gassed Krebs-buffered solution (5.0 + 1.0-fold increase; n = 5; Figure 3.3.2 E).
The increased response to SNAP in the presence of 10 uM Cu?* can be explained by an
increase in the relative amount of FL2E bound to Cu?* or an increase in the amount of NO

generated from SNAP.

DAR-4M AM (5 uM) was also intrinsically fluorescent, however, addition of SNAP alone had
little effect on fluorescence (Figure 3.3.3 A). A small 1.3 = 0.1-fold increase in fluorescence
was observed to 10 uM SNAP (Figure 3.3.3 B). Raising [Cu?*] to 2 yM and 10 uM increased
the fluorescence response of DAR-4M AM to 10 uM SNAP (Figure 3.3.3 A and B), indicating
that Cu?* facilitates the release of NO from SNAP. A similar effect was also observed in gassed
Krebs-buffered solution at 37°C, where 1 uM Cu?* enabled the NO dye to respond to 10 uM

SNAP (***P = 0.0004 vs Cu2*-free; n = 3; Figure 3.3.3 C).
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Figure 3.3.2. CuzFL2E response to SNAP in a cell-free set up. Time course (A) and
summary (B) of concentration-dependent increases in Cu2FL2E fluorescence in response to
SNAP. CuxFL2E was used at 1 pM, working ratio 1:2, in PBS at 25°C. SNAP was added to
the chamber at t = 0 mins (black arrowhead). n = 3. **P =0.0012 and *P = 0.0361 for 10 uM
and 100 uM vs 1 uM SNAP, respectively, using repeated measures one-way ANOVA with
Bonferroni’s correction. Time course (C) and summary (D) of the effect of [Cu?*] on CuzFL2E
fluorescence in response to 10 yM SNAP. CuxFL2E was used at 1 uM, working ratios 1:2, 1:5
and 1:10 in PBS at 25°C. SNAP was added to the chamber att = 0 mins. n = 3. P = 0.0955
and P = 0.0823 for 2 uM and 5uM Cu?* vs 10 yM Cu?*, using ordinary one-way AVOVA with
Bonferroni’s correction. (E) Effect of 2 yM Cu?* on CuFL2E fluorescence in response to 10
MM SNAP in gassed (21% O, 5% CO., and 74% N2) Krebs-buffered solution at 25°C. n = 4-
6. All data are means + SEM. These experiments were performed by PhD students Lucy

Donovan and Aaron Johnston.
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Figure 3.3.3. DAR-4M AM response to SNAP in a cell-free-set up. Time course (A) and
summary (B) of the effect of [Cu?*] on DAR-4M AM fluorescence in response to 10 uM SNAP.
DAR-4M AM was used at 5 pM in PBS at 25°C. SNAP was added to the chamber att = 0
mins (black arrowhead). Data are means + SEM; n = 3. P =0.8390 and P = 0.2382 in the
presence of 2 yM and 10 uM Cu?* vs Cu?* -free, respectively, using ordinary one-way ANOVA
with Bonferroni’'s correction. (C) Effect of 10 uM SNAP and [Cu?'] on DAR-4M AM
fluorescence in gassed Krebs-buffered solution at either 25°C or 37°C. In all experiments, 5
MM SNAP was added to the chamber for 10 mins. Data are means + SEM; n = 3-4. ***P =
0.0004 in the presence of 1 yM Cu?* at 37°C vs 0 yM Cu?* at 25°C and 37°C, using ordinary
one-way ANOVA with Bonferroni's correction. These experiments were performed by PhD

students Lucy Donovan and Aaron Johnston.
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3.3.3 Response of Cu;FL2E and DAR-4M AM to ACh and SNAP in pressurised arteries

After confirming that both CuzFL2E and DAR-4M AM can respond to NO released from SNAP,

the ability of each dye to load into pressurised mesenteric arteries was tested.

Loading mesenteric arteries with AF and CuxFL2E resulted in strong labelling of the arterial
elastin with both dyes, as well as labelling VSMCs (Figure 3.3.4 A). Importantly, before
loading the dyes, there was almost no autofluorescence, but during NO dye loading, the IEL
in particular displayed intense labelling. This provided a good indicator that the dye had
passed through all the VSMC layers, but also meant that a large percentage of the
fluorescence signal came from the elastin. Furthermore, it was essential that the NO dye was
washed away thoroughly following loading, as any residual dye in the chamber would respond

to SNAP, as shown in cell-free conditions (Figure 3.3.4).

The response to activation of eNOS was then assessed by adding the EC-dependent
vasodilator ACh, followed by exposure to the NO donor SNAP. The 90-minute time course for
CU2FL2E-loaded arteries showed a constant, gradual increase in NO dye fluorescence and a
relatively stable level of AF fluorescence (Figure 3.3.4 B). The rate of increase remained
unchanged over this time course and was not augmented by addition of either 1 yM ACh or
10 uM SNAP (Figure 3.3.4 C and D). The increase in CuFL2E, but not AF, fluorescence
intensity and a lack of clear response to ACh or SNAP suggests that caution must be exercised
when using this dye in intact arteries and that CuzFL2E is not suitable for use in pressurised

mesenteric artery experiments.

In contrast to Cuz2FL2E, loading of DAR-4M AM into mesenteric arteries enabled the detection
of an increase in fluorescence in response to both endogenous and exogenous NO. Loading
mesenteric arteries with AF and DAR-4M AM resulted in strong arterial elastin label by both

dyes, and the DAR-4M AM also labelled VSMCs (Figure 3.3.5 A). Similar to CuxFL2E, there
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was no detectible autofluorescence observed before dye loading, and during loading, the IEL
was intensely labelled. This again was used as a strong indication that the dye had passed
through all the VSMC layers, but again also means that a large percentage of the fluorescence
signal came from the elastin. As previously described, the NO dye was washed away from the
artery after loading, although the likelihood of signal from extra-arterial dye in the chamber

was low with DAR-4M AM (Figure 3.3.3).

The sequence of DAR-4M responses was matched to the Cu,FL2E dataset. As with CuzFL2E,
there was a constant, gradual increase in NO dye fluorescence and a relatively stable level of
AF fluorescence (Figure 3.3.5 B). Note that at the start of the protocol (~15 minutes) a slight
dip in NO dye fluorescence was consistently observed, which may represent active pumping
of DAR-4M out of VSMCs. The fluorescence ratio is shown as raw data in Figure 3.3.5 C, and
compared to t = 0 minutes in Figure 3.3.5 D, the latter enabling better comparisons between

arteries.

When directly compared, the summary time courses for each NO dye are quite different
(Figure 3.4.6). While in CusFL2E-loaded arteries there was a significant increase to both 1
MM ACh and 10 yM SNAP, these increases did not reflect any increase beyond the gradual
basal increase and were of small magnitude (Figure 3.3.6 A and B). In contrast, the response
to SNAP was clear in DAR-4M-loaded arteries (5.3 + 0.8-fold increase in fluorescence ratio at
60 minutes compared to 0 minutes; **P < 0.0046; n = 3; Figure 3.3.6 A and C). The response
to 1 uM ACh was also significant as reported by DAR-4M (1.8 + 0.2-fold increase at 30 minutes
compared to 0 minutes, *P = 0.0204; n = 3), but to overcome possible gradual increases in
baseline FR/FRy, time controls were performed where no ACh was added, and the effect of

eNOS blockade using L-NAME on fluorescence was measured (Figure 3.3.7).

Although responses to ACh were not different to the control increase in FR/FRy, this can at

least partly be accounted for by the apparent basal release of NO from arteries. Addition of L-
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NAME not only prevented the increase in FR/FRy to ACh, but importantly also reduced the
baseline increase (0-30 minutes; Figure 3.3.7 A). Since the response to SNAP varied
between arteries and data sets, data were normalised as a percentage of the SNAP response.
This additional analysis step made comparisons between arteries more reliable. In so doing,
it became clear that the release of NO from arteries (combined basal and ACh-stimulated),
was significantly reduced by L-NAME (*P = 0.0166; n = 5-6; Figures 3.3.7 B and C). This
same pattern emerged when reporting the rate of fluorescence ratio increase, an index of the
rate of NO release (Figures 3.3.7 D and E). This supports the use of DAR-4M AM in

pressurised arteries, although its utility may be restricted to a short timeframe of ~30 minutes.
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Figure 3.3.4. Cu.FL2E response in pressurised mesenteric arteries. (A) Representative
confocal micrographs illustrating the ability of CuFL2E to load arteries. While the NO dye
clearly labelled elastin (black holes visible in internal elastic lamina), smooth muscle cells
(SMCs) were often visible. Cu.FL2E was used at 2.5 pM, working ratio 1:2, in gassed Krebs-
buffered solution at 37°C. The elastin was separately labelled with Alexa Fluor 633 hydrazide
(AF; 10 nM). The bottom panels are cross sections through the artery wall at points indicated
by magenta lines. Multiple Z-stacks spanning 13.5 um were merged into single XY images.
(B) Time course of changes in Cu2FL2E and AF fluorescence following additions of 1 yM ACh
att = 0 mins and 10 yM SNAP at 30 mins, representative of >5 experiments with slightly
modified loading protocols. Time courses are also expressed as either a fluorescence ratio
(FR; C) or FR/FRo, where t = 0 is always 1 (dashed line; D). There was no clear response

above the steady, gradual rise in Cu2FL2E fluorescence observed.
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Figure 3.3.5. DAR-4M AM response in pressurised mesenteric arteries. (A)
Representative confocal micrographs illustrating the ability of DAR-4M AM to load arteries.
While the NO dye clearly labelled elastin (black holes visible in internal elastic lamina), smooth
muscle cells (SMCs) were often visible. DAR-4M AM was used at 5 yM in gassed Krebs-
buffered solution at 37°C. The elastin was separately labelled with Alexa Fluor 633 hydrazide
(AF; 10 nM). Multiple Z-stacks spanning 13.5 ym were merged into single XY images. (B)
Time course of changes in DAR-4M AM and AF fluorescence following additions of 1 yM ACh
att = 0 mins and 10 yM SNAP at 30 mins, representative of >5 experiments with slightly
modified loading protocols. Time courses are also expressed as either a fluorescence ratio
(FR; C) or FR/FRy, where t = 0 is always 1 (dashed line; D).
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Figure 3.3.6. NO dye responses to ACh and SNAP in pressurised mesenteric arteries.
Comparison of summary data for each NO dye. In all experiments 1 yM ACh was added at t
= 0 mins, and 10 yM SNAP at 30 mins. (A) Summary data expressed as FR/FR, for Cu.FL2E
(n = 3) and DAR-4M (n = 7) loaded arteries. (B) Summary data for Cu,FL2E. **P = 0.0015,
*»**p = 0.0003, and ****P < 0.0001 for t = -30 mins, 30 mins, and 60 mins vs 0 mins,
respectively, using repeated measures one-way ANOVA with Bonferroni’s correction. (C)
Summary data for DAR-4M. *P = 0.0204 and **P = 0.0046 vs 0 mins, respectively, using

repeated measures one-way ANOVA with Bonferroni’s correction.
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Figure 3.3.7. Summary of DAR-4M AM responses to ACh and SNAP in pressurised
mesenteric arteries. In these experiments, responses to 1 yM ACh (n = 7) were compared
to control (basal accumulation without ACh, n = 5), and 1 yM ACh in the presence of L-NAME
(L-N; 100 pM; n = 6), each added at t = 0 mins. In all experiments, 10 yM SNAP was added
at 30 mins. (A) Summary data expressed as FR/FRo. (B) Summary data expressed as a
percentage of the response to 10 yM SNAP to better normalize the responses between
arteries. Add represents addition of either nothing (control), ACh, or L-N + ACh. (C) Summary
of values at 30 mins. *P =0.0166 vs ACh alone, P = 0.2597 for control vs ACh, and P =0.7463
for control vs L-N + ACh, using ordinary one-way ANOVA with Bonferroni’s correction. (D)
Linear regression of individual experiments was averaged to obtain an index of the rate of NO
release over the t = 0-30 min period (min-'); shown with 95% confidence intervals. Values are
summarized in (E). *P = 0.0429 vs ACh alone using ordinary one-way ANOVA with

Bonferroni’s correction. All data are means + SEM.
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3.3.4 Response of DAR-4M AM over an extended time course

As the ACh-evoked increase in DAR-4M fluorescence measured at 30 minutes was prevented
by L-NAME, the protocol was extended to see whether this effect held over 60 minutes (Figure
3.3.8). This was important as future experiments using this dye would likely rely on its accuracy
over longer periods. The fluorescence response of DAR-4M to stimulated NO was more
pronounced 60 minutes after ACh addition (~20% increase in FR/FRo (% SNAP) compared to
at 30 minutes after ACh addition; P = 0.5848; n = 5; Figure 3.3.8 B), reflecting sustained NO
release over this time. Interestingly, in the presence of L-NAME, there was a significant
increase in NO dye fluorescence measured 60 minutes after ACh was added, but not at 30
minutes (FR/FRo (% SNAP) = 42.94 for 60 minutes vs 27.65 for 30 minutes; Figure 3.3.8 C).
This indicates that the fluorescence response of DAR-4M to ACh is only blocked by L-NAME
up to 30 minutes, but by 60 minutes, fluorescence increased to similar levels to when L-NAME
is not present (FR/FRo (% SNAP) = 42.94 for L-NAME and 57.44 for control). This may reflect
incomplete inhibition of eNOS by L-NAME, where NO is still produced, albeit more slowly than
under control conditions. Further experiments are required to investigate the reason for this

unexpected increase in fluorescence.
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Figure 3.3.8. DAR-4M AM response to ACh and SNAP in pressurised mesenteric arteries
over an extended time course. (A) In these experiments, responses to 1 yM ACh were
compared in the presence (n = 3-4) and absence of L-N (L-NAME; 100 uM; n = 5-7) over 90
mins, where ACh was added at t = 0 mins. In all experiments, 10 uM SNAP was added att =
90 mins. (B) Summary data expressed as FR/FRp as a percentage of the response to SNAP
for DAR-4M fluorescence response to ACh at 0, 30, 60, and 90 mins. *P = 0.0291 vs 30 mins
and **P = 0.0014 vs 30 mins, using repeated-measures one-way ANOVA with Bonferroni’s
correction. (C) Summary data expressed as FR/FRg as a percentage of the response to SNAP
for DAR-4M fluorescence response to ACh in the presence of L-N, at 30, 60, and 90 mins. *P
= 0.0307 vs 30 mins and P > 0.9999 for 30 vs 60 mins, using repeated-measures one-way

ANOVA with Bonferroni’s correction. All data are means + SEM.
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3.3.5 Response of DAR-4M AM and CuzFL2E to ACh and SNAP in en face arteries

Finally, to ensure the insensitivity of CuFL2E to NO was a result of the dye rather than
ineffective cell loading, an alternative method of imaging intact arteries was used. Arteries
were cut longitudinally to expose the ECs and mounted in a custom-made imaging chamber,
allowing ECs and VSMCs to be imaged with the ECs en face (Figure 3.3.9). Following the
same sequence of NO dye responses as in pressurised arteries, it was clear than even with
visible ECs, the Cu,FL2E was unresponsive to either ACh or SNAP, yet DAR-4M was
(Figures 3.3.9 B — D). While this confirmed that both indicators could be loaded into ECs and
VSMCs, it shows that intracellular or elastin-bound CuFL2E did not respond to increased

[NO] and this NO dye should not be used in future experiments.
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Figure 3.3.9. NO dye response to ACh and SNAP in en face mesenteric arteries.
Representative confocal micrographs illustrating the ability of DAR-4M AM (5 pM) and
CuxFL2E (2.5 uM, working ratio 1:2) to load arteries in gassed Krebs-buffered solution at 37°C
(A). The elastin was labelled with Alexa Fluor 633 hydrazide (AF; 10 nM). Multiple Z-stacks
spanning 13.5 ym were merged into single XY images. (B) Summary data expressed as
FR/FRo for DAR-4M AM (n = 3) and CuzFL2E (n = 3). (C) Summary data for DAR-4M AM. *P
= 0.0204 and **P = 0.0046 vs 0 mins using repeated measures one-way ANOVA with
Bonferroni’s correction. (D) Summary data for Cu2FL2E. #*P = 0.0420 vs 60 mins, *P = 0.0188
and *P = 0.0313 vs 30 and 60 mins, respectively, using repeated measures one-way ANOVA

with Bonferroni’s correction. All data are means + SEM.
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3.4 Discussion

The present study proposes a simple and reproducible protocol for the use of a NO indicator,
DAR-4M AM, in pressurised, ex vivo arteries. Our comparison of DAR-4M AM with CuzFL2E
in both cell-free chambers and live mesenteric arteries illustrates the importance of validating
the characteristics of the fluorescence NO dye used. We found that while both DAR-4M AM
and CuzFL2E responded to NO released from SNAP, only DAR-4M responded to endogenous

NO produced by ECs.

Although there are many experimental NO donors available, including sodium nitroprusside
and SIN-1, we chose SNAP because of its widespread use in research associated with a well-
characterised temporal release profile (Feelisch, 1991; Simonsen et al., 1999; Ghosh et al.,
2013). SNAP releases NO at a controlled rate, with one estimation claiming 1.4 yM NO is
released from 100 yM SNAP per minute, in PBS at 37°C and pH 7.4 (Feelisch, 1991). The
relationship between [SNAP] and [NO] is complicated; NO release kinetics are highly sensitive
to factors including transition metal ions (such as Cu?*), free thiols, pH, and redox products
(He and Frost, 2016). As such, it is difficult to accurately quantify the amount of NO released
from 10 pM SNAP in our experiments. Nevertheless, we used 10 yM SNAP as a positive
control as it produced maximal vasodilation in isometrically mounted mesenteric arteries and
corresponds to physiological [NO] reported in arteries (Simonsen et al., 1999). Using
microelectrodes to record NO production in RMAs, Simonsen et al. found that 10 yM SNAP

caused relaxation and yielded a maximum NO concentration of 19 nM.

The use of NO donors to characterise CuzFL2E in cell-free systems is established (McQuade
et al., 2010; Ghosh et al., 2013) and our data support these findings. The ability of Cu?* to
enhance the responses to SNAP is of interest when using this dye as both the working ratio

of FL2E to Cu?* and the Cu?* freed upon binding of NO to FL2E will affect the final magnitude
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of response to SNAP. Interestingly, while the response to SNAP is clear, the nitroxyl-donor
Angeli’s salt did not affect Cu.FL2E fluorescence (McQuade et al., 2010), suggesting that
Cu2FL2E is selective for the free radical form of NO (NO-). Responses to DAR-4M AM in cell-
free preparations have also been characterised (Kojima et al., 2001; Lacza et al., 2005). This
dye did not respond to Angeli’s salt (Lacza et al., 2005), suggesting that DAR-4M AM is also
selective for NO-. This is a limitation of DAR-4M AM, as it does not report EC release of other
physiologically relevant nitrogen species, such as HNO, which is known to be released from
mesenteric artery ECs upon stimulation by ACh (Yuill et al., 2011). An ability to detect both
forms of NO would therefore be an advantage in elucidating the relative functional importance
of NO+ and HNO in arteries. Additionally, the data presented herein suggests that the AM
groups of DAR-4M may reduce responses to SNAP (Figure 3.3.3 and 3.3.5). Interestingly,
addition of Cu?* improved SNAP responses (Figure 3.3.3 A), which could reflect increased
NO release from SNAP or perhaps a modification of the esterified dye to improve fluorescence

upon binding of NO.

When used in cells previously, Cu,FL2E was able to respond to agonists. In the original study
by McQuade et al., isolated cells and olfactory bulb slices responded to applied NO-producing
agents, when using 1-5 yM CuzFL2E at a working ratio of 1:2 with Cu?* (McQuade et al.,
2010). Moving to arterial cells, Ghosh et al. used 20 yM CuzFL2E (working ratio 1:2) to load
ECs in culture and reported a ~4-fold increase in fluorescence in response to 10 uM ACh,
which was effectively abolished by 100 uM L-NAME (Ghosh et al., 2013). In the same study,
again using 20 uM, CuzFL2E clearly loaded mouse carotid artery ECs and VSMCs, and 10
MM ACh dilated the arteries and increased fluorescence signal. The relaxation and
fluorescence increase were both blocked by L-NAME. While these data seem convincing, the
high concentrations of Cu.FL2E (20 uM) and Cu?* (40 uM) cannot be used in RMAs for
multiple reasons. First, the high concentration of DMSO and pluronic used would activate EC
Ca?* and hence eNOS, during the loading protocol. We specifically used the lowest

concentration of DMSO possible (<0.4%), as high concentrations of DMSO increase
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mesenteric artery EC Ca?* (unpublished data from Dora/Garland group). This is especially
relevant when using NO dyes since the binding of NO to the dye is not reversible. Therefore,
in our hands using 8-times more DMSO was not feasible, but we do appreciate that different
vascular beds may have different sensitivities to DMSO. Second, the use of 40 uM Cu?* is
highly likely to cause arterial damage. Even under the assumption that all Cu?* is bound to
FL2E at the start of experiments (working ratio 1:2), as soon as NO displaces Cu?* from FL2E
the levels of Cu?* could rapidly increase beyond 5 uM which we have shown is toxic to both
ECs and VSMCs (Figure 3.3.1 B and C). Our observation that Cu?* impairs the function of
wire-mounted RMAs remains unexplained but may reflect a pro-oxidant effect, resulting in the
generation of harmful free radicals. Finally, our decision not to use Cu2FL2E in RMAs followed
the observation that Cu,FL2E generated a very clear and intense label of elastin, and while
this signal increased over time, it was not enhanced further by either ACh or SNAP (Figure
3.3.4 B). We suggest the binding of Cu.FL2E to elastin likely interferes with the ability of
Cu2FL2E to bind NO. This is in addition to the fundamental failure of not detecting any
response to either ACh or SNAP within loaded ECs or VSMCs. These data suggest the use
of CuxFL2E in pressurised resistance arteries is not a reliable way to assess NO generation

by ECs.

The data presented herein indicate that DAR-4M AM is suitable to detect NO production by
ECs in healthy mesenteric arteries. The rate of increase in fluorescence to 1 yM ACh was
slow compared to 10 yM SNAP, but both the basal release and that stimulated by ACh could
be detected (Figure 3.3.5, 3.3.6 A and 3.3.7). The NO detection threshold for DAR-4 AM is
reported as 7 nM (Kojima et al., 2001), suggesting that this dye should be sufficiently sensitive
to detect physiological NO in the nanomolar rage. Moreover, our finding that L-NAME blocks
the increase in DAR-4M (DAR-4M T) fluorescence following ACh addition (at 30 minutes only)
suggests that the indicator is specific in detecting NO (Figure 3.3.7). It is important to note
that DAR-4M does not directly bind to NO, and instead binds to NO* equivalents such as nitric

anhydride (Kojima et al., 2001). These equivalents are produced from the rapid auto-oxidation
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of NO; therefore, this NO dye can only indirectly reflect NO levels. Nevertheless, the response
to SNAP was marked, more so than in the cell-free chambers. This may reflect intracellular
Cu?* more effectively releasing NO from SNAP and/or a supra-additive effect of SNAP with
other reactive oxygen species (Lacza et al., 2005), many of which would be present within
cells. The optimisation of a protocol to use an NO dye in arteries was our initial aim, and an
enhanced response within cells present is an advantage. It does, however, underly the
importance of checking cell viability and keeping experimental conditions as consistent as
possible (e.g., laser intensity, dye loading, and pH), as cellular damage (as seen in many

vascular diseases) is associated with increased levels of reactive oxygen species.

The detection of NO following 60 minutes of continuous stimulation with ACh, even in the
presence of 100 uM L-NAME, highlights the incomplete inhibition of eNOS by L-NAME over
extended periods (Figure 3.3.8). Evidence for incomplete eNOS inhibition by L-NAME is
provided by Cohen et al., who found that L-NAME (30 uM) only partially reduced NO release
in en face rabbit carotid arteries (Cohen et al., 1997). Other studies show that L-NAME’s
inhibitory effect on eNOS can decrease over time (Pechanova et al., 2020), and that L-NAME
itself slowly releases NO in vivo (Liu et al., 2019). Taken together, this may explain why in
pressurised arteries, DAR-4M AM detected NO at 60 minutes but not at 30 minutes after ACh
addition in the presence of L-NAME, as endogenous and exogenous NO gradually
accumulated. Whilst the present study supports the notion that L-NAME incompletely inhibits
eNOS, and may even release NO, it should be recognised that this phenomenon is highly
variable and may not be common across all species and vascular beds (Kopincova et al.,
2012). Further experiments should be conducted to investigate this further using higher

concentrations of L-NAME as well as alternative eNOS inhibitors.

Finally, there is scope to further optimise the method presented above and ultimately enable
the use of DAR-4M AM in other vascular beds. First, minimising movement artefacts will allow

[NO] to be compared within difference arterial cell types. Our method allows ECs to be
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distinguished from VSMCs in both pressurised and en face preparations (Figure 3.3.5 A and
3.3.9 A). However, the movement of arteries during imaging makes measuring fluorescence
within specific cells a challenge. Pressurised and en face artery experiments were conducted
in the presence of nifedipine to minimise movement artefacts. Nifedipine cannot be used in
experiments to establish whether basal NO release occurs normally in arteries with myogenic
tone or during vasoconstriction. By blocking VSMC L-type VGCCs, nifedipine would prevent
indirect activation of ECs by increased VSMC [Ca?*] (Garland et al., 2017), signalling that may
contribute to or even explain the basal release of NO. Instead, alternative approaches such
as midplane imaging using 2 photon lasers could be characterised, retaining the use of AF to
indicate the elastin signal. This method could then be used to elucidate mechanisms of NO
production in myogenic coronary and cerebral arteries which contract to L-NAME (Szekeres
et al., 2004; McNeish et al., 2005). Investigating the fundamental properties of artery function,
including NO production, is essential in understanding how healthy arteries work and how this
is altered in disease states. As such, the technique described herein provides potential to

explore different aspects of vascular functionality.

For the visualisation of ECs in this study, we used an en face method for continuous live-cell
imaging in arteries (Figure 3.3.9). Although this preparation is not as physiological as pressure
myography, en face mounting offers many benefits. It allows arteries, even those with
microscopic side-branches, to be quickly and easily mounted, and allows homogenous
populations of ECs or VSMCs to be visualised at high magnification. This makes the en face

method of mounting arteries a valuable tool to use with many fluorescent indicators.
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3.5 Conclusions

This study has established a robust protocol for using DAR-4M AM as a NO indicator in
pressurised, ex vivo arteries, addressing an important gap in vascular research. Our
comparative analysis of DAR-4M AM and CuxFL2E in both cell-free systems and live
mesenteric arteries underscores the importance of rigorous validation when selecting NO dyes
for experimental use. The findings demonstrate that DAR-4M AM exhibits superior
performance in detecting endogenous NO produced by ECs, while CuoFL2E’s utility is limited.
DAR-4M AM was able to detect both basal and stimulated NO release in live mesenteric
arteries, and further optimisation of this protocol will aid research into the significance of basal

vs stimulated NO release.
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4. The Role of T-type Voltage-Gated Calcium Channels in

Vasodilation in Rat Resistance Arteries



4.1 Introduction

It is widely accepted that both L- and T-type VGCCs are expressed by VSMCs of resistance
arteries, their opening resulting in Ca?* influx and tension development in response to
depolarisation. Whilst the functional role of L-type VGCCs has long been recognised, the
importance of T-type VGCCs has only recently gained attention. Evidence suggests that
although Ca?* influx via L-type VGCCs is essential to achieve sustained vasoconstriction in
larger conduit arteries, T-type channels become increasingly important as artery diameter
decreases (Knot and Nelson, 1998; Gustafsson et al., 2001). This is due to their increased
expression in smaller arteries and the possible presence of splice variants with right-shifted
current-voltage curves, making T-type VGCCs likely candidates for underpinning Ca?* entry
into VSMCs of resistance arteries. The ability of T-type VGCCs to meaningfully contribute to
the tone of resistance arteries is surprising due to their tiny and transient Ca?* currents.
Despite this, it has been suggested that VSMC T-type channels cause vasoconstriction by
increasing intracellular [Ca?*] directly (Morita et al., 1999), although their indirect action in
elevating intracellular [Ca?*] has also been recognised (Garcia and Beam, 1994; El-Lakany et
al., 2023). Recently, a role for VSMC T-type VGCCs in vasodilation has emerged, which is the

focus of this chapter.

Recent studies suggest that Ca?* influx through T-type VGCCs may activate signalling
pathways which produce vasodilation. Of particular interest is the functional interaction
between VSMC Cay3.2 channels and RyRs/BKca channels, which has been shown to
attenuate vasoconstriction in rat cerebral and mouse mesenteric resistance arteries (Harraz
et al., 2014a; Harraz et al., 2015). Selective blockade of Cay3.2 channels with Ni?* (50 uM)
resulted in vasoconstriction and reduced Ca?* spark frequency in pressurised arteries, and
separate application of BKca channel blocker paxilline evoked vasoconstriction equivalent, but

not additive, to Ni?* (Harraz et al., 2014a). This suggests that Cay3.2 channels paradoxically
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oppose vasoconstriction by triggering Ca?* sparks which activate hyperpolarising STOCs via

BKca channels (see Figure 1.3.2 for diagram).

This axis, however, does not appear to be a ubiquitous feature of all resistance arteries. The
application of Ni** (30 uM) to pressurised murine superior epigastric arteries produced
vasoconstriction which was not attenuated by pre-incubation with paxilline, indicating that
Cav3.2 channels operate independently of BKca channels in these arteries (Mullan et al.,
2017). Furthermore, attempts to replicate Harraz et al.’s findings in mouse mesenteric arteries
yielded similar results: Ni?* induced vasoconstriction even in the presence of paxilline,
suggesting that BKca channel activation is not obligatory in Cayv3.2-mediated vasodilation. The
conflicting findings may be due to the difference in arterial diameters of the mouse mesenteric
arteries used by the two groups; Harraz et al. used third and fourth order arteries, whereas
Mullan et al. used second and third order arteries. Whilst this implies that Harraz et al. used
narrower arteries, it is not conclusive, as neither publication includes absolute diameter
measurements nor details of how the branches of the mesenteric arcade were counted. This
lack of consensus means that additional work is required to understand the importance of the
Cav3.2/RyR/BKca axis. To date, there have been no studies on T-type VGCC microdomain
signalling in coronary resistance arteries, despite the critical role of the coronary

microcirculation in meeting the myocardium’s oxygen demands.

Given the potentially fatal consequences of excess vasoconstriction in coronary arteries, it
follows that multiple parallel mechanisms may exist to prevent it from occurring, likely involving
depolarisation-activated VGCCs. Indeed, the expression of VGCCs by ECs has been
extensively investigated due to their potential role in stimulating NO synthesis. Early
experiments using patch-clamp electrophysiology to measure Ca?* currents in cultured conduit
artery ECs found no evidence for VGCC expression (Takeda et al., 1987; Daut et al., 1988),
however T-type currents were observed in cultured ECs from capillaries (Bossu et al., 1989).

The first evidence of T-type VGCCs in native ECs came from Braunstein et al. (2009), who
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identified Cay3.2 channels in rat mesenteric arteries using immunohistochemistry. Expression
of Cay3.2 channels in the endothelium of intact rat cerebral arteries was soon confirmed by
Kuo et al. (2010), who also reported the presence of Cay3.1 channels. Due to the Ca?*-
dependence of eNOS, it is possible that the contribution of T-type VGCCs to EC [Ca?*] may
lead to NO production and subsequent vasodilation. Notably, this has been demonstrated in
mice, where ACh-mediated vasodilation was significantly impaired in Cay3.17-and knockouts
compared to wild-type controls (Gilbert et al., 2017). The expression of VGCCs by ECs
remains a contentious issue, however, requiring further investigation using native cells from

wild-type animal models.

In addition to promoting vasodilation by directly facilitating Ca?* influx into ECs, T-type VGCCs
expressed by coronary artery VSMCs may also contribute to endothelium-dependent
vasodilation via myoendothelial feedback. The role of VSMC VGCCs in feedback vasodilation
has been demonstrated in rat skeletal muscle arterioles, where Ca?* entering via L-type
VGCCs diffused into adjacent ECs through MEGJs, leading to the generation of EDH (Garland
etal., 2017). A similar phenomenon has been suggested to occur in porcine coronary arteries,
although the precise mechanisms, including the potential involvement of VGCCs, remain

unclear (Budel et al., 2001).

Should future research find that the vasodilatory influence of specific T-type channel isoforms
is widespread, especially in the vasculature supplying the heart, it may have important
implications for the therapeutic use of selective T-type VGCC blockers. If blocking these
channels does indeed reduce BKc, channel-driven VSMC hyperpolarisation and endothelium-
dependent vasodilation in vivo, excess vasoconstriction may occur as a side effect.
Systemically, this would elevate total peripheral resistance and initiate or exacerbate
hypertension. Alternatively, if the vasodilatory effect of T-type channels is vascular-bed
specific, inhibitors could restrict blood flow to vital organs, resulting in, for example, chronic

kidney disease, pulmonary hypertension, or stroke. In the heart, this could induce angina,
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myocardial ischaemia, or myocardial infarction, possibly resulting in death. Due to this, it is
important to gain a better understanding of T-type VGCCs, especially in coronary resistance

vessels.

4.1.1 Aims and hypotheses

It was hypothesised that T-type VGCCs could be involved in vasodilation of rat coronary
resistance arteries following on from previous reports from small arteries from a range of

vascular beds.

To address this hypothesis, it was first necessary to investigate the expression profile of the
3 T-type VGCC subtypes in rat coronary arteries before probing any functional effects due to
channel activation. The investigation primarily focused on coronary arteries due to their clinical

relevance with mesenteric arteries included for comparison as peripheral resistance arteries.

The aims of the present study were as follows:

i.  To characterise the expression of T-type VGCCs in ECs and VSMCs of rat mesenteric

and coronary arteries at the mRNA and protein level.

i.  Todetermine whether T-type VGCCs influence arterial tension in coronary arteries using
a mechanism involving myoendothelial feedback and/or endothelium-dependent

vasodilation.

iii.  To identify whether the VSMC Cay3.2/RyR/BKca channel signalling microdomain exists

in rat coronary resistance arteries.
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4.2 Materials and methods

4.2.1 RNAscope

RNAscope was used to detect and quantify T- and L-type VGCC mRNA expression in
mesenteric and coronary arteries, as described in Section 2.7. Arteries were fixed whilst
isometrically stretched on a wire myograph, where they were normalised to a resting tension
equivalent to that generated at 90% of the diameter of the artery at 70 mmHg (mesenteric) or
80 mmHg (coronary). Arteries were imaged as described in Section 2.7.2. The method used
to determine the nuclear: cytoplasmic localisation of mMRNA transcripts is detailed in Section

2.7.3.

4.2.2 Immunohistochemistry

Immunohistochemistry was used to detect protein-level expression of T-type VGCCs in

mesenteric and coronary arteries (see Section 2.6). Arteries were fixed either on a wire

myograph (see Section 2.2) or whilst pressurised (see Section 2.3). In pressure myography

experiments, intraluminal pressure was set to 70 mmHg (mesenteric) or 80 mmHg (coronary).

The following antibodies were used to label VGCCs:

Target protein Primary antibody Immunogen
: gg%ﬁ’gfﬁf@c’oo‘g Amino acid residues 848-864 of
Cay1.2 . . . rat Cay1.2, intracellular linker
* Raised in rabbit connecting domains 1l and Il
o 2 pug/mL
e Alomone ACC-021
Cay3.1 e Polyclonal Amino acid residues j-22 of rat
' ¢ Raised in rabbit Cay3.1, N-terminus
o 2pug/mL
e Sigma C1868 Amino acid residues 581-595 of
Cav3.2 e Polyclonal rat Cav3.2, intracellular linker
o Raised in rabbit connecting domains | and Il
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e Unknown concentration,
diluted 1:800
: ﬁg%?gfafcc 009 Amino acid residues 10531067
Cay3.3 e Raised in rabbit of rat Cay3.3, intracellular linker
connecting domains Il and lli
e 1.87 pg/mL

The same secondary antibody was used for all 4 channels, which was a polyclonal anti-rabbit
IgG antibody raised in goat and conjugated to Alexa Fluor 633 (2 ug/mL; A21070, Invitrogen;
excitation wavelength = 633 nm, emitted light detected at = 650 nm). A polyclonal IgG antibody
raised in goat against mouse/rat CD31 and conjugated to Alexa Fluor 488 was used as an EC
marker (2 ug/mL; FAB3628G, Biotechne; excitation wavelength = 488 nm, emitted light
detected at = 545 nm). AlexaFluor 633 Hydrazide was used to visualise elastin (1 pg/mL;
Thermo Scientific; excitation wavelength 517 nm, emitted light detected at = 490 nm). Arteries

were imaged as described in Section 2.6.3.

Calcein AM (3 pM; C3100MP, Invitrogen, USA) was used to visualise MEPs in pressurised
mesenteric arteries as described in Section 2.4.3. MEPs were classified as areas of intense
fluorescence overlapping with a perforation in the IEL, and empty holes were classified as

perforations in the IEL which did not contain an area of intense fluorescence.

4.2.3 Western blotting

The antibodies used for T-type VGCC immunolabeling were validated using western blotting
(see Section 2.8). 10 ug of protein lysate from RMAs and rat brain were loaded into
polyacrylamide gels (4-12%) for separation by electrophoresis. Membranes were incubated
for 2 hours at room temperature with primary antibodies (detailed above, Cay3.1 antibody
used at 4 pg/mL, Cay3.2 diluted 1:200 from unknown stock concentration, and Cay3.3

antibody used at 2.5 pg/mL). After washing, membranes were incubated for 1 hour at room
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temperature with secondary antibody, polyclonal anti-rabbit IgG raised in donkey and

conjugated to Alexa Fluor 647 (133 ng/mL; AB_2536183, Invitrogen, USA).

4.2.4 EC tube Ca? imaging

Endothelial tubes devoid of VSMCs were freshly isolated from mesenteric arteries (see

Section 2.1.3) and loaded with Ca?* indicator Calbryte 520 AM (see Section 2.4.1). The effects

of different pharmacological tools on intracellular Ca?* were investigated.

4.2.5 Pressurised artery Ca?* imaging

Coronary arteries were prepared for pressurisation (see Section 2.3) then ECs were

selectively loaded with Ca?* indicator Calbryte 520 AM (see Section 2.4.4). The effects of

different pharmacological tools on intracellular Ca?* were investigated.

4.2.6 Wire myography

Mesenteric arteries were prepared for wire myograph chambers (see Section 2.2) and the

effects of different pharmacological antagonists on tension were investigated. When

necessary, ECs were removed with a human hair and successful removal was confirmed by

<10% relaxation to 1 yM ACh.

4.2.7 Agonists and antagonists

The following drugs were used in this chapter to inhibit or activate their respective targets, at

concentrations which have previously been shown to be effective: 30 nM Bay K 8644 to

activate L-type VGCCs (Rae and Calixto, 1989), 50 uM Ni?* to block Cay3.2 channels (Lee et
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al., 1999), 1 uM paxilline to block BKca channels (Sanchez and McManus, 1996), 300 nM NNC
to block T-type VGCCs (Huang et al., 2004) , and 1 uM nifedipine to block L-type VGCCs

(Stork and Cocks, 1994).
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4.3 Results

Endothelium-dependent vasodilation

4.3.1 Rat mesenteric and coronary arteries express T-type voltage-gated calcium

channel mRNA

To better understand the expression profile of L- and T-type VGCCs in resistance arteries,
RNAscope was used to detect mRNA transcripts in ECs and VSMCs of small mesenteric and

coronary arteries following fixation in a wire myograph.

Unexpectedly, all 4 VGCC mRNA transcripts (Cacnac (encoding Cav1.2), Cacna1g (Cav3.1),
Cacnath (Cav3.2) and Cacnati (Cav3.3)) were detected in both ECs and VSMCs of RMAs
(Figures 4.3.1 — 4.3.4) and rat coronary arteries (RCos; Figures 4.3.5 — 4.3.8). Cacna’c
(Cay1.2) was the most highly expressed transcript in mesenteric and coronary ECs (67.46 +
8.85 molecules per cell and 81.28 + 5.69 molecules per cell, respectively; P = 0.0017 and
0.0001 vs negative control, respectively; n = 3 rats for each; Figure 4.3.1 A and D and Figure
4.3.5 A and D). In RMAs, this was followed by Cacna1i (Cav3.3; 23.26 + 6.34 molecules per
cell; n = 3; P = 0.0238 vs negative control; Figure 4.3.4 A and C), Cacna1g (Cay3.1; 7.35
1.42 molecules per cell; n = 3; P = 0.0103 vs negative control; Figure 4.3.2 A and C), and
Cacna1h (Cayv3.2; 5.23 + 0.59 molecules per cell; n = 3; P = 0.0023 vs negative control; Figure
4.3.3 A and C). In RCos, the next most highly expressed transcript in ECs was Cacnati
(Cav3.3; 6.64 £ 1.38 molecules per cell; n = 3; P = 0.0137 vs negative control; Figure 4.3.8 A
and C), then Cacna1g (Cay3.1; 3.19 + 0.67 molecules per cell; n = 3; P = 0.0274 vs negative
control; Figure 4.3.6 A and C), then Cacna1h (Cay3.2; 2.28 + 0.23 molecules per cell; n = 3;

P = 0.0103 vs negative control; Figure 4.3.7 A and C).
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In both RMA and RCo VSMCs, Cacnalc was expressed the most (Cayv1.2; 41.48 + 4.28
molecules per cell and 97.04 + 16.22 molecules per cell, respectively; P = 0.0008 and 0.0043
vs negative control, respectively; n = 3 for both; Figure 4.3.1 B and D and 4.3.5 B and D),
followed by Cacna1i (Cav3.3; 21.20 + 2.29 molecules per cell and 19.42 + 2.10 molecules per
cell, respectively; P = 0.0012 vs negative control for both; n = 3 for both; Figure 4.3.4 B and
C and 4.3.8 B and C), Cacnath (Cay3.2; 16.40 £ 2.51 molecules per cell and 12.46 + 2.05
molecules per cell, respectively; P = 0.0032 and 0.0075 vs negative control, respectively; n =
3 for both; Figure 4.3.3 B and C and 4.3.7 B and C) and Cacna1g (Cav3.1; 7.45 £ 0.70
molecules per cell and 10.41 + 2.11 molecules per cell, respectively; P = 0.0020 and 0.0176

vs negative control, respectively, n = 3 for both; Figure 4.3.2 B and C and 4.3.6 B and C).

Due to the unexpectedly high expression of VGCC mRNA transcripts in RMA and RCo ECs,
the sub-cellular location of mMRNA molecules was further investigated. The sub-cellular
location of mMRNA may have important consequences for its fate, determining whether it is
translated, degraded, or stored, directly affecting levels of protein expression. To determine
the likelihood of VGCC mRNA transcripts being translated into proteins, the number of mMRNA
molecules in the nucleus was compared with the number in the cytoplasm of ECs. In RMA
ECs, both Cacnac (Cav1.2) and Cacna1h (Cav3.2) transcripts localised more extensively in
the nucleus than the cytoplasm. For Cacnac (Cay1.2), there was approximately 6 times more
mRNA in the nucleus than the cytoplasm (67.83 + 12.1 molecules compared to 11.80 £ 11.37
molecules; P = 0.02765; n = 3; Figure 4.3.1 E), and for Cacna1h (Cay3.2), there was over 2
times more mRNA in the nucleus than the cytoplasm (7.13 £ 1.76 nuclear mRNA molecules
per cell compared to 3.03 £ 0.87 in the cytoplasm; P = 0.0382; n = 3; Figure 4.3.3 D). In RCo
ECs, only Cacnalc (Cay1.2) was differentially localised, with 15.60 £ 2.25 nuclear mRNA
molecules per cell compared to 6.39 £ 1.11 in the cytoplasm (approximately 2-fold difference;
P =0.0031; n = 3; Figure 4.3.5 E). All other transcripts studied, including control probe Ppib,

were distributed evenly across both compartments of ECs.
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The distribution of mMRNA transcripts in VSMCs was also analysed, although the only
significant difference between nuclear vs cytoplasmic localisation of VGCCs was for Cacnah
in RMAs (2.3-fold difference; P = 0.0173; n = 3; Figure 4.3.3. E). Control probe Ppib was
localised more to the cytoplasm in VSMCs from RMAs (10.03 + 1.14 cytoplasmic mRNA
molecules compared to 3.450 £ 1.05 in the nucleus, P = 0.0060; n =3; Figure 4.3.1 F) and
RCos (26.08 + 1.93 cytoplasmic mMRNA molecules compared to 9.76 + 2.31 in the nucleus, P
= 0.0056; n = 3; Figure 4.3.5 F). A summary of this RNAscope data is provided in Figure
4.3.9.
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Figure 4.3.1. Expression of Cacna’c mRNA (encoding Cay1.2) by rat mesenteric
arteries (RMAs). RNAscope was used to determine Cacna7c expression (red) by endothelial
cells (ECs, A) and vascular smooth muscle cells (VSMCs, B) of wire-myograph mounted
mesenteric arteries. Ppib (green) was used as a positive control. (C) Negative control where
target probes were omitted from the RNAscope protocol. (D) Quantification of Cacnafc,
expressed as molecules per cell and compared against the negative control. Data are means
+ SEM; n = 3 rats. **P = 0.0017 vs EC negative control and ***P = 0.0008 vs VMSC negative
control, using unpaired student’s t test. (E) Localisation of Cacna7c and Ppib transcripts in
ECs. Data are means of 3 cells per artery + SEM; n = 3 rats. *P = 0.0100 vs Cacnaic
cytoplasmic localisation and P = 0.2765 for Ppib nuclear vs cytoplasmic localisation, using
unpaired student’s t test. (F) Localisation of Cacnaic and Ppib transcripts in VSMCs. Data
are means of 3 cells per artery £+ SEM; n = 3 rats. P = 0.7000 for Cacnac nuclear vs
cytoplasmic localisation and **P = 0.0060 vs Ppib cytoplasmic localisation, using Mann-

Whitney U test and unpaired student’s t test, respectively.
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Figure 4.3.2. Expression of Cacnalg mRNA (encoding Cay3.1) by rat mesenteric
arteries (RMAs). RNAscope was used to determine Cacna1g expression (red) by endothelial
cells (ECs, A) and vascular smooth muscle cells (VSMCs, B) of wire-myograph mounted
mesenteric arteries. Ppib (green) was used as a positive control. (C) Quantification of
Cacnatg, expressed as molecules per cell and compared against a negative control where
target probes were omitted from the RNAscope protocol. Data are means + SEM; n = 3 rats.
*P =0.0103 vs EC negative control and **P = 0.002 vs VSMC negative control using unpaired
student’s t test. (D) Localisation of Cacna7g and Ppib transcripts in ECs. Data are means of
3 cells per artery + SEM; n = 3 rats. P = 0.3653 for Cacnalg nuclear vs cytoplasmic
localisation and P = 0.2765 for Ppib nuclear vs cytoplasmic localisation, using unpaired
student’s t test. (E) Localisation of Cacna1g and Ppib transcripts in VSMCs. Data are means
of 3 cells per artery £+ SEM; n = 3 rats. P = 0.1288 for Cacna1g nuclear vs cytoplasmic

localisation and **P = 0.0060 vs Ppib cytoplasmic localisation, using unpaired student’s t test.
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Figure 4.3.3. Expression of Cacnalh mRNA (encoding Cayv3.2) by rat mesenteric
arteries (RMAs). RNAscope was used to determine Cacna1h expression (red) by endothelial
cells (ECs, A) and vascular smooth muscle cells (VSMCs, B) of wire-myograph mounted
mesenteric arteries. (C) Quantification of Cacna1h, expressed as molecules per cell and
compared against a negative control where target probes were omitted from the RNAscope
protocol. Data are means + SEM; n = 3 rats. *P = 0.0103 vs EC negative control and **P =
0.002 vs VSMC negative control, using unpaired student’s t test. (D) Localisation of Cacnah
and Ppib transcripts in ECs. Data are means of 3 cells per artery + SEM; n = 3 rats. **P =
0.0382 vs Cacnath cytoplasmic localisation, P = 0.2765 for Ppib nuclear vs cytoplasmic
localisation, using unpaired student’s t test. (E) Localisation of Cacna7h and Ppib transcripts
in VSMCs. Data are means of 3 cells per artery £+ SEM; n = 3 rats. *P = 0.0173 for Cacnath
nuclear vs cytoplasmic localisation and **P = 0.0060 vs Ppib cytoplasmic localisation, using

unpaired student’s t test.
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Figure 4.3.4. Expression of Cacna1i mRNA (encoding Cay3.3) by rat mesenteric arteries
(RMAs). RNAscope was used to determine Cacna’i expression (red) by endothelial cells
(ECs, A) and vascular smooth muscle cells (VSMCs, B) of wire-myograph mounted
mesenteric arteries. (C) Quantification of Cacnafi, expressed as molecules per cell and
compared against a negative control where target probes were omitted from the RNAscope
protocol. Data are means + SEM; n = 3 rats. *P = 0.0238 vs EC negative control and **P =
0.0012 vs VSMC negative control, using unpaired student’s t test. (D) Localisation of Cacna7i
and Ppib transcripts in ECs. Data are means of 3 cells per artery + SEM; n = 3 rats. P = 0.7544
for Cacnati nuclear vs cytoplasmic localisation and P = 0.2765 for Ppib nuclear vs
cytoplasmic localisation, using unpaired student’s t test. (E) Localisation of Cacnai and Ppib
transcripts in VSMCs. Data are means of 3 cells per artery £+ SEM; n = 3 rats. P = 0.0519 for
Cacnati nuclear vs cytoplasmic localisation and **P = 0.0060 vs Ppib cytoplasmic

localisation, using unpaired student’s t test.
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Figure 4.3.5. Expression of Cacnalc mRNA (encoding Cay1.2) by rat coronary arteries
(RCos). RNAscope was used to determine Cacnac expression (red) by endothelial cells
(ECs, A) and vascular smooth muscle cells (VSMCs, B) of wire-myograph mounted coronary
arteries. Ppib (green) was used as a positive control. (C) Negative control where target probes
were omitted from the RNAscope protocol. (D) Quantification of Cacnac, expressed as
molecules per cell and compared against the negative control. Data are means + SEM; n =3
rats. ***P = 0.0001 vs EC negative control and **P = 0.0043 vs VSMC negative control, using
unpaired student’s t test. (E) Localisation of Cacna7c and Ppib transcripts in ECs. Data are
means of 3 cells per artery £+ SEM; n = 3 rats. **P = 0.0031 vs Cacnalc cytoplasmic
localisation and P = 0.1000 for Ppib nuclear vs cytoplasmic localisation, using unpaired
student’s t test and Mann-Whitney U test, respectively. (F) Localisation of Cacnac and Ppib
transcripts in VSMCs. Data are means of 3 cells per artery £+ SEM; n = 3 rats. P = 0.7000 for
Cacnalc nuclear vs cytoplasmic localisation and **P = 0.0056 vs Ppib cytoplasmic

localisation, using Mann-Whitney U test and unpaired student’s t test, respectively.
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Figure 4.3.6. Expression of Cacnalg mRNA (encoding Cay3.1) by rat coronary arteries
(RCos). RNAscope was used to determine Cacna1g expression (red) by endothelial cells
(ECs, A) and vascular smooth muscle cells (VSMCs, B) of wire-myograph mounted coronary
arteries. Ppib (green) was used as a positive control. (C) Quantification of Cacnafg,
expressed as molecules per cell and compared against a negative control where target
probes were omitted from the RNAscope protocol. Data are means + SEM; n = 3 rats. *P =
0.0274 vs EC negative control and *P = 0.0176 vs VSMC negative control, using unpaired
student’s t test. (D) Localisation of Cacna7g and Ppib transcripts in ECs. Data are means of
3 cells per artery + SEM; n = 3 rats. P = 0.8439 for Cacna1g nuclear vs cytoplasmic
localisation and P = 0.1000 for Ppib nuclear vs cytoplasmic localisation, using unpaired
student’s t test and Mann-Whitney U test, respectively. (E) Localisation of Cacnatg and Ppib
transcripts in VSMCs. Data are means of 3 cells per artery £+ SEM; n = 3 rats. P = 0.7000 for
Cacnalg nuclear vs cytoplasmic localisation and **P = 0.0056 vs Ppib cytoplasmic

localisation, using Mann-Whitney U test and paired student’s t test, respectively.
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Figure 4.3.7. Expression of Cacnalh mRNA (encoding Cay3.2) by rat coronary arteries
(RCos). RNAscope was used to determine Cacna1h expression (red) by endothelial cells
(ECs, A) and vascular smooth muscle cells (VSMCs, B) of wire-myograph mounted coronary
arteries. (C) Quantification of Cacna1h, expressed as molecules per cell and compared
against a negative control where target probes were omitted from the RNAscope protocol.
Data are means + SEM; n = 3 rats. *P = 0.0138 vs EC negative control and **P = 0.0075 vs
VSMC negative control, using unpaired student’s t test. (D) Localisation of Cacna1h and Ppib
transcripts in ECs. Data are means of 3 cells per artery + SEM; n = 3 rats. P = 0.5777 for
Cacnath nuclear vs cytoplasmic localisation and P = 0.1000 for Ppib nuclear vs cytoplasmic
localisation, using unpaired student’s t test and Mann-Whitney U test, respectively. (E)
Localisation of Cacna1h and Ppib transcripts in VSMCs. Data are means of 3 cells per artery
+ SEM; n = 3 rats. P =0.1117 for Cacnath nuclear vs cytoplasmic localisation and **P =

0.0056 vs Ppib cytoplasmic localisation, using unpaired student’s t test.
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Figure 4.3.8. Expression of Cacna1i mRNA (encoding Cay3.3) by rat coronary arteries
(RCos). RNAscope was used to determine Cacnati expression (red) by endothelial cells
(ECs, A) and vascular smooth muscle cells (VSMCs, B) of wire-myograph mounted coronary
arteries. (C) Quantification of Cacnati, expressed as molecules per cell and compared
against a negative control where target probes were omitted from the RNAscope protocol.
Data are means + SEM; n = 3 rats. *P = 0.0137 vs EC negative control and **P = 0.0012 vs
VSMC negative control, using unpaired student’s t test. (D) Localisation of Cacna7i and Ppib
transcripts in ECs. Data are means of 3 cells per artery + SEM; n = 3 rats. P = 0.8502 for
Cacnati nuclear vs cytoplasmic localisation and P = 0.1000 for Ppib nuclear vs cytoplasmic
localisation, using unpaired student’s t test and Mann-Whitney U test, respectively. (E)
Localisation of Cacna1i and Ppib transcripts in VSMCs. Data are means of 3 cells per artery
+ SEM; n = 3 rats. P = 0.3638 for Cacna’i nuclear vs cytoplasmic localisation and **P =

0.0056 vs Ppib cytoplasmic localisation, using unpaired student’s t test.
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Figure 4.3.9. Quantification and localisation of voltage gated calcium channel (VGCC)
mRNA. Quantification of VGCC mRNA in endothelial cells (ECs) and vascular smooth muscle
cells (VSMCs) of rat mesenteric arteries (RMAs, A) and coronary arteries (RCos, B). To
generate negative controls, the RNAscope protocol was carried out minus the addition of
target RNA probes. Data are means = SEM; n = 3 for each. For RMAs, *P =0.0341 vs Cacnafi
using ordinary one-way ANOVA with Bonferroni’s correction. For RCos, *P = 0.0146 vs
Cacna1i using ordinary one-way ANOVA with Bonferroni’'s correction. Statistical comparisons
of each transcript against the negative control are included in previous figures. Ratio of nuclear
to cytoplasmic localisation of VGCC and Ppib control probe mRNA transcripts in ECs (C) and
VSMCs (D) of rat mesenteric and coronary arteries. The grey dashed line at a ratio of 1
indicates equally distributed RNA expression across the nucleus and cytoplasm. For each
artery, the average number of RNA molecules in the nucleus and cytoplasm was determined
from 3 cells, and this was repeated for 3 separate arteries (n = 3 rats). Data are means +
SEM. No statistically significant differences were detected using ordinary one-way ANOVA

with Bonferroni’s correction.
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4.3.2 Rat mesenteric and coronary arteries express T-type voltage-gated calcium

channel protein

Next, immunohistochemistry was used to label T-type VGCC proteins in wire-fixed RMAs
(Figure 4.3.10) and RCos (Figure 4.3.11). Western blotting was used to demonstrate
specificity of the antibodies used, where brain tissue was used as a positive control (Figure
4.3.12). For each T-type channel subtype, the fragments detected in RMAs (band at ~70 KDa
for Cav3.1, band at ~90 kDa for Cayv3.2 and band at ~70 kDa for Cay3.3) were smaller than
expected (~250 kDa for all 3 subtypes). Smaller than expected bands for Cay3.1 and Cay3.3
have previously been detected in western blots from mouse, rat, and human brain
homogenates, which the authors proposed were a result of alternative splicing (Yunker et al.,

2003).

All 3 T-type VGCC subtypes were present in ECs and VSMCs of both artery types. There was
punctate labelling of T-type VGCCs in VSMCs of both artery types, and weaker labelling in
the endothelium. In RMAs, T-type VGCCs occasionally aligned with holes in the IEL (white
arrow heads in Figure 4.3.10). In reconstructed Z-stacks of these arteries, the fluorescent
signal was more intense at the basolateral surface of the endothelium, indicating that these
VGCCs were expressed at the interface between ECs and VSMCs, perhaps on or near MEPs.
The same Cay/MEP alignment may also occur in RCos, but the sparse arrangement of elastin
fibres in the IEL made this difficult to identify. Negative controls indicate that the primary
antibodies used in this immunohistochemistry protocol were specific to their respective targets

(Figure 4.3.13).

L-type (Cav1.2) VGCC expression was investigated using IHC, but the data are not included
herein due to inconsistencies in patterns of labelling, likely due to non-specific primary
antibody binding (details of the primary antibody tested included in Section 4.2.2). Optimising

the immunohistochemistry protocol for Cav1.2 channel detection was not prioritised in this
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study as the literature has reached a consensus that Cay1.2 channels are expressed in
resistance artery VSMCs but not in ECs. This conclusion is supported by data across species
and vascular beds, obtained using a variety of experimental techniques (previously discussed

in Section 1.4).

136



RMA VSMCs

LW \uclei Elastin

M Nuclei Elastin RMA VSMCs

T
s

RMA VSMCs

137



Figure 4.3.10. Expression of T-type voltage gated calcium channels (VGCCs) by rat

mesenteric arteries (RMAs). Immunohistochemistry was used to determine Ca, 3.1 (A),
Ca 3.2 (B), and Ca, 3.3 expression (C) by endothelial cells (ECs) and vascular smooth muscle

cells (VSMCs), shown in red, in wire-myograph mounted mesenteric arteries. Selected areas

where Ca,, expression aligns with holes in the internal elastic lamina are indicated using white

arrow heads. Yellow arrow heads indicate this alignment where the endothelium is damaged,
suggesting these proteins may be expressed by underlying VSMCs. Images are

representative of n = 3 rats.
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Figure 4.3.11. Expression of T-type voltage gated calcium channels (VGCCs) by rat

coronary arteries (RCos). Inmunohistochemistry was used to determine Ca, 3.1 (A), Ca, 3.2
(B), and Ca, 3.3 expression (C) by endothelial cells (ECs) and vascular smooth muscle cells

(VSMCs), shown in red, in wire-myograph mounted coronary arteries. Images are

representative of n = 3 rats.
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Figure 4.3.12. Western blot analysis of T-type voltage-gated calcium channels (VGCCs)
from rat brain and mesenteric artery (RMA) lysates. Western blotting was used to validate
the antibodies used in immunolabelling: anti-Cay3.1 (ACC-021; Alomone), anti-Cav3.2
(C1868; Sigma), and anti-Cay3.3 (ACC-009; Alomone), using rat brain as a positive control.
The molecular weight of all 3 channel subtypes is ~250 kDa, and the smaller fragments
observed for all 3 channel subtypes (shown in red) may be a result of alternative splicing or
protein degradation during processing. The green bands at ~38 kDa represent positive
GAPDH detection.
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Figure 4.3.13. Negative controls of voltage-gated calcium channel (VGCC)
immunolabelling in endothelial cells (ECs) and vascular smooth muscle cells (VSMCs)
of rat mesenteric (A) and coronary arteries (B). Primary antibodies were omitted from the
immunohistochemistry protocol, and only the secondary antibody (AlexaFluor™ 488 goat

anti-rabbit) was applied. Images are representative of n = 3 rats.
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4.3.3 T-type voltage-gated calcium channels overlap with myoendothelial projections

To better understand the localisation of T-type VGCCs in relation to MEPs, confocal
microscopy was employed using pressurised arteries. Building on a technique first developed
in the Dora/Garland laboratory (published in Garland et al., 2011), ECs of live, pressurised
arteries were selectively loaded with calcium indicator calcein AM, which acts as a cytoplasmic
marker. Calcein remains in ECs post-fixation, allowing MEPs and immunolabelled proteins to
be imaged simultaneously. High-resolution confocal microscopy allows serial Z-stacks
through the artery wall to be reconstructed in 3D, where orthogonal cross-sections show the

endothelium, MEPs, and underlying layers of VSMCs.

Using this technique, MEPs were identified in second-order RMAs (Figure 4.3.14) and
intraseptal RCos (Figure 4.3.15). In RMAs, there were 3.05 + 0.29 projections per EC, and
82.59 % + 6.30 of holes in the IEL housed a projection (n = 5; Figure 4.3.16). In the one RCo
imaged, there were 1.61 projections per EC; the number of holes in the IEL was not quantified

due to their poorly defined structure (Figure 4.3.17).

In pressurised RMAs loaded with calcein AM and immunolabelled against T-type VGCCs,
Cav3.1, Cay3.2, and Cay3.3 were all expressed diffusely throughout the cytoplasm of ECs and
VSMCs (Figures 4.3.18 — 4.3.20). Additionally, for all 3 VGCCs, there were clusters of intense
fluorescence which often aligned with holes in the IEL and MEPs (See Table 4.3.3 for

summary).

To identify whether the T-type VGCCs expressed near MEPs were on ECs or VSMCs,
orthogonal cross-sections through MEPs in RMAs were analysed. Figure 4.3.18 C shows
overlapping Cay3.1 channels and MEPs through holes in the IEL. The fluorescence
corresponding to Cay3.1 channels overlapped with the distal portion of MEPs, suggesting that

either Cay3.1 channels are expressed by ECs in MEPs, or they are expressed by VSMCs near
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points where MEPs make contact. This same pattern of expression was true for both Cay3.2

(Figure 4.3.19 C) and Cay3.3 channels (Figure 4.3.20 C).

Channel | IEL holes with IEL holes with MEPS aligned | Corresponding
subtype Cay only (%) MEP and Cavy (%) with Cay (%) figure
20.97 £2.79 58.75 +0.34 73.78 £2.70

Cav3.1 4.3.18
(n=2) (n=2) (n=2)
0 11.01 13.18

Cay3.2 4.3.19
(n=1) (n=1) (n=1)
1.16 24.41 28.00

Cav3.3 4.3.20

(n=1)

(n=1)

(n=1)

Table 4.3.3. Table summarising the alignment between T-type voltage-gated calcium

channels (VGCCs), holes in the internal elastic lamina (IEL) and myoendothelial

projections (MEPs) in rat mesenteric arteries.
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Figure 4.3.14. Confocal micrographs of pressurised mesenteric artery showing
myoendothelial projections (MEPs). Endothelial cells (ECs) were selectively loaded with
fluorescent indicator calcein AM, which enables visualization of their cytoplasm. (A) 3D
reconstruction of the artery wall with region used for XZ orthogonal cross section (2.15 um
depth) indicated. (B) XZ slice through artery wall showing MEPs (white arrow heads)
originating from the basolateral surface of ECs and protruding towards vascular smooth
muscle cells (VSMCs) through holes in the internal elastic lamina (IEL). (C) XZ slice with holes

in IEL clearly visible (white arrow heads). Images representative of n = 5 rats.
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Figure 4.3.15. Confocal micrographs of pressurised coronary artery showing
myoendothelial projections (MEPs). Endothelial cells (ECs) were selectively loaded with
fluorescent indicator calcein AM, which enables visualization of their cytoplasm. (A) 3D
reconstruction of the artery wall with region used for XZ orthogonal cross section (2.15 ym
depth) indicated. (B) XZ slice through artery wall showing MEPs (white arrow heads)
originating from the basolateral surface of ECs and protruding towards vascular smooth
muscle cells (VSMCs) through holes in the internal elastic lamina (IEL). (C) XZ slice with

holes in IEL clearly visible (white arrow heads). Images representative of n = 1 rat.
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Figure 4.3.16. Quantification of myoendothelial projections (MEPs) in pressurised
mesenteric arteries (RMAs). (A) Confocal micrographs of artery where endothelial cells
(ECs) were selectively loaded with fluorescent indicator calcein AM (red) and elastin was
stained with AF hydrazide 633 (white). MEPs are indicated using red dots (bottom right). (B)
Bar graph showing the number of MEPs per EC. Data are means; n = 5 rats. (C) Bar graph
showing the proportion of holes in the IEL housing a MEP (expressed as a percentage). Data

are means; n = 5 rats.
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Figure 4.3.17. Quantification of myoendothelial projections (MEPs) in pressurised
coronary artery. (A) Confocal micrographs of artery where endothelial cells (ECs) were
selectively loaded with fluorescent indicator calcein AM (red) and elastin was stained with AF
hydrazide 633 (white). MEPs are indicated using red dots (bottom right). (B) Bar graph

showing the number of MEPs per EC. Data are means; n = 1 rat.

148



Elastin Ca 3.1

FER

HER Elastin Ca 3.1

CaV3.1 Overlap Empty hole

Nuclei Elastin Ca, 3.1 D 1007 E 1007
8o = & 80
- v
2 £
£ 60 2 60
s 2 60
2 g
%5 40 % 40
= g
20 = 204
2
o T T T o
oés‘ 0&* \\"’Q
> A
AN G
&t
é\
X

149



Figure 4.3.18. Alignment of Ca, 3.1 channels with myoendothelial projections (MEPs) in

pressurised mesenteric arteries. (A, B) Confocal merged images (5 x 0.5 ym Z-axis planes)
of artery wall where endothelial cells (ECs) were selectively loaded with calcein AM to reveal

MEPs (red) and Ca 3.1 channels were immunolabelled (yellow). Ca 3.1 channels are

expressed ubiquitously throughout ECs, with areas of increased protein density aligning with
holes in the internal elastic lamina (IEL, yellow dots, bottom right) and often MEPs (orange
dots). Empty holes are indicated using white crosses, and holes housing MEPs are indicated
using red dots. (C) Orthogonal cross sections of reconstructed Z-stacks through artery wall

corresponding to vertical dashed yellow line (a) in A. Overlapping Ca, 3.1 channels and MEPs

align with holes in the IEL (white arrow heads). (D) Bar graph showing the proportion of holes

in the IEL housing either MEPs, Ca, 3.1 channels, or both overlapping. (E) Bar graph showing

the proportion of MEPs aligned with Ca, 3.1 channels. Error bars represent SEM; n = 2 rats.
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Figure 4.3.19. Alignment of Ca, 3.2 channels with myoendothelial projections (MEPs) in

pressurised mesenteric arteries. (A, B) Confocal merged images (5 x 0.5 ym Z-axis planes)
of artery wall where endothelial cells (ECs) were selectively loaded with calcein AM to reveal

MEPs (red) and Ca, 3.2 channels were immunolabelled (yellow). Ca, 3.2 channels are weakly

expressed throughout ECs, with some areas of increased protein density aligning with MEPs
(orange dots). Empty holes are indicated using white crosses, and holes housing EPs are
indicated using red dots. (C) Orthogonal cross sections of reconstructed Z-stacks through
artery wall corresponding to vertical dashed yellow line (a) in A. Overlapping Ca, 3.2 channels
and MEPs align with holes in the IEL (white arrow heads). (D) Bar graph showing the
proportion of holes in the IEL housing either MEPs, Ca, 3.2 channels, or both overlapping. (E)

Bar graph showing the proportion of MEPs aligned with Ca, 3.2 channels. n = 1 rat.
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Figure 4.3.20. Alignment of Ca, 3.3 channels with myoendothelial projections (MEPs) in

pressurised mesenteric arteries. (A, B) Confocal merged images (5 x 0.5 ym Z-axis planes)
of artery wall where endothelial cells (ECs) were selectively loaded with calcein AM to reveal

MEPs (red) and Ca, 3.3 channels were immunolabelled (yellow). Ca, 3.3 channels are weakly

expressed throughout ECs, with some areas of increased protein density aligning with MEPs
(orange dots). Empty holes are indicated using white crosses, and holes housing EPs are
indicated using red dots. (C) Orthogonal cross sections of reconstructed Z-stacks through
artery wall corresponding to vertical dashed yellow line (a) in A. Overlapping Ca, 3.3 channels
and MEPs align with holes in the IEL (white arrow heads). (D) Bar graph showing the
proportion of holes in the IEL housing either MEPs, Ca, 3.3 channels, or both overlapping. (E)

Bar graph showing the proportion of MEPs aligned with Ca, 3.2 channels. n = 1 rat.
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4.3.4 There are no functional L- or T-type voltage-gated calcium channels in mesenteric

endothelial cells

Isolated mesenteric EC tubes were loaded with calcium indicator Calbryte 520 AM and
fluorescence responses to pharmacological agents were measured (Figure 4.3.21). This was
to determine whether the T-type VGCCs seemingly expressed by ECs contribute to
intracellular calcium signalling, and also whether functional L-type VGCCs were expressed by

ECs.

Figure 4.3.21 D shows that over a 30 second baseline, there were no spontaneous Ca?*
events in ECs. This contrasts with findings in intact, pressurised RMAs, where ECs typically
display spontaneous Ca?* waves at rest, at an average frequency of 0.015 Hz per cell (Kansui
et al., 2008). In EC tubes, neither the addition of L-type VGCC activator Bay K 8644 (30 nM;
mean F/Fy = 0.98 £ 0.03; P = 0.94; n = 5) nor depolarising agent KCI (45 mM; mean F/Fy =
1.02 £ 0.03; P = 0.92; n = 5) increased local Ca?* events or global intracellular [Ca?*] above
baseline. In contrast, ACh (100 nM) added at the end of each experiment triggered Ca?* waves
(peak F/Fp =2.21 £ 0.25; P = 0.026 vs baseline; n = 5) in 82.60 + 4.27 % of cells, indicating
that cells remained viable following tube extraction and throughout each experiment. These
results suggest that any VGCCs expressed by RMA ECs are not functional and do not

contribute to EC Ca?* dynamics.

In these experiments, isotonic KCI was used to prevent cells from shrinking or swelling, as
such changes could affect fluorescence responses. In initial trials, 2 M KCI solution was added
to the perfusion buffer already in the chamber, resulting in a solution with a greater osmolarity
than that of the cells. This caused the cells to shrink, leading to a marked increase in
fluorescence. This increase was not due to the opening of VGCCs and subsequent Ca?* influx,

but rather because the effective cytoplasmic [Ca?*] increased as cell volume decreased.
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Considering this observation, a separate stock of perfusion buffer containing 45 mM KCI was

used in future experiments, with an osmolarity of ~300 mOsm/L to match that of the cells.
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Figure 4.3.21. The effect of voltage gated calcium channel (VGCC) activation in isolated
endothelial cell (EC) tubes from mesenteric arteries. (A) Enzymatic and mechanical
dissociation of mesenteric artery media and adventitia reveals tube of ECs with homocellular
connections intact. (B) EC tubes can be pinned and stretched in an imaging chamber using
polished glass micropipettes visible in the image. (C) Pinned ECs loaded with calcium
indicator Calbryte 520 AM (50 nM) with red region of interest outlining a single cell. The white
line corresponds to the kymograph in D. (D) Fluorescence time course corresponding to red

region of interest. Neither activation of L-type VGCCs with Bay K 8644 (30 nM) or membrane

depolarization using 45 mM KCI evoked an increase in global EC [Caz+] (drug additions
indicated using red dots). Agents were not washed out between additions due to the fragility
of the preparation. 100 nM ACh was added at the end of each experiment to confirm cell
viability. (E) Bar graph summarising the effects of Bay K 8644, KCl and ACh on EC calcium
activity. For Bay K and KCI, mean fluorescence (F) was taken over 10 frames at 3 Hz
immediately preceding the addition of the next agent. For ACh, the peak fluorescence was

taken. The dashed black line represents mean F/F, = 1, where there is no change in

fluorescence. Data are means + SEM of at 3 cells per tube, n = 5 tubes from different rats. *P
=0.0135 and 0.0188 vs Bay K 8644 and KCl, respectively, using repeated measures one-way

ANOVA with Bonferroni correction.
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4.3.5 Selective blockade of vascular smooth muscle Cav3.2 channels in rat coronary

arteries increases EC Ca?* events

To determine whether the activation of T-type VGCCs expressed by VSMCs contributes to
EC [Ca?*], EC calcium imaging was carried out in pressurised RCos (Figure 4.3.22). The
technical challenges associated with pressurising RCos means that only one successful
experiment was completed. To maximise the data generated from this technically demanding
experimental set up, drugs were added sequentially. Whilst this means the effects of inhibitors
on basal EC Ca?* events cannot be determined, the data still provides valuable insights into

the relative effects of these inhibitors on Ca?* dynamics.

After developing stable myogenic tone of ~25 %, spontaneous Ca?* events at an average
frequency of ~0.017 Hz per cell (mean of 8 cells from one artery) were observed in ~60 %
ECs, shown in Figure 4.3.22 C. These events, referred to as Ca?* pulsars or VGCC-dependent
endothelial calcium transients (VECTors) in the literature, occurred in highly localised sub-

cellular regions and did not trigger cell-wide Ca?* waves.

Selective blockade of Cay3.2 channels with 50 uM Ni?* resulted in a 2.4-fold increase in EC
Ca?* event frequency (from 0.72 events per minute to 1.75 events per minute; n = 1; Figure
4.3.22 D). This indicates that VSMC Cav3.2 channels are open in unstimulated, myogenically-
active RCos, and they have a paradoxical effect of limiting Ca?* influx into VSMCs, which in
turn means that less Ca?* diffuses into ECs through MEPs. The addition of 300 nM NNC 55-
0396 to block all T-type VGCCs resulted in a 1.15-fold reduction in Ca?* event frequency (from
1.75 events per minute to 1.53 events per minute, n = 1), which was reduced 1.19-fold further
by L-type VGCC blocker nifedipine (1 pM; from 1.53 events per minute to 1.28 events per
minute; n = 1). This suggests that VSMC Cay3.1 and Cay3.3 channels, along with Cay1.2
channels, are at least partly responsible for the increased EC Ca?* events observed following

Cay3.2 blockade.
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Interestingly, the addition of Ni?* did not change the percentage of active ECs (defined as cells
displaying at least one Ca?* event during recording; Figure 4.3.22 E) observed at baseline.
Blocking Cay3.1 and Cayv3.3 channels with NNC 55-0396 reduced the percentage of active
ECs from 64.71 % to 37.50 % (n = 1), whilst the addition of nifedipine increased the percentage

of active ECs to 62.50.
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Figure 4.3.22. The effect of T- and L-type voltage gated calcium channel (VGCC)
blockade on endothelial cell (EC) calcium events in a coronary artery with myogenic
tone. (A) Pressurised coronary artery before and after myogenic tone development. After the
artery developed stable myogenic tone, ECs were selectively loaded with calcium indicator
Calbryte 520 AM (50 nM) and imaged using confocal microscopy. (B) Calcium indicator-
loaded ECs with region of interest (red circle) indicated. The white line corresponds to the
kymograph in C. (C) Fluorescence time course corresponding to red region of interest in EC
from coronary artery with myogenic tone. Note the spatially restricted calcium spark activity
compared to the mean fluorescence response of the whole cell (grey line). (D) Bar graph

summarising localised calcium activity at baseline (with myogenic tone), and in the sequential

presence of Ni** (50 pM), NNC 55-0396 (300 nM), and nifedipine (1 uM), expressed as calcium
events per cell per minute. Drugs were added at least 60 seconds apart and were not washed
out between additions. (E) Bar graph summarising localised calcium activity expressed as %
of active cells. Data are means of at least 8 cells, all of which responded to 100 nM ACh added

at the end of the run, from a single artery.
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Endothelium-independent vasodilation

4.3.6 Characterisation of NNC 55-0396 and nifedipine in rat coronary arteries

Despite the vasodilatory effects of non-selective T-type VGCC blocker NNC 55-0396 and L-
type VGCC blocker nifedipine being widely demonstrated in the literature, their effects on

RCos with myogenic tone are poorly characterised.

Addition of 300 nM NNC 55-0396 resulted in near-complete relaxation of RCos from myogenic
tone (76.63 + 20.1 % relaxation; n = 5; Figure 4.3.23 C), which was irreversible following wash
out. Arteries that did not spontaneously develop myogenic tone were either incubated with L-
NAME (10 uM) or L-NAME and NS 6180 (1 uM). The similar ICso values calculated for NNC
55-0396 in these arteries confirms that T-type VGCC blockade mediates vasodilation

independently of NO and EDH (see Table 4.3.6 for values).

Similarly, nifedipine evoked robust vasodilation in RCos, both from myogenic tone and from
contraction caused by L-NAME and NS 6180. Nifedipine was highly potent, resulting in
complete relaxation at approximately 10 pM (95.54 + 2.61 % relaxation; n = 4; Figure 4.3.23
D; see Table 4.3.6 for additional values). Upon washing out, myogenic tone was immediately
reestablished to similar levels observed before adding the inhibitor. Like NNC 55-0396, ICso
values for nifedipine were similar in arteries with myogenic tone and in arteries preconstricted
with L-NAME and NS 6180 (Table 4.3.6). This suggests that nifedipine-mediated vasodilation

occurs exclusively via VSMCs.
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ICso

Corresponding

Inhibitor ICso (MT) ICs0 (L-N) (LN + NS 6160) figure
NNC 55-0396 | 40.7 nM (n =6) | 109.0 nM (n=5) | 87.4nM (n = 5) 4323C
Nifedipine | 597 fM (n = 5) - 986 fM (n = 7) 4323D

Table 4.3.6. Summary of the pharmacological properties of voltage-gated calcium

channel inhibitors NNC 55-0396 and nifedipine in rat coronary arteries. The vasodilatory

effects of the inhibitors were assessed in arteries with myogenic tone (MT) or following pre-
incubation with L-NAME (L-N; 10 uM) or L-N and NS 6180 (1 uM).
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Figure 4.3.23. Effect of T- and L-type voltage-gated calcium channel (VGCC) blockade
on wire-mounted coronary artery tension. Representative traces showing the
concentration-dependent relaxation of coronary arteries with myogenic tone (MT) in response
to T-type VGCC blocker NNC 55-0396 (A) and L-type VGCC blocker nifedipine (B). Following
wash out (indicated using asterisks), NNC 55-0396 relaxation persisted, whereas nifedipine
was fully reversible. (C) Summary dose-response curve comparing relaxation to NNC 55-0396

in myogenically-active coronary arteries (IC,; = 40.7 nM) vs coronary arteries preconstricted
with 10 uM L-NAME (L-N; ICso = 109.0 nM) or 10 uM L-N + 1 uM NS 6180 (IC,, = 87.4 nM).
Data are means + SEM; n = 5-6. P =0.3030 for ICs values for MT vs L-N and P = 0.3983 for

MT vs L-N + NS using Mann-Whitney U test. (D) Summary dose-response curve comparing

relaxation to nifedipine in myogenically-active coronary arteries (IC, = 597.2 fM) vs coronary
arteries preconstricted with 10 yM L-N + 1 yM NS 6180 (IC,, = 986.1 fM). Data are means +
SEM; n = 4-8. P = 0.2677 for IC, values using Mann-Whitney U test.
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4.3.7 Cav3.2 channels negatively regulate myogenic tone development in rat coronary

arteries

To determine whether the Cay3.2 channel/RyR/BKca channel signaling microdomain identified
in cerebral and mesenteric arteries is present in RCos, isometric tension responses in the

presence of different pharmacological blockers were measured (Figure 4.3.24).

In arteries with myogenic tone, blocking Cay3.2 channels with Ni?* (50 uM) enhanced
contraction almost 2-fold, from a mean of 2.88 + 0.94 mN/mm to 4.49 + 0.06 mN/mm (P =
0.0042; n = 6) This response was irreversible, although arteries did relax when ACh was

added (1 yM ACh caused ~70 % relaxation; data not shown).

Figure 4.3.24 B shows that Ni?* caused a similar amount of contraction in arteries with
myogenic tone (an increase of 1.33 £ 0.38 mN/mm; n = 6) to arteries incubated with L-NAME
and NS 6180 (an increase of 1.80 + 0.38 mN/mm; n = 5) and arteries where the endothelium
had been removed (an increase of 2.30 £ 0.87 mN/mm; n = 5). This reveals that the increased
number of endothelial Ca?* events observed in pressurised RCos following Cay3.2 channel
blockade are not sufficient to regulate arterial tension by stimulating NO/EDH production, and
that the VSMC Cay3.2 signaling microdomain opposes excess vasoconstriction independently
of the endothelium. As the development of myogenic tone in RCos is believed to be
underpinned by calcium influx through VSMC VGCCs, the contraction caused by Ni** was
surprising. An explanation for this paradoxical response is that the calcium current through
Cav3.2 channels activates nearby calcium-activated potassium channels, such as BKc,

channels, thus providing negative feedback control to prevent over-constriction.
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Figure 4.3.24. Effect of Ca 3.2 voltage gated calcium channel (VGCC) blocker Ni*“ on
wire-mounted coronary artery tension. (A) Representative trace showing the contractile
effect of Ni’ on a coronary artery with myogenic tone (MT). The red dot indicates when Ni**

was added. (B) Summary bar chart showing the effect of 50 yM Ni* on artery tension either
from MT, following preconstriction to L-NAME (L-N; 10 pM) + NS 6190 (1 uM), or in denuded
arteries. Data are means + SEM; n = 5-6 rats. P > 0.9999 for MT vs L-N + NS, P = 0.1963 for
MT vs denuded, and P = > 0.9999 for L-N + NS vs denuded, using ordinary one-way AVOVA

with Bonferroni’s correction.
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4.3.8 Cav3.2 channels form a signaling microdomain with BKc. channels in rat coronary

artery smooth muscle cells

Next, the BKcas channel blocker paxilline was also found to elicit vasoconstriction in
myogenically-active arteries, albeit to a lesser extent than Ni%*, from a mean of 3.17 + 1.09
mN/mm to 4.15 £ 1.07 mN/mm (P = 0.0154; n = 5; Figure 4.3.25 B). Furthermore, the
diminished (but not statistically significant) contractile effect of Ni?* in the presence of paxilline
(a difference of 1.33 mN/mm % 0.38 with paxilline compared to 1.00 mN/mm % 0.33 without; P
= 0.1678; n = 5-6; Figure 4.3.25 A) suggests that BKca channels are involved in the Cay3.2
channel signaling microdomain. Although paxilline attenuated Ni%*-induced vasoconstriction,
Ni2* still evoked further contraction, increasing from a mean of 4.15 + 1.01 mN/mm to 5.16 +
0.77 mN/mm (P = 0.0279; n = 5; Figure 4.3.25 B). This suggests that, in addition to BKc,
channels, there may be additional calcium-activated potassium channels involved in the
Cav3.2 signaling microdomain in rat coronary arteries which have not yet been recognised in

the literature.
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Figure 4.3.25. Effect of BKca channel blocker paxilline on Ni?*-induced contraction of

rat coronary arteries. (A) Summary bar chart showing the effect of 50 yM Ni** on artery
tension either from MT or following incubation with BK ., channel blocker paxilline (1uM). Data
are means * SEM; n = 5-6 rats. P = 0.1678 for MT vs paxilline, using unpaired student’s t test.

(B) Summary bar chart showing the sequential effects of paxilline (1 uM) and i (50 uM) on

coronary artery tension from MT. Ni*" was added in the presence of paxilline once artery
tension had stabilised. Data are means + SEM; n = 5 rats. *P = 0.0154 for baseline vs paxilline
and #*P = 0.0021 for baseline vs Ni?*, *P = 0.0228 for MT vs paxilline and #P = 0.0012 for MT
vs Ni?*, and *P = 0.0279 for paxilline vs Ni?*, using repeated measures one-way ANOVA with

Bonferroni’s correction.
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4.4 Discussion

The current study investigated the expression of T-type VGCCs in ECs and VSMCs of rat
resistance mesenteric and coronary arteries, and the function of T-type VGCCs in rat
resistance coronary arteries. These data support the hypothesis that these channels are
involved in vasodilation of coronary resistance arteries, with channels expressed by VSMCs,

but not ECs, being responsible for their effects.

For the first time, RNAscope was used to detect and quantify VGCC mRNA expression in
RCos and RMAs. The present study shows that mRNA encoding L-type VGCCs and all 3 T-
type channel subtypes is expressed by ECs and VSMCs of both artery types (Figures 4.3.1
— 4.3.8). Previous studies employing molecular biology techniques such as RT-PCR and gel
electrophoresis also found mMRNA encoding VGCCs expressed in arteries (see Table 4.4.1
for summary). There were some inconsistencies in the mRNA identified in whole artery
homogenates compared to in isolated VSMCs; for example, all 4 VGCC mRNA transcripts
were present in whole rat cerebral arteries, whereas only Cacna1g and Cacna1h transcripts
(encoding Cay3.1 and Cay3.2) were identified in isolated VSMCs (EI-Rahman et al., 2013).
This may indicate that Cay1.2 and Cav3.3 channels were expressed by other vascular cells
such as ECs or perivascular nerve cells, or that mRNA levels in VSMCs were too low to be
detected. The technical difficulties associated with extracting sufficient amounts of RNA from
ECs to perform molecular analysis means that the expression of VGCCs mRNA transcripts in
ECs has not been extensively investigated. This issue is addressed by using RNAscope as it

allows individual mRNA molecules to be visualised in the different cell types of whole arteries.

The presence of L- and T-type VGCC mRNA in ECs was unexpected, given that these cells
are generally considered non-excitable. Nonetheless, Cacna1c mRNA (encoding Cay1.2) was

highly expressed in mesenteric and coronary ECs, though predominantly localised within the
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nuclei (Figure 4.3.1 E and 4.3.5 E). This pattern contrasts with Cacna1c mRNA expression in
RMA and RCo VSMCs, which was distributed evenly between the nucleus and cytoplasm
(Figure 4.3.1 F and 4.3.5 F). The differential localisation of Cacna’c mRNA in ECs and
VSMCs suggests a key regulatory distinction between these two cell types. The nuclear
retention of Cacna1c mRNA in ECs may allow for its controlled export into the cytoplasm and
subsequent translation into Cay1.2 protein under specific conditions. Reports demonstrate
that translation of Cay1.2 protein increases during acute hypoxia, as the accumulation of
hypoxia-inducible factors (HIFs) leads to degradation of microRNAs which usually cleave and
destabilise Cacna1c mRNA (Xing et al., 2022). This may also account for the observations of
L-type Ics in cultured, but not native ECs, as cultured ECs may be exposed to environmental
stressors which alter their characteristics (Bossu et al., 1989; Wu et al., 2003; Olschewski et
al., 2001). In contrast, VSMCs lack this nuclear mRNA ‘store’, potentially limiting their ability
to rapidly upregulate Cay1.2 protein in response to external stimuli. Indeed, mRNA and protein
corresponding to L-type VGCCs was upregulated in mesenteric VSMCs from adult, but not
juvenile, spontaneously hypertensive rats, compared to VSMCs from age-matched controls
(Pratt et al., 2002). The difference in time taken by ECs and VSMCs to upregulate Cay1.2
expression under pathophysiological conditions requires further investigation, especially in
native cells, where Cay1.2 channels may contribute to vasodilation through enhancing

EDH/NO production.
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Citation Species / vascular bed V(.;‘CC r.n.RNA Notes
identified
Gustafsson et Rat mesenteric arterioles | Cacna1g, Cacnath
al. (2001) ’
Hansen et al. Rat renal arteries Cacna1lc, Cacnaig,
(2001) Cacnath
Jensen et al. Cacnath and
Rat mesenteric arterioles | Cacnalg Cacnatinot
(2004) . .
investigated
Nikitina et al. Dog cerebral arteries Cacnaic, Cacna1lg, Cacnalh not
(2007) Cacnati investigated
Kuo et al. (2010) Rat cerebral arteries Cacnaic, Cacnatg,
Cacnath
El-Rahman et . Cacna1lc, Cacnaig,
al. (2013) Rat cerebral arteries Cacnalh, Cacnafi
Smith et al. Rat mesenteric arteries Cacnaic, Cacna1lg, Cacnatinot
(2020) Cacnalh investigated

Table 4.4.1. Summary of literature reporting expression of voltage-gated calcium

channel (VGCC) mRNA in whole vessels using molecular biology techniques.

While the present study detected weak expression of T-type VGCC protein in ECs (Figure
4.3.10 and 4.3.11), calcium imaging experiments in isolated tubes of endothelium from RMAs
revealed that these channels do not underpin Ca?* influx (Figure 4.3.21). Assuming that the
primary antibodies used were specific for cleaved fragments of their targets, the Cay3.1,
Cav3.2, and Cay3.3 channels detected by immunolabelling may not be functional for various
reasons, including protein misfolding, a lack of essential post-translational modifications, or
incorrect trafficking to the plasma membrane. Disparities between protein expression and
function have previously been observed, most notably in cystic fibrosis, where mutated, non-
functional chloride channels are detected by immunoprecipitation/SDS-PAGE and
immunolabelling (Cheng et al., 1990). This is believed to be a result of defective intracellular
transport and processing of channels due to incomplete glycosylation, resulting in them being
retained in the endoplasmic reticulum where they are subsequently degraded. A similar

mechanism may be responsible for the non-functional VGCCs expressed by ECs, as

173



glycosylation of these channels is critical for their proper functional expression (Lazniewska

and Weiss, 2017).

The endothelial expression of T-type VGCCs, specifically Cay3.1 and Cay3.2, is supported by
functional and RT-PCR data from cultured bovine and rat ECs (Bossu et al., 1989; Wu et al.,
2003), immunohistochemistry in rat mesenteric and cerebral ECs in situ (Braunstein et al.,
2009; Kuo et al., 2010), and functional data from ex vivo arteries from knock out mice
(Svenningsen et al., 2014; Gilbert et al., 2017). Due to the paucity of evidence for the role of
endothelial T-type VGCCs in wild-type arteries, the EC tube data presented herein is
particularly insightful. This evidence is strengthened by the fact that EC tubes likely reflect in
situ EC Ca?* dynamics more accurately than previous studies involving cultured or freshly
isolated ECs due to the preservation of homocellular connections. It is tempting to speculate
that coronary artery ECs also lack VGCCs, although due to the variability in VGCC expression
across different vascular beds from the same species, it will be important to replicate these

experiments in coronary artery EC tubes.

Immunolabelling of T-type VGCCs in pressurised RMAs showed that expression of all 3
channel subtypes is enriched around MEPs (Figures 4.3.18 — 4.3.20). Careful analysis of
reconstructed 3D images through the artery wall, combined with EC tube Ca?* imaging,
revealed that these channels were expressed by VSMCs at the points where MEPs made
contact. Interestingly, there was a substantial number of holes in the IEL that did not house a
MEP yet did show signal for T-type VGCCs. This may indicate that MEPs are primed to form
in these locations. The dynamic formation of MEPs has been demonstrated in pathological
states, for example, the number of MEPs in the vasculature increases during ligation-induced
hypertension (Michel et al., 1995). This upregulation may allow resistance arteries to
compensate for pathological vascular remodelling and maintain EDH-mediated vasodilation.

Whilst the processes governing MEP formation in arteries are poorly understood, the findings
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presented herein hint that dynamic formation of MEPs may occur in healthy resistance

arteries, perhaps rapidly in response to acute, local changes in oxygen demand.

The close proximity of VSMC T-type VGCCs and MEPs in RMAs suggests that Ca?*
conducted by these channels may promote endothelium-mediated feedback vasodilation. A
similar mechanism has been demonstrated in cremaster arterioles, where Ca?* entering
through L-type VGCCs expressed by depolarised VSMCs also diffuses into adjacent ECs via
MEGJs to trigger IKca channel-mediated hyperpolarisation and vasodilation (Garland et al.,
2017). The present study found that blocking VSMC Cay3.2 channels in pressurised coronary
arteries increased the frequency of EC Ca?* events which were sensitive to both NNC 55-
0396 and nifedipine (Figure 4.3.22). These events closely resembled the highly localised Ca?*
events recorded in ECs of pressurised cremaster arterioles, which aligned with MEPs and
were termed VECTors (Garland et al., 2017). Unlike in cremaster ECs, the VECTors observed
in this study did not appear to evolve into Ca?* puffs or cell-wide Ca?* waves, a process
believed to rely on the activation of endothelial IP3 receptors (IP3Rs). Taken together with the
EC tube data, this suggests that the EC Ca?* events observed in RCos were driven by T- and
L-type VGCCs expressed by VSMCs, with the initial increase in intracellular [Ca?*] in these
cells subsequently diffusing into ECs via MEPs (see Figure 4.4.1). The close proximity of
VSMC T-type VGCCs to MEPs is likely important for their contribution to EC Ca?* as their
currents are tiny and transient, thus channel opening only allows a small amount of Ca?* into
the cell at once. The effective range over which Ca?* can exert its effects is limited by its short
diffusion constant of ~38 um?/s (Allbritton et al., 1992), so for T-type /¢, to impact EC Ca?*, it

follows that T-type channels must be expressed close to MEGJs.

Moreover, this study provides further support for Ca?* being the principal signal involved in
myoendothelial feedback following VSMC depolarisation, as IP3 is not generated following
VGCC opening; phospholipase C, which produces IP3, is autoinhibited in the absence of G4

receptor stimulation (Zhang and Neer, 2001). It remains uncertain whether the increased EC
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Ca?* events in RCos in this study directly contribute to feedback vasodilation. Although
removing the endothelium’s influence did enhance the vasoconstrictive effect of Ni?*, the
difference was not statistically significant compared to in intact arteries (Figure 4.3.24).
Additionally, the vasodilatory effects of NNC 55-0396 and nifedipine were similar in control vs
L-NAME + NS 6180 treated arteries. Overall, it appears that depolarisation-driven feedback
vasodilation does not occur in RCos, perhaps because VECTors alone do not sufficiently

elevate EC Ca?* to activate NO/EDH pathways.
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Figure 4.4.1. Proposed mechanism of Ni**-induced vasoconstriction in coronary
resistance arteries. (A) Ca?* influx through vascular smooth muscle cell (VSMC) Cay3.2
channels activates nearby ryanodine receptors (RyRs) located on the sarcoplasmic reticulum
(SR), resulting in Ca?* release and activation of calcium-activated K* channels, including BKca
channels. The opening of K* results in spontaneous transient outward currents (STOCs),
which hyperpolarise the cell membrane and oppose opening of voltage-gated calcium
channels (VGCCs), preventing excess vasoconstriction from occurring. (B) Blocking Cav3.2
channels with 50 uM Ni?* removes the hyperpolarising influence of K* channel activation,
resulting in depolarisation driven VGCC opening and Ca?* influx into VSMCs. Due to the close
proximity of L- and T-type VGCCs to myoendothelial projections (MEPs), this Ca?* signal
diffuses into endothelial cells (ECs) via myoendothelial gap junctions (MEGJs) to increase the
frequency of Ca?* events in ECs. These localised Ca?* events may stimulate nitric oxide (NO)

or endothelium-dependent hyperpolarisation (EDH) to produce feedback vasodilation.
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The observation that Ca?* influx into VSMCs via VGCCs did not trigger feedback vasodilation
in RCos does not necessarily imply that this mechanism is absent. It is possible that
myoendothelial feedback does occur in coronary arteries but requires the transfer of IP;into
ECs to initiate Ca?* waves and subsequent NO/EDH generation. Some studies suggest that
IPs, which is generated in VSMCs upon activation of G4-coupled receptors by endogenous
agonists, is the predominant myoendothelial signalling molecule (Lamboley et al., 2005;
Nausch et al., 2012; Tran et al., 2012). However, the interdependence of Ca?* and IP3, as well
as technical limitations associated with measuring the two signals within the confined space
of MEPs, made attempts to isolate their contributions to myoendothelial feedback difficult.
Acknowledging this, later studies found that Ca?*was also directly involved in myoendothelial
feedback (Dora et al., 1997; Qishi et al., 2001; Garland et al., 2017). Overall, our current
understanding of myoendothelial feedback highlights a complex interplay between both Ca?*
and IP3, with the precise contributions of these signalling molecules likely varying between

vascular beds.

In the coronary microcirculation, the activation of feedback vasodilation may require the
combined increase of IP; and Ca?* in VSMCs e.g., following noradrenaline release from
adventitial sympathetic nerves. This may be important during exercise to maintain adequate
coronary blood flow and to prevent vasospasm from occurring. Indeed, this been
demonstrated in pig coronary arteries, where vasodilation caused by myoendothelial feedback
was more pronounced when VSMCs were stimulated with a Gq-receptor agonist compared to
high [K*] solution (Budel et al., 2001). Although the present study suggests that both signals
are required to activate feedback vasodilation in coronary arteries, due to the small sample
sizes used, further investigations will be required to elucidate the mechanisms leading to

feedback vasodilation in these arteries.

Next, the interaction of Cay3.2 channels with BKca channels was investigated to determine

whether the increase in EC Ca?* event frequency upon application of Ni** was a result of
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blocking the Cav3.2/RyR/BKca channel signalling microdomain (Figure 4.3.24). In agreement
with studies using rat and human cerebral arteries, mouse mesenteric arteries (Harraz et al.,
2014a; Harraz et al., 2015), and mouse epigastric arteries (Mullan et al., 2017), the present
study indicates that Ni?*, at a concentration that should selectively block Cay3.2 channels (50
MM; Zamponi et al., 1996), produced vasoconstriction in RCos with myogenic tone. Blocking
BKca channels with paxilline (1 uM) also induced vasoconstriction, albeit to a lesser extent
than Ni?*, and applying Ni%*in the presence of paxilline evoked further vasoconstriction (Figure
4.3.25). Both these findings contrast with those reported by Harraz et al. (2014a), who found
that paxilline evoked a similar level of vasoconstriction to Ni?*, and that addition of Ni2*
following paxilline did not produce additive vasoconstriction. In RCos, it therefore appears that
some of the vasoconstriction evoked by Ni?* is due to BKca channel blockade, though it is
likely that additional Ca?*-activated K* channels are involved such as SKca or IKca channels
(See Figure 4.4.1 for suggested mechanism). Although it is generally accepted that the only
Ca?*-activated K* channels expressed by VSMCs are BKca channels (Ledoux et al., 2006),
further research would be required in coronary arteries to rule out their role in in Ni?*-mediated

vasoconstriction.

Intriguingly, the effects of Ni2* on STOC frequency reported in rat cerebral arteries and mouse
epigastric arteries were opposite; STOCs decreased in rat cerebral arteries, whereas they
increased in mouse epigastric arteries (Harraz et al., 2014a; Mullan et al., 2017). In mouse
epigastric arteries, contraction to Ni?* was not reduced when arteries were pre-incubated with
paxilline, which deviates from previous findings in rat cerebral and mouse mesenteric arteries
and in RCos presented herein. Whilst the present study did not investigate STOCs in VSMCs,
the similar effects of paxilline to rat cerebral and mouse mesenteric arteries makes it likely

that Ni?* produces vasoconstriction in RCos by decreasing STOC frequency.

In order to conclude that part of the vasoconstriction caused by Ni?* is a result of removing the

stimulatory effect of Cay3.2 channels on nearby BKcs channels, it is important to determine
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the specificity of Ni>* as a pharmacological tool. Early molecular cloning studies revealed that
of the VGCC isoforms, Cay3.2 channels are most sensitive to Ni?* (ICso = 13 uM in Xenopus
oocytes and HEK-293 cells; Lee et al., 1999) . The concentrations of Ni* used in studies to
maximally inhibit Cav3.2 channels (30 — 50 uM) fall far below the amount required to block
Cav1.3, Cay3.3, and Cay1.2 channels, providing support for Ni**’s Cay3.2 selectivity.
Furthermore, the ECso of Ni2* for constricting mouse epigastric arteries was between 1 — 2.5
MM, which is consistent with block of Cay3.2 channels (Mullan et al., 2017). Despite its
apparent selectivity for Cay3.2 channels, Mullan et al. (2017) speculate that Ni?* evokes
vasoconstriction by activating transient receptor potential vanilloid 1 (TRPV1) channels. While
this may explain the increased STOC frequency they observed following application of 30 uM
Ni?*, it is unlikely as TRPV1 channels require ~1,000-fold higher concentrations of Ni?* for
maximal activation (Luebbert et al., 2010). Overall, it appears that the concentrations of Ni%*
used in the present study and previous studies do indeed selectively block Cay3.2 channels.
The inconsistencies in Ni?*’s effects on STOC frequency may instead reflect differences

depending on artery size, vascular bed, or species, which have yet to be elucidated.

Finally, the unexpectedly high potency of nifedipine in causing vasodilation in small,
myogenically-active coronary arteries is worth discussing due to its clinical relevance. The
present study found that nifedipine had an ICso of ~600 fM, which is considerably lower than
published ICs values in large arteries including coronary arteries (3-9 nM; Chen and Wang,
1997; Cobine et al., 2007), internal thoracic arteries (6 nM; Brixius et al., 2005), and renal
arteries (130 nM; Eckert et al., 2000), and resistance arteries from renal and mesenteric
vascular beds (both ~1 nM; van der Lee et al., 1999; Figure 22). It is not understood why
nifedipine is most potent in the coronary circulation, however, it could be a result of regional
differences in expression of L-type VGCCs, or expression of a specific L-type VGCC splice
variant with higher affinity for dihydropyridines. Indeed, there is evidence supporting the
existence of a smooth muscle Cay1.2 channel splice variant lacking exon 33, which is more

sensitive to nifedipine blockade than the established clone (Liao et al., 2007). These
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possibilities, and others, should be investigated further as elucidating mechanisms of
vasoconstriction unique to the coronary microcirculation could aid the development of novel
vasodilators which selectively target these arteries. This would be particularly useful for
treating non-obstructive coronary artery disease and vasospastic angina, especially in
individuals without hypertension, who represent approximately half of all affected patients

(Berge et al., 2022).
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4.5 Conclusions

This study provides novel insights into the expression and function of T-type VGCCs in rat
mesenteric and coronary resistance arteries. Our findings demonstrate that mMRNA encoding
all 3 T-type VGCC subtypes (Cay3.1, Cay3.2, and Cay3.3) is expressed in both ECs and
VSMCs of these arteries. Surprisingly, despite the presence of mMRNA and protein, functional
studies revealed no evidence of T-type VGCC activity in ECs, highlighting the complex post-

transcriptional regulation of these channels in the vasculature.

A key novel finding of this research is the localisation of T-type VGCCs near MEPs in
mesenteric arteries, which is also likely to occur in coronary arteries. Our data indicate that
these channels are primarily expressed on VSMCs and often at points of contact with MEPs,
so may contribute to endothelial Ca?* events termed VECTors. This arrangement may
facilitate myoendothelial feedback, although the direct contribution to vasodilation in coronary
arteries appears limited. Interestingly, blockade of Cay3.2 channels with Ni?* increased the
frequency of EC Ca?* events, suggesting a complex interplay between VSMC T-type VGCCs
and EC Ca?* dynamics. This may occur via activation of other VGCCs on VSMCs, as their

open probability increases when BKca channels close.

Furthermore, we provide evidence for the existence of a Cay3.2/BKca channel signalling
microdomain in rat coronary arteries, which appears to play a role in regulating myogenic tone.
Selective blockade of Cay3.2 channels with Ni?* enhanced vasoconstriction, an effect partially
attenuated by pre-incubation with the BKca channel blocker paxilline. This suggests that
Cayv3.2 channels paradoxically oppose vasoconstriction, likely by activating nearby BKca

channels.

In conclusion, this study advances our understanding of T-type VGCC function in the
microcirculation, particularly in coronary resistance arteries. The findings presented herein not

only contribute to the growing body of knowledge on vascular physiology but also open new
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avenues for future research. The development of a new methodological approach to study
microdomain associations and differences in cellular gene and protein expression will bring
new insights to light, especially in the future when the antibodies available for
immunohistochemistry improve. As we continue to unravel the intricacies of calcium signalling
in the vasculature, these insights may ultimately inform therapeutic strategies for
cardiovascular diseases involving microvascular dysfunction, potentially through the
development of novel pharmacological agents targeting T-type VGCCs or the Cay3.2/BKca

signalling axis.
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5. The Role of Endothelial HCN Channels in Vasodilation of

Rat Resistance Arteries



5.1 Introduction

EDH involves the spread of hyperpolarisation from ECs to underlying VSMCs, opposing
VGCC activity and maintaining low intracellular [Ca?*]. The EDH mechanism is primarily
mediated by two processes: the action of extracellular K* originating from ECs, and the direct
conduction of hyperpolarisation via MEGJs (Edwards et al., 1998; Yamamoto et al., 1999).
This hyperpolarisation is initiated by the activation of endothelial calcium-sensitive K*
channels, specifically SKca and IKca channels (Crane et al., 2003a). The resulting K* efflux
creates localised "K* clouds" in the arterial wall, which activate K; channels and Na*/K*-

ATPases on VSMCs, leading to their hyperpolarisation and subsequent relaxation.

In addition to this local effect, hyperpolarisation can spread axially along the endothelium in a
process known as conducted vasodilation. This phenomenon allows for coordinated
vasodilation of upstream arteries which is important for regulating blood flow distribution within
tissues, particularly during functional hyperaemia. The spread of hyperpolarisation occurs
primarily through homocellular EC-EC gap junctions, with Cxs (Cx37, Cx40, and Cx43) playing

a vital role in this process (Emerson and Segal, 2000; Sandow et al., 2006).

While the generation of hyperpolarisation in EDH is well understood, the mechanism by which
it is sustained over long distances remains unclear. Current research suggests the
involvement of an amplification process, potentially mediated by Ki channels, Na*/K*-
ATPases, or HCN channels (Goto et al., 2004; Bondarenko and Sagach, 2006; Dora and
Garland, 2013). Of particular interest are HCN channels, which are activated by
hyperpolarisation and cyclic nucleotides, and conduct cations including Ca?* (Michels et al.,
2008). The activation of HCN channels expressed by ECs could lead to Ca?* influx, triggering
NO production and/or activation of SKca and IKca channels, thereby amplifying the spread of
hyperpolarisation (see Figure 1.5.7.2). However, the expression and function of HCN
channels in the native vasculature remains largely unexplored, with limited evidence from

HUVECSs suggesting the presence of HCN1 and HCN2 isoforms (Civil Urkmez et al., 2024).
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Although ivabradine, a non-selective HCN channel blocker, is not believed affect large-scale
haemodynamic changes through modulating vascular ion conductance (Drouin et al., 2008;
Hohneck et al., 2019), unpublished results from the Dora/Garland group show that a different
HCN channel blocker, ZD 7288, prevents endothelial Ca?* influx evoked by hyperpolarisation
in cremaster arterioles (Figure 5.1.1). This raises the possibility that HCN channels are
involved in propagating conducted vasodilation over considerable distances in resistance
arteries. To investigate this further, the expression profile of HCN channels in native resistance
arteries must be characterised, which is the aim of this chapter. As HCN channels are typically
associated with triggering action potentials in the SAN and neurones, demonstrating their

expression in arteries will lend key support to existing functional data.

Understanding any potential role of HCN channels in conducted vasodilation is important as
this mechanism is impaired in various cardiovascular diseases including hypertension
(Kurjiaka, 2004) and diabetes (Sato et al., 2002). Restoring or enhancing conducted
vasodilation may therefore be a successful strategy in improving symptoms associated with
these diseases. If endothelial HCN channels do indeed facilitate the propagation of conducted
vasodilation, drugs which activate these channels may be effective treatments. Moreover,
elucidating which specific HCN channel isoforms are expressed in the vasculature may lead
to the identification of channel subtypes that are preferentially expressed in blood vessels but
not in the heart. This could pave the way for the development of novel drugs that selectively
activate vascular HCN channels without affecting cardiac function. This could overcome
limitations of current non-selective HCN channel blockers like ivabradine, which may disrupt

normal blood flow regulation due to their effects on conducted vasodilation.
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Figure 5.1.1. Unpublished data from the Dora/Garland group showing that
hyperpolarisation of endothelial cells (ECs) in pressurised rat cremaster arterioles
leads to more frequent Ca?* events. (A, B) Application of Kare channel opener
levcromakalim (LVK, 3 uM) results in hyperpolarisation of ECs (black dot represents addition
of drug). Data are means + SEM; n = 4. *P = 0.0298 vs resting membrane potential (RMP)
using paired student’s t test. (C) EC Ca?* event frequency increases upon application of LVK
and is reduced back to baseline levels by the sequential addition of HCN channel blocker ZD
7288 (10 uM, ZD). Data are means + SEM; n = 2 — 8. Data collected by Professor Chris

Garland and analysed by Professor Kim Dora.

5.1.1 Aim and hypothesis

Based on unpublished results from the Dora/Garland group, it was hypothesised that
endothelial HCN channels may be involved in propagating conducted vasodilation in

resistance arteries.

The aim of the present study was to characterise the expression of HCN channels in

mesenteric, coronary, and cremaster resistance arteries at the mRNA and protein level.
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5.2 Materials and methods

5.2.1 RNAscope

RNAscope was used to detect and quantify Hcn channel (Hcn1-4) mRNA expression in
mesenteric, coronary, and cremaster arteries, as described in Section 2.7. Arteries were fixed
whilst isometrically stretched on a wire myograph, where they were normalised to a resting
tension equivalent to that generated at 90% of the diameter of the artery at 70 mmHg
(mesenteric) or 80 mmHg (cremaster and coronary). Arteries were imaged as described in
Section 2.7.2. The method used to determine the nuclear: cytoplasmic localisation of mMRNA

transcripts is detailed in Section 2.7.3.

5.2.2 Immunohistochemistry

Immunohistochemistry was used to detect protein-level expression of HCN channels in wire
myograph-fixed mesenteric, cremaster and coronary arteries (see Section 2.6). Sections of
SAN were used as positive controls to test antibody specificity. Following dissection, SAN
tissue was fixed and stained in the same way as arteries. The following antibodies were used

to label HCN channels:

Target protein Primary antibody Immunogen

e Alomone APC-056

HCN1 e Polyclonal Amino acid residues .6-24 of rat
e Raised in rabbit HCN1, N-terminus
o 4.25 pug/mL
e Alomone APC-030

HCN2 e Polyclonal Amino acid residues 147.-161 of
e Raised in rabbit human HCN2, N-terminus
e 4 ug/mL
e Invitrogen PA5-104434

HCN3 e Polyclonal Amino acid residues 720_—770 of
e Raised in rabbit human HCN3, C-terminus
e 5 pug/mL

HCN4 ¢ Sigma SAB5200035 Amino acid residues 1019-1 198
e Monoclonal of rat HCN4, C-terminus
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e Raised in mouse
e 5 pug/mL

For HCN 1-3 channels, the same secondary antibody was used, which was a polyclonal anti-
rabbit IgG antibody raised in goat and conjugated to Alexa Fluor 633 (2 pg/mL; A21070,
Invitrogen; excitation wavelength = 630 nm, emitted light detected at = 650 nm). For HCN4
channels, the secondary antibody was a polyclonal anti-mouse IgG antibody raised in goat
and conjugated to Alexa Fluor 633 (2 ug/mL; A11030, Invitrogen; excitation wavelength = 560

nm, emitted light detected at 2 570 nm). Arteries were imaged as described in Section 2.6.3.

For immunofluorescence analysis, distinct punctate fluorescent signal was considered
positive staining, whereas diffuse areas of weaker fluorescence were excluded as potential

imaging artefacts or non-specific binding.
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5.3 Results

5.3.1 Rat mesenteric, coronary, and cremaster arteries express Hcn mRNA

To better understand the expression profile of HCN channels in resistance arteries, RNAscope
was used to detect mRNA transcripts in ECs and VSMCs of small mesenteric, coronary, and

cremaster arteries following fixation in a wire myograph.

Hcn mRNA transcripts were detected in ECs of RMAs (Figures 5.3.1 — 5.3.4), RCos (Figures
5.3.5 - 5.3.8) and rat cremaster arteries (RCres; Figures 5.3.9 — 5.3.12). Hcn2 was the most
highly expressed transcript in mesenteric ECs (34.15 £ 5.51 molecules per cell; P < 0.0001 vs
negative control; n = 3 rats; Figure 5.3.2 A and C), followed by Hcn1 (22.61 £ 0.13 molecules
per cell; n = 2; Figure 5.3.1 A and C), Hcn3 (11.41 + 5.27 molecules per cell; P = 0.0252 vs
negative control; n = 3; Figure 5.3.3 A and C), and Hcn4 (10.47 + 3.46 molecules per cell; P
= 0.0085 vs negative control; n = 3; Figure 5.3.4 A and C). In coronary ECs, the most highly
expressed transcript was Hcn3 (18.85 + 2.56 molecules per cell; P = 0.0003 vs negative
control; n = 3; Figure 5.3.7 A and C), followed by Hcn4 (14.82 + 1.43 molecules per cell; P <
0.0001 vs negative control; n = 3; Figure 5.3.8 A and C) and Hcn2 (4.27 + 0.62 molecules
per cell; P = 0.0008 vs negative control; n = 3; Figure 5.3.6 A and C). Hcn1 expression was
not detected above background levels in RCo ECs (0.72 £ 0.38 molecules per cell; P = 0.0865
vs negative control; n = 3; Figure 5.3.5 A and C). Finally, in cremaster ECs, Hcn4 was the
most highly expressed transcript (47.21 + 20.64 molecules per cell; P = 0.0176 vs negative
control; n = 3; Figure 5.3.12 A and C), followed by Hcn3 (36.50 + 12.31 molecules per cell; P
= 0.0074 vs negative control; n = 3; Figure 5.3.11 A and C), then Hcn2 (5.12 £ 1.78 molecules
per cell; P =0.0140 vs negative control; n = 3; Figure 5.3.10 A and C). Again, Hcn1 expression
was not detected above background levels in RCre ECs (2.26 + 1.00 molecules per cell; P =

0.0691 vs negative control; n = 3; Figure 5.3.9 A and C).
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Similarly, Hcn mRNA transcripts were also detected in VSMCs of mesenteric, coronary and
cremaster arteries. Hcn1 was the most highly expressed transcript in RMAs (22.07 £ 7.32
molecules per cell; P = 0.0067 vs negative control; n = 3; Figure 5.3.1 B and C), followed by
Hcn2 (13.15 £ 2.11 molecules per cell; P = 0.0005 vs negative control; n = 3; Figure 5.3.2 B
and C), Hcn3 (12.88 + 3.82 molecules per cell; P = 0.0046 vs negative control; n = 3; Figure
5.3.3 B and C), then Hcn4 (9.81 £ 1.96 molecules per cell; P = 0.0011 vs negative control; n
= 3; Figure 5.3.4 B and C). In RCo VSMCs, Hcn3 was the most highly expressed transcript
(24.34 £ 0.48 molecules per cell; P = 0.0005 vs negative control; n = 3; Figure 5.3.7 B and
C), followed by Hcn4 (21.01 £ 3.57 molecules per cell; P = 0.0005 vs negative control; n = 3;
Figure 5.3.8 B and C) then Hcn2 (4.95 + 1.75 molecules per cell; n = 0.0099 vs negative
control; n = 3; Figure 5.3.6 B and C). Hcn1 expression was not detected above background
levels (2.74 + 1.89 molecules per cell; P = 0.0865 vs negative control; n = 3; Figure 5.3.5 B
and C). The relative abundance of mRNA corresponding to each HCN isoform in cremaster
VSMCs was opposite to that in mesenteric VSMCs. In RCre VSMCs, Hcn4 was the most
highly expressed (18.69 + 5.59 molecules per cell; P = 0.0047 vs negative control; n = 3;
Figure 5.3.12 B and C), followed by Hcn3 (10.97 + 5.29 molecules per cell; P = 0.0248 vs
negative control; Figure 5.3.11 B and C). mRNA corresponding to both Hcn2 and Hen1 was
present at low levels in RCre VSMCs (2.47 + 1.27 and 1.25 + 0.56 molecules per cell,
respectively, P = 0.0406 and P = 0.0415 vs negative control, respectively; Figures 5.3.10 B

and C and 5.3.9 B and C). A summary of this RNAscope data is provided in Figure 5.3.13.

Further analysis of the RNAscope data was carried out to determine whether there were any
differences in the sub-cellular localisation of the mRNA transcripts. In RMA ECs, Hcn2
transcripts localised more extensively in the nucleus than the cytoplasm (~3.5-fold difference,
14.09 * 3.18 nuclear mRNA molecules per cell compared to 4.39 + 0.48 in the cytoplasm; P
=0.0110; n = 3; Figure 5.3.2 D). In RCos, Hcn3 transcripts were differentially localised in both

ECs and VSMCs. In ECs, there was ~3 times more mRNA in the cytoplasm than the nucleus
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(15.80 + 1.19 cytoplasmic mRNA molecules per cell compared to 5.93 in the nucleus; P =
0.0003; n = 3; Figure 5.3.7 D). Similarly, in VSMCs, there was ~6 times more mRNA in the
cytoplasm than the nucleus (19.37 + 0.48 cytoplasmic mRNA molecules per cell compared to
3.32 £ 0.98 in the nucleus; P < 0.0001; n = 3; Figure 5.3.7 E). Finally, in RCres, Hcn2 mRNA
was localised more to the nucleus in ECs (5.85 + 1.97 nuclear mRNA molecules per cell
compared to 1.67 £ 0.59 in the cytoplasm; P = 0.0244; n = 3; Figure 5.3.10 D). In the same
arteries, Hcn3 mRNA was also distributed unevenly across ECs and VSMCs. In ECs, there
was significantly more mRNA in the nucleus (over 5-fold difference, 36.42 + 4.38 nuclear
MRNA molecules per cell compared to 7.43 + 2.62 in the cytoplasm; P = 0.0006; n = 3; Figure
5.3.11 D). In VSMCs, the cytoplasm contained ~3 times more mRNA than the nucleus (5.87
1 0.91 cytoplasmic molecules per cell compared to 1.73 + 0.25 in the nucleus; P = 0.0016; n
= 3; Figure 5.3.11 E). All other Hcn transcripts studied were evenly distributed across both
cellular compartments of ECs and VSMCs. A summary of this RNAscope data is provided in

Figure 5.3.14.
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Figure 5.3.1. Expression of Hcn1 mRNA by rat mesenteric arteries (RMAs). RNAscope
was used to determine Hcn1 expression (yellow) by endothelial cells (ECs, A) and vascular
smooth muscle cells (VSMCs, B) of wire-myograph mounted mesenteric arteries. Ppib (red)
was used as a positive control. (C) Quantification of Hcn1, expressed as molecules per cell
and compared against the negative control. Data are means + SEM; n = 2-3 rats. **P = 0.0067
vs VSMC negative control using unpaired student’s t test. (D) Localisation of Hcn1 and Ppib
transcripts in ECs. Data are means of 3 cells per artery + SEM; n = 2- 3 rats. P = 0.5562 for
Ppib nuclear vs cytoplasmic localisation using unpaired student’s t test. (E) Localisation of
Hcn1 and Ppib transcripts in VSMCs. Data are means of 3 cells per artery + SEM, n = 3 rats.
P = 0.5334 for Hen1 nuclear vs cytoplasmic localisation and P = 0.5126 for Ppib nuclear vs

cytoplasmic localisation, using unpaired student’s t test.
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Figure 5.3.2. Expression of Hcn2 mRNA by rat mesenteric arteries (RMAs). RNAscope
was used to determine Hcn2 expression (yellow) by endothelial cells (ECs, A) and vascular
smooth muscle cells (VSMCs, B) of wire-myograph mounted mesenteric arteries. Ppib (red)
was used as a positive control. (C) Quantification of Hcn2, expressed as molecules per cell
and compared against the negative control. Data are means £ SEM; n = 3. ***P < 0.0001 vs
EC negative control and ***P = 0.0005 vs VMSC negative control, using unpaired student’s t
test. (D) Localisation of Hcn2 and Ppib transcripts in ECs. Data are means of 3 cells per artery
+ SEM; n = 3 rats. *P = 0.0110 for Hcn2 nuclear vs cytoplasmic localisation and P = 0.5562
for Ppib nuclear vs cytoplasmic localisation, using unpaired student’s t test. (E) Localisation
of Hen2 and Ppib transcripts in VSMCs. Data are means of 3 cells per artery + SEM, n = 3
rats. P = 0.1000 for Hcn2 nuclear vs cytoplasmic localisation and P = 0.5126 for Ppib nuclear
vs cytoplasmic localisation, using Mann-Whitney U test and unpaired student’s t test,

respectively.
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Figure 5.3.3. Expression of Hcn3 mRNA by rat mesenteric arteries (RMAs). RNAscope
was used to determine Hcn3 expression (yellow) by endothelial cells (ECs, A) and vascular
smooth muscle cells (VSMCs, B) of wire-myograph mounted mesenteric arteries. Ppib (red)
was used as a positive control. (C) Quantification of Hcn3, expressed as molecules per cell
and compared against the negative control. Data are means + SEM; n = 3. *P = 0.0252 vs
EC negative control and **P = 0.0046 vs VMSC negative control, using unpaired student’s t
test. (D) Localisation of Hcn3 and Ppib transcripts in ECs. Data are means of 3 cells per artery
+ SEM; n = 3 rats. P = 0.2862 for Hcn3 nuclear vs cytoplasmic localisation and P = 0.5562
for Ppib nuclear vs cytoplasmic localisation, using unpaired student’s t test. (E) Localisation
of Hen3 and Ppib transcripts in VSMCs. Data are means of 3 cells per artery + SEM, n = 3
rats. P = 0.7229 for Hcn3 nuclear vs cytoplasmic localisation and P = 0.5126 for Ppib nuclear

vs cytoplasmic localisation, using unpaired student’s t test.
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Figure 5.3.4. Expression of Hcn4 mRNA by rat mesenteric arteries (RMAs). RNAscope
was used to determine Hcn4 expression (yellow) by endothelial cells (ECs, A) and vascular
smooth muscle cells (VSMCs, B) of wire-myograph mounted mesenteric arteries. Ppib (red)
was used as a positive control. (C) Quantification of Hcn4, expressed as molecules per cell
and compared against the negative control. Data are means = SEM; n = 3. **P = 0.0085 vs
EC negative control and **P = 0.0011 vs VMSC negative control, using unpaired student’s t
test. (D) Localisation of Hcn4 and Ppib transcripts in ECs. Data are means of 3 cells per artery
+ SEM; n = 3 rats. P = 0.7664 for Hcn4 nuclear vs cytoplasmic localisation and P = 0.5562
for Ppib nuclear vs cytoplasmic localisation, using unpaired student’s t test. (E) Localisation
of Hen4 and Ppib transcripts in VSMCs. Data are means of 3 cells per artery + SEM, n = 3
rats. P = 0.9916 for Hcn4 nuclear vs cytoplasmic localisation and P = 0.5126 for Ppib nuclear

vs cytoplasmic localisation, using unpaired student’s t test.
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Figure 5.3.5. Expression of Hcn1T mRNA by rat coronary arteries (RCos). RNAscope was
used to determine Hcn1 expression (yellow) by endothelial cells (ECs, A) and vascular
smooth muscle cells (VSMCs, B) of wire-myograph mounted coronary arteries. Ppib (red)
was used as a positive control. (C) Quantification of Hcn1, expressed as molecules per cell
and compared against the negative control. Data are means £+ SEM; n = 3. P = 0.0865 vs
VSMC negative control using unpaired student’s t test. (D) Localisation of Hcn1 and Ppib
transcripts in ECs. Data are means of 3 cells per artery + SEM; n = 3 rats. P = 0.7928 for
Hcn1 nuclear vs cytoplasmic localisation and *P = 0.0332 for Ppib nuclear vs cytoplasmic
localisation, using unpaired student’s t test. (E) Localisation of Hcn1 and Ppib transcripts in
VSMCs. Data are means of 3 cells per artery £ SEM, n = 3 rats. P = 0.0674 for Hcn1 nuclear
vs cytoplasmic localisation and P = 0.2021 for Ppib nuclear vs cytoplasmic localisation, using

unpaired student’s t test.
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Figure 5.3.6. Expression of Hcn2 mRNA by rat coronary arteries (RCos). RNAscope was
used to determine Hcn2 expression (yellow) by endothelial cells (ECs, A) and vascular
smooth muscle cells (VSMCs, B) of wire-myograph mounted coronary arteries. Ppib (red)
was used as a positive control. (C) Quantification of Hcn2, expressed as molecules per cell
and compared against the negative control. Data are means £ SEM; n = 3. ***P = 0.0008 vs
EC negative control and **P = 0.0099 vs VMSC negative control, using unpaired student’s t
test. (D) Localisation of Hcn2 and Ppib transcripts in ECs. Data are means of 3 cells per artery
+ SEM; n = 3 rats. P = 0.7928 for Hcn2 nuclear vs cytoplasmic localisation and *P = 0.0332
for Ppib nuclear vs cytoplasmic localisation, using unpaired student’s t test. (E) Localisation
of Hen2 and Ppib transcripts in VSMCs. Data are means of 3 cells per artery + SEM, n = 3
rats. P = 0.8862 for Hcn2 nuclear vs cytoplasmic localisation and P = 0.2021 for Ppib nuclear

vs cytoplasmic localisation, using unpaired student’s t test.
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Figure 5.3.7. Expression of Hcn3 mRNA by rat coronary arteries (RCos). RNAscope was
used to determine Hcn3 expression (yellow) by endothelial cells (ECs, A) and vascular
smooth muscle cells (VSMCs, B) of wire-myograph mounted coronary arteries. Ppib (red)
was used as a positive control. (C) Quantification of Hcn3, expressed as molecules per cell
and compared against the negative control. Data are means £ SEM; n = 3. ***P = 0.0003 vs
EC negative control and ***P = 0.0005 vs VMSC negative control, using unpaired student’s t
test. (D) Localisation of Hcn3 and Ppib transcripts in ECs. Data are means of 3 cells per artery
+ SEM; n = 3 rats. ***P = 0.0003 for Hcn3 nuclear vs cytoplasmic localisation and *P = 0.0332
for Ppib nuclear vs cytoplasmic localisation, using unpaired student’s t test. (E) Localisation
of Hen3 and Ppib transcripts in VSMCs. Data are means of 3 cells per artery + SEM, n = 3
rats. ****P < 0.0001 for Hcn3 nuclear vs cytoplasmic localisation and P = 0.2021 for Ppib

nuclear vs cytoplasmic localisation, using unpaired student’s t test.
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Figure 5.3.8. Expression of Hcn4 mRNA by rat coronary arteries (RCos). RNAscope was
used to determine Hcn4 expression (yellow) by endothelial cells (ECs, A) and vascular
smooth muscle cells (VSMCs, B) of wire-myograph mounted coronary arteries. Ppib (red)
was used as a positive control. (C) Quantification of Hcn4, expressed as molecules per cell
and compared against the negative control. Data are means £ SEM; n = 3. ***P < 0.0001 vs
EC negative control and ***P = 0.0005 vs VMSC negative control, using unpaired student’s t
test. (D) Localisation of Hcn4 and Ppib transcripts in ECs. Data are means of 3 cells per artery
+ SEM; n = 3 rats. P = 0.1151 for Hcn4 nuclear vs cytoplasmic localisation and *P = 0.0332
for Ppib nuclear vs cytoplasmic localisation, using unpaired student’s t test. (E) Localisation
of Hen4 and Ppib transcripts in VSMCs. Data are means of 3 cells per artery + SEM, n = 3
rats. P = 0.4812 for Hcn4 nuclear vs cytoplasmic localisation and P = 0.2021 for Ppib nuclear

vs cytoplasmic localisation, using unpaired student’s t test.

207



Nuclei Henl RCre ECs RCre ECs

Nuclei) Henl . _BCre VMSCs _ RCre VMSCs

5

- =
"~

C 49 Hen1 D 209 . 4w

® Negative control ® Ppib

w
1

RNA molecules per cell
N
1
RNA molecules per EC
) v
1 1
o | oo

1
w
1

ot
=

T T T T
ECs VSMCs Nucleus Cytoplasm

E
15 Hcenl
® Ppib [ ]
g }
3
<10 Il
]
a
w
K ®
3 *
QL
o
£ 59
z
Z .
0 T I
Nucleus Cytoplasm

208



Figure 5.3.9. Expression of Hcn1 mRNA by rat cremaster arteries (RCres). RNAscope
was used to determine Hcn1 expression (yellow) by endothelial cells (ECs, A) and vascular
smooth muscle cells (VSMCs, B) of wire-myograph mounted cremaster arteries. Ppib (red)
was used as a positive control. (C) Quantification of Hcn1, expressed as molecules per cell
and compared against the negative control. Data are means + SEM; n=3. P =0.0691 vs EC
negative control and *P = 0.0415 vs VMSC negative control, using unpaired student’s t test.
(D) Localisation of Hcn1 and Ppib transcripts in ECs. Data are means of 3 cells per artery +
SEM; n = 3 rats. P = 0.6990 for Hecn1 nuclear vs cytoplasmic localisation and *P = 0.0135 for
Ppib nuclear vs cytoplasmic localisation, using unpaired student’s t test. (E) Localisation of
Hcn1 and Ppib transcripts in VSMCs. Data are means of 3 cells per artery + SEM, n = 3 rats.
P =0.2000 for Hen1 nuclear vs cytoplasmic localisation and P = *0.0137 for Ppib nuclear vs
cytoplasmic localisation, using Mann-Whitney U test and unpaired student's t test,

respectively.
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Figure 5.3.10. Expression of Hcn2 mRNA by rat cremaster arteries (RCres). RNAscope
was used to determine Hcn2 expression (yellow) by endothelial cells (ECs, A) and vascular
smooth muscle cells (VSMCs, B) of wire-myograph mounted cremaster arteries. Ppib (red)
was used as a positive control. (C) Quantification of Hcn2, expressed as molecules per cell
and compared against the negative control. Data are means + SEM; n = 3. *P = 0.0140 vs
EC negative control and *P = 0.0406 vs VMSC negative control, using unpaired student’s t
test. (D) Localisation of Hcn2 and Ppib transcripts in ECs. Data are means of 3 cells per artery
+ SEM; n = 3 rats. *P = 0.0244 for Hcn2 nuclear vs cytoplasmic localisation and *P = 0.0135
for Ppib nuclear vs cytoplasmic localisation, using unpaired student’s t test. (E) Localisation
of Hen2 and Ppib transcripts in VSMCs. Data are means of 3 cells per artery + SEM, n = 3
rats. P =0.1101 for Hen2 nuclear vs cytoplasmic localisation and P = *0.0137 for Ppib nuclear

vs cytoplasmic localisation, using unpaired student’s t test.

211



RNA molecules per cell

RNA molecules per VSMC

RCre VSMCs

60— D 50+
% Hcn3 S’ Hen3
@ Negative control ® Ppib
40
V]
w
40 5
230
[}
=
v
* S
£ 207 [
20 <
pd
o *
104 °
0 o=t r-o-o-o 0 T T
ECs VSMCs Nucleus Cytoplasm
157 Hen3
® Ppib g
T
°
*
51 *%
.
0 T T
Nucleus Cytoplasm



Figure 5.3.11. Expression of Hcn3 mRNA by rat cremaster arteries (RCres). RNAscope
was used to determine Hcn3 expression (yellow) by endothelial cells (ECs, A) and vascular
smooth muscle cells (VSMCs, B) of wire-myograph mounted cremaster arteries. Ppib (red)
was used as a positive control. (C) Quantification of Hcn3, expressed as molecules per cell
and compared against the negative control. Data are means + SEM; n = 3. **P = 0.0074 vs
EC negative control and *P = 0.0248 vs VMSC negative control, using unpaired student’s t
test. (D) Localisation of Hcn3 and Ppib transcripts in ECs. Data are means of 3 cells per artery
+ SEM; n = 3 rats. ***P = 0.0006 for Hcn3 nuclear vs cytoplasmic localisation and *P = 0.0135
for Ppib nuclear vs cytoplasmic localisation, using unpaired student’s t test. (E) Localisation
of Hen3 and Ppib transcripts in VSMCs. Data are means of 3 cells per artery + SEM, n = 3
rats. **P = 0.0016 for Hcn3 nuclear vs cytoplasmic localisation and P = *0.0137 for Ppib

nuclear vs cytoplasmic localisation, using unpaired student’s t test.
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Figure 5.3.12. Expression of Hcn4 mRNA by rat cremaster arteries (RCres). RNAscope
was used to determine Hcn4 expression (yellow) by endothelial cells (ECs, A) and vascular
smooth muscle cells (VSMCs, B) of wire-myograph mounted cremaster arteries. Ppib (red)
was used as a positive control. (C) Quantification of Hcn4, expressed as molecules per cell
and compared against the negative control. Data are means + SEM; n = 3. *P = 0.0176 vs
EC negative control and **P = 0.0047 vs VMSC negative control, using unpaired student’s t
test. (D) Localisation of Hcn4 and Ppib transcripts in ECs. Data are means of 3 cells per artery
+ SEM; n = 3 rats. P = 0.2188 for Hcn4 nuclear vs cytoplasmic localisation and *P = 0.0135
for Ppib nuclear vs cytoplasmic localisation, using unpaired student’s t test. (E) Localisation
of Hen4 and Ppib transcripts in VSMCs. Data are means of 3 cells per artery + SEM, n = 3
rats. P = 0.0565 for Hcn4 nuclear vs cytoplasmic localisation and P = *0.0137 for Ppib nuclear

vs cytoplasmic localisation, using unpaired student’s t test.
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Figure 5.3.13. Quantification of hyperpolarization-activated cyclic nucleotide-gated
(HCN) channel mRNA. Quantification of Hcn mRNA in endothelial cells (ECs) and vascular
smooth muscle cells (VSMCs) of rat mesenteric arteries (RMAs, A), coronary arteries (RCos,
B), and cremaster arteries (RCres, C). To generate negative controls, the RNAscope protocol

was carried out minus the addition of target RNA probes. Data are means + SEM; n = 3 for

each. For RCo ECs, ****P < 0.0001 vs Hcn3 and Hcn4, %P < 0.0001 vs Hcn3, and *P =0.0002

vs Hcn4, using ordinary one-way ANOVA with Bonferroni’s correction. For RCo VSMCs, ****P

< 0.0001 vs Hen3 and Hen4, §P < 0.0001 vs Hen3, and #P = 0.0001 vs Hcn4, using ordinary
one-way ANOVA with Bonferroni’s correction. For RCre ECs, *P =0.0110 and 0.0162 vs Hcn1
and Hcn2, respectively, using ordinary one-way ANOVA with Bonferroni’'s correction. For
RCre VSMCs, **P = 0.0036 and 0.0057 vs Hcn1 and Hcn2, respectively, using ordinary one-
way ANOVA with Bonferroni’s correction. Statistical comparisons of each transcript against

the negative control are included in previous figures.
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Figure 5.3.14. Localisation of hyperpolarization-activated cyclic nucleotide-gated
(HCN) channel mRNA. Ratio of nuclear to cytoplasmic localisation of Hcn and Ppib mRNA
transcripts in endothelial cells (ECs) and vascular smooth muscle cells (VSMCs) of rat
mesenteric (RMA, A), coronary (RCo, B), and cremaster arteries (RCre, C). The grey dashed
line at a ratio of 1 indicates equally distributed RNA expression across the nucleus and
cytoplasm. For each artery, the average number of RNA molecules in the nucleus and
cytoplasm was determined from 3 cells, and this was repeated for 3 separate arteries (n = 3
rats). Data are means + SEM. For RMAs and RCos, no statistically significant differences
were detected using ordinary one-way ANOVA with Bonferroni’s correction. For RCre ECs,
**P =0.0088 vs Hcn2, #P = 0.0002 vs Hen3, ***P = 0.0008 vs Ppib, SP = 0.0029 vs Hcn4, and
****P < 0.0001 vs Hcn4 and Ppib, using ordinary one-way ANOVA with Bonferroni’s

correction.
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5.3.2 Rat mesenteric, coronary, and cremaster arteries express HCN channel protein

Next, immunohistochemistry was used to label HCN channel proteins in wire-fixed RMAs
(Figure 5.3.15), RCos (Figure 5.3.16), and RCres (Figure 5.3.17). To test the specificity of
the antibodies, they were first validated using rat SAN tissue as a positive control (Figure
5.3.18). In this positive control, all 4 HCN channel isoforms were detected using specific
antibodies. While this differs slightly from a previous report which detected HCN2 and HCN4
(but not HCN1 or HCN3) using western blotting in rat SAN (Huang et al., 2016), the additional
detection of HCN1 and HNC3 channels in the present study may reflect the increased
sensitivity of immunohistochemical analysis compared to western blotting. Negative controls
indicate that the primary antibodies used in this immunohistochemistry protocol were specific

to their respective targets (Figure 5.3.19).

For all 3 artery types, HCN channels were present in the endothelium but not the smooth
muscle layer. In RMAs, there was punctate labelling of all 4 HCN channel isoforms in ECs,
which was distributed evenly across the cells (Figure 5.3.15). HCN1 and HCN2 were more
highly expressed than HCN3 and HCN4, where only a few puncta were visible. In RCos, only
HCN1, HCNZ2, and HCN3 channels were detected in the endothelium (Figure 5.3.16). HCN1
channels were the most highly expressed, followed by HCN2 then HCN3. Finally, in RCres,
punctate labelling for all 4 HCN channel isoforms was present in ECs, with HCN4 channels

being the most highly expressed, followed by HCN1, HCN3 and then HCN2 (Figure 5.3.17)
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Figure 5.3.15. Expression of hyperpolarization-activated cyclic nucleotide-gated (HCN)
channel proteins by rat mesenteric arteries (RMAs). Immunohistochemistry was used to
determine expression of HCN1 (A), HCN2 (B), HCN3 (C), and HCN4 (D) by endothelial cells
(ECs) and vascular smooth muscle cells (VSMCs), shown in yellow, in wire-myograph
mounted mesenteric arteries. For all 4 channels, punctate expression was visible in the
endothelium, with selected puncta indicated using white arrow heads. There was no HCN

expression in VSMCs. Images are representative of n = 3 rats.
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Figure 5.3.16. Expression of hyperpolarization-activated cyclic nucleotide-gated (HCN)
channel proteins by rat coronary arteries (RCos). Immunohistochemistry was used to
determine expression of HCN1 (A), HCN2 (B), HCN3 (C), and HCN4 (D) by endothelial cells
(ECs) and vascular smooth muscle cells (VSMCs), shown in yellow, in wire-myograph
mounted coronary arteries. For HCN1-3, punctate expression was visible in the endothelium,
with selected puncta indicated using white arrow heads. There was no HCN4 expression in
the endothelium, and no HCN isoforms were present in VSMCs. Images are representative of

n = 3 rats.
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Figure 5.3.17. Expression of hyperpolarization-activated cyclic nucleotide-gated (HCN)
channel proteins by rat cremaster arteries (RCres). Immunohistochemistry was used to
determine expression of HCN1 (A), HCN2 (B), HCN3 (C), and HCN4 (D) by endothelial cells
(ECs) and vascular smooth muscle cells (VSMCs), shown in yellow, in wire-myograph
mounted mesenteric arteries. For all 4 channels, punctate expression was visible in the
endothelium, with selected puncta indicated using white arrow heads. Labelling artefacts are
indicated using red arrowheads. There was no HCN expression in VSMCs. Images are

representative of n = 3 rats.
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Figure 5.3.18. Expression of hyperpolarization-activated cyclic nucleotide-gated (HCN)
channel proteins in rat sinoatrial node (SAN). The SAN was used as a positive control due
to previous reports of HCN channel expression in this tissue. For all four channels, punctate

expression was visible throughout the tissue (yellow). Images are representative of n = 3 rats.
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Figure 5.3.19. Negative controls of hyperpolarization-activated cyclic nucleotide-gated
(HCN) channel immunolabelling in endothelial cells (ECs) and vascular smooth muscle
cells (VSMCs) of rat mesenteric arteries (RMAs). Primary antibodies were omitted from the
immunohistochemistry protocol, and only the secondary antibodies (AlexaFluor™ 633 goat

anti-rabbit, A; or AlexaFluor™ 633 goat anti-mouse, B) were applied. Images are

representative of n = 3 rats.
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5.4 Discussion

The current study investigated the expression of HCN channels in rat resistance mesenteric,
coronary, and cremaster arteries, using a combined approach of RNAscope and
immunohistochemistry. For the first time, HCN channels were identified in the endothelium of
these arteries at both mRNA (Figures 5.3.1 - 5.3.13) and protein levels (Figures 5.3.15 —
5.3.17), a finding which supports the hypothesis that HCN channels are involved in the

propagation of conducted vasodilation.

Whilst HCN mRNA was largely consistent with protein expression in the endothelium, there
were discrepancies in VSMCs. mRNA transcripts encoding all 4 HCN channels were present
in VSMCs of mesenteric and cremaster arteries, and transcripts encoding HCN2-4 were
present in VSMCs from coronary arteries. Immunohistochemical analysis revealed that no
HCN channels were present in VSMCs at the protein level in any of the artery types, indicating
that the mRNA detected using RNAscope was not translated in these cells. This could be a
result of VSMC-specific post-transcriptional regulation, such as miRNA-mediated suppression
of Hecn mRNA translation, or rapid degradation of HCN channels due to proteolysis
mechanisms. It could also be that the antibodies used to label HCN channels detected
different splice variants than the ones expressed by these arteries, although the existence of
HCN splice variants has yet to be reported. Alternatively, the disparity could reflect the differing
sensitivities of the two methods used to assess HCN expression. RNAscope is considered to
be more sensitive than immunohistochemistry as it allows visualisation of single RNA
molecules (Wang et al., 2012), which may explain the detection of mMRNA in the absence of
detectable protein. In any case, these findings underscore the importance of combining
RNAscope with protein detection methods such as immunohistochemistry when investigating
gene expression. While RNAscope offers high sensitivity for RNA detection, it does not
provide information on protein expression, which is crucial for informing our understanding of

the functional relevance of gene transcripts.
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While increases in EC Ca?* following hyperpolarisation induced by K* channel openers have
previously been reported in isolated cells (Luckhoff and Busse, 1990; Langheinrich et al.,
1998), this phenomenon has not yet been demonstrated in intact arteries. Unpublished data
from the Dora/Garland group using rat cremaster arterioles indicates that opening Karp
channels using levcromakalim (3 uM) results in hyperpolarisation and Ca?* influx into ECs at
both the site of stimulation and ~500 um upstream. This increase in EC [Ca?*] was blocked by
ZD 7288 (10 uM), demonstrating that HCN channels may be responsible for Ca?* influx into
hyperpolarised ECs and the propagation of conducted vasodilation (See Figure 1.5.7.2 for
proposed mechanism). Combining the findings of the present investigation with the
unpublished functional data from the Dora/Garland group provides compelling evidence for

HCN channels being key players in coordinating vascular responses along the arterial tree.

This could have implications for both current drug treatments and the development of
treatments in the future. Blocking these channels with ivabradine, which is often prescribed
for heart failure and angina, could result in perturbed EDH and conducted vasodilation.
Ivabradine is effective in the treatment of these disorders due to its negative chronotropic
effects, which reduces myocardial oxygen consumption (Cober et al., 2011). However, if
ivabradine does impair conducted vasodilation, especially of coronary resistance arteries, its
beneficial effects may be limited by its impairment of vasodilation. This will be most apparent
in situations where the heart’s workload is increased, such as during exercise, as coronary
arteries may not dilate sufficiently to provide enough blood flow to match the myocardium’s
demands. Developing a next-generation HCN channel blocker which selectively targets
channels in the SAN and not in ECs would avoid this limitation, likely resulting in enhanced
therapeutic effects. Furthermore, developing drugs which selectively activate vascular HCN
channels may be beneficial in restoring conducted vasodilation responses which have been
impaired. There are currently no dedicated HCN channel activators available for clinical use,
although a few drugs which potentiate HCN currents have been characterised experimentally.

For example, fisetin is a naturally occurring flavonoid found in fruits and vegetables, which
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potentiates HCN2 mediated currents by binding to the CNBD and right-shifting the channel’s
current-voltage curve (Carlson et al., 2013). Further development of this compound, plus other
candidates, may produce a drug which selectively activates vascular HCN channels, thereby

improving EDH and conducted vasodilation.

The role of HCN channels in endothelium-dependent vasodilation may not just be restricted
to sustaining EDH; Ca?* influx through these channels may also stimulate eNOS, resulting in
NO production in hyperpolarised ECs. Studies using arteries from varied vascular beds and
species show that hyperpolarised ECs can produce NO. For example, stimulation of
endothelial muscarinic receptors with ACh results in hyperpolarisation and Ca?*dependent
eNOS activation (Busse et al., 1988; Chen et al., 1988; Cohen et al., 1997). This occurs via
the release of Ca?* from intracellular stores, although it is possible that HCN channels may
contribute to the elevated intracellular [Ca?*], further enhancing NO production. Due to the
limited studies acknowledging the presence of HCN channels in ECs, their potential role in

NO production is poorly understood and requires further investigation.

Interestingly, there is evidence to suggest that a regulatory relationship exists between NO
and HCN channels, demonstrated using cultured rat cerebral ECs (Janigro et al., 1994) and
isolated guinea pig atria (Musialek et al., 1997). These studies found that NO can enhance
HCN channel conductance by elevating levels of cGMP, a cyclic nucleotide known to gate
these channels, especially the HCN2 subtype (Wahl-Schott and Biel, 2009). If HCN channels
do contribute to NO production, this regulatory mechanism could result in a positive-feedback
loop of NO production. The functional significance of this potential mechanism is not
immediately obvious, therefore further investigations should be made into whether it occurs in

intact arteries and its effects on arterial tone.
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5.5. Conclusions

This study provides the first evidence for the expression of HCN channels in resistance
arteries at the mRNA and protein level. Taken together with unpublished data from the
Dora/Garland group, the data presented herein strengthens the hypothesis that endothelial
HCN channels facilitate Ca?* entry into hyperpolarised ECs, which may be important in the

propagation of conducted vasodilation.

This may have important implications for pharmacological interventions, particularly regarding
the use of HCN channel blockers like ivabradine. The potential impact on vascular function
identifies the need for developing more selective HCN channel modulators which can

differentiate between cardiac and vascular tissue.

In conclusion, this study provides new insights into HCN channel expression in resistance

arteries, laying the groundwork for future investigations into their role in vascular physiology.
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6. Summary and Future Directions



6.1 Summary

This thesis advances our understanding of vascular physiology through several key
contributions. First, by developing and validating a protocol for loading intact, pressurised
resistance arteries with DAR-4M AM, a highly sensitivity NO-specific fluorescent indicator.
Chapter 3 marks the first successful validation of DAR-4M AM in a near-physiological artery
preparation, opening up new avenues for NO research. While a different NO dye, Cu2FL2E,
has previously been validated in intact arteries, the present study found it to be ineffective

under the conditions tested.

Next, this research investigated two mechanisms of rat resistance artery vasodilation, one
involving T-type VGCCs, and the other involving HCN channels. The findings in Chapter 4
confirm the absence of functional VGCCs in ECs, and that T-type VGCCs expressed by
VSMCs are enriched at the sites where MEPs make contact. This localisation suggests that
these channels may contribute to EC Ca?* events and the generation of EDH/NO. The
vasodilatory effect of VSMC Cay3.2 channels in rat coronary arteries was also probed in detail,
where they were found to functionally couple with BKca channels to paradoxically oppose
vasoconstriction. This is the first time that a Cay3.2/BKca channel microdomain has been
identified in coronary resistance arteries, which is important as alterations in this channel
interaction could contribute to the coronary microvascular dysfunction often observed in

cardiovascular disorders.

Finally, Chapter 5 provides the first evidence for the endothelial expression of HCN channels
in resistance arteries. This links to unpublished functional data showing that Ca?* influx
through these channels contributes to EC Ca?* events and possibly conducted vasodilation.

As the mechanism underpinning the propagation of conducted vasodilation over long
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distances (1-2 mm) is currently unknown, the data presented herein supports the notion that

HCN channels may be important in this process.

6.2 Future directions

6.2.1 Enhancing DAR-4M AM for detecting NO

In Chapter 3, DAR-4M AM was validated for detecting NO released by arteries, where its
response to ACh was measured under control conditions and in the presence of L-NAME.
Initially, the fluorescence response of DAR-4M to ACh was inhibited by L-NAME for up to 60
minutes; however, after this, fluorescence increased to levels similar to those observed under
control conditions, i.e., when L-NAME was absent. This rebound in fluorescence may be
attributed to unexpected effects of L-NAME, such as its incomplete inhibition of eNOS (Cohen
et al., 1997), a gradual reduction its inhibitory capacity of eNOS (Pechanova et al., 2020), or
even its gradual release of NO over time (Liu et al., 2019). Further studies of DAR-4M AM in
intact artery preparations should investigate whether the rebound in fluorescence after 60
minutes persists when using higher concentrations of L-NAME (>100 uM) or alternative eNOS
inhibitors such as asymmetric dimethylarginine (ADMA) or L-thiocitrulline. This will help
determine if the observed effect is due to the accumulation of NO produced by uninhibited
eNOS, or NO originating from L-NAME itself. If these measures do not prevent the increase
in fluorescence evoked by ACh 60 minutes after its application, it may reflect an inherent

limitation of DAR-4M AM in detecting NO over extended periods.

Although this research indicates that DAR-4M AM is effective at detecting NO in intact arteries,
we propose several modifications to enhance its utility for future studies. Currently, DAR-4M
only detects one form of NO, the uncharged free radical (NO-), meaning it does not reflect the

levels of other physiologically-relevant nitrogen species produced by ECs, such as HNO.
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Studies suggest that HNO can be formed endogenously, where it mediates vasodilation via
the sGC/cGMP pathway (Yuill et al., 2011). Therefore, modifying DAR-4M AM so that it detects
both NO+ and HNO would provide a more complete picture of NO signalling in the vasculature,
the extent of which is likely underestimated by the detection of just one nitrogen species alone.
Additionally, modifying DAR-4M AM to reversibly bind NO (and HNO) would be advantageous
as it would enable real-time monitoring of rapid and transient changes in NO levels, offering
insights into the dynamics of NO signalling that are currently difficult to capture. It would also
allow repeated measurements within the same artery preparation, maximising data collection
from these technically challenging experimental set ups and reducing the number of animals
required for research. Reducing the extent to which DAR-4M AM binds to elastin is also

desirable, as this binding might interfere with its ability to report NO levels.

Finally, we propose developing an advanced protocol for using DAR-4M AM in pressurised
arteries which eliminates the need for nifedipine to prevent movement artefacts. This would
provide important insights into basal NO release in arteries with myogenic tone or during
vasoconstriction. To minimise movement artefacts due to changes in artery diameter,
midplane imaging through a section of the artery wall could be utilised. This configuration is
more tolerant for movement in the Z-axis, and would allow ECs, VSMCs, and the lumen to be
visualised at once. As midplane imaging requires deeper laser penetration into the tissue,
multiphoton microscopy may be required, instead of the single-photon confocal microscopy
used in the present study. Adapting the current protocol to incorporate midplane multiphoton
microscopy may require additional optimisation, such as adjusting dye loading times and laser

power, and will need to be validated against our current method.

6.2.2 Investigating voltage-gated calcium channel expression in endothelial cells

Chapter 4 found that mRNA for T-type (Cav3.1, 3.2, and 3.3) and L-type (Cav1.2) channels

was present in ECs of mesenteric and coronary arteries, with Cacna7c mRNA (Cay1.2) being
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the most abundantly expressed. Cacnac transcripts were mostly restricted to EC nuclei,
suggesting a mechanism might exist where they are released into the cytoplasm under
specific pathological conditions, such as hypoxia or oxidative stress, to facilitate protein
translation. This unidentified mechanism may explain the observations of L-type /¢4 in cultured,
but not native ECs (Bossu et al., 1989; Wu et al., 2003; Olschewski et al., 2001), which are
often exposed to non-physiological conditions like increased oxidative stress which are
associated with pathological conditions in vivo (Halliwell, 2003). The possible stimuli which
trigger the export and translation of Cacna7c mRNA into Cav1.2 protein should be further
investigated in arteries, as it is possible that functional Cay1.2 channels are expressed by ECs
in certain disease states, altering normal artery function. For example, EC /¢, could be studied
in arteries where oxidative stress has been induced by free-radical generating compounds
such as hydrogen peroxide, or in arteries from genetic animal models with perturbed
antioxidant defence mechanisms such as superoxide dismutase knockouts (Li et al., 1995).
These arteries could also be fixed following experimentation, where RNAscope and

immunohistochemistry could be performed to support the functional data.

6.2.3 Exploring myoendothelial projection dynamics

When investigating the relationship between T-type VGCC expression and MEPs in RMAs,
we found that the two were often aligned. Interestingly, there were a number of holes in the
IEL that did not house a MEP but did show signal for T-type VGCCs, perhaps suggesting that
MEPs were primed to form in these locations. While there is evidence of increased MEPs in
hypertension (Michel et al., 1995), whether they form and retract dynamically under
physiological conditions is less well understood and requires further investigation. This could
involve loading live pressurised arteries with calcein to visualise MEPs and observing their
positioning over time. If MEPs do indeed form and retract dynamically under physiological
conditions, it could be a way of ‘resetting’ modifications to gap junctions which alter their

permeability. Straub et al. showed that S-nitrosylation of Cx43, which comprises heterocellular
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gap junctions in MEPs, increases permeability and promotes vasodilation, whilst
denitrosylation does the opposite (Straub et al., 2011). Additionally, the triggers for MEP
formation, such as local changes in oxygen demand, should be investigated further, which
may lead to the development of treatments which preserve or enhance MEP formation and

thus vasodilation.

6.2.4 Characterising coronary artery sensitivity to nifedipine

When characterising the effects of nifedipine in myogenically-active coronary arteries, we
found that it was extremely potent (ICso of ~600 fM) when compared to arteries from other
vascular beds. The reason for this increased potency should be further investigated, perhaps
starting with a comparison of Cay1.2 protein expression in arteries from a range of vascular
beds and species, including humans. This should be combined with functional studies to
correlate Cay1.2 expression levels with nifedipine sensitivity. Additional studies may also
investigate whether specific Cav1.2 splice variants are preferentially expressed in coronary
arteries. This could be achieved through RT-PCR analysis using primers specific to known
splice variants, or by employing RNA sequencing to comprehensively identify all transcripts,
including novel splice variants. The identification of a coronary artery-specific splice variant
may lead to the development of drugs which specifically target this part of the circulation,
which would be useful in treating patients with non-obstructive coronary artery disease and

vasospastic angina with otherwise normal systemic blood pressure.

6.2.5 Investigating the Cay3.2 channel signalling microdomain

Chapter 4 found that VSMC Cay3.2 channels in coronary arteries functionally couple with BKc,
channels, and their activity in arteries with myogenic tone prevents excess vasoconstriction.
This is the first time that a Cay3.2/BKca channel microdomain has been identified in coronary

resistance arteries, and it mirrors a similar microdomain which has been identified in rat
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cerebral (Harraz et al., 2014a) and mouse mesenteric resistance arteries (Harraz et al., 2015).
We propose that as well as BKca channels, other calcium-activated K* channels are activated
by Cav3.2-mediated Ca?*influx, such as IKca or SKca channels. This is due to fact that addition
of Ni2* in the presence of BKca channel blocker paxilline resulted in further contraction. Further
experiments are required to determine whether IKca/SKca channels are involved in the Cay3.2
microdomain, such as investigating whether Ni?* causes further contraction of coronary
arteries in the combined presence of paxilline with NS 6180/TRAM-34 (IKca channel blockers)
or apamin (SKca channel blocker). Additionally, the role of RyRs in the coronary VSMC
Cav3.2/BKcs signalling microdomain should be probed further. Although we did not determine
whether RyRs were activated by Ca?* influx via Cay3.2 channels, the literature agrees that
RyR-mediated Ca?* sparks are required to activate BKca channels and trigger vasodilation
(Harraz et al., 2014a; Harraz et al., 2015). We could investigate the potential role of RyRs in
the coronary VSMC microdomain by monitoring Ca?* spark frequency in VSMCs; if RyRs are
involved in the signalling microdomain, Ni2* should reduce the frequency of sparks observed.
Finally, measuring STOC frequency in coronary VSMCs would be useful as the effect of Ni2*
on STOCs is inconsistent between vascular beds. Harraz et al. (2014a) reported that Ni?*
decreased STOC frequency in rat cerebral arteries, however, Mullan et al. (2017) found the
opposite in mouse superior epigastric arteries. It therefore appears that Ni*’s effects on STOC
frequency are not universal across species and vascular beds and so should be probed further

in coronary VSMCs.

6.2.6 The role of T-type voltage-gated calcium channels in disease

Surprisingly, no studies have yet been carried out to determine whether T-type VGCCs directly
contribute to the development of cardiovascular disease. Initial experiments should determine
whether arterial T-type VGCC expression and function changes in cardiovascular disease
models such as hypertension, atherosclerosis, or diabetes. It has already been established

that RyRs uncouple from BKc, channels in hypertension (Amberg et al., 2003), but little is
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known about whether changes also occur between Cayv3.2/RyR coupling. Evidence shows
that Ca?* spark frequency is decreased at high intraluminal pressures (80 mmHg) in
mesenteric arteries from mice with obesity-induced hypertension, compared to controls
(Greenstein et al., 2020). There was no change in Ca?* spark frequency in arteries from
hypertensive mice when observed at low intraluminal pressure (20 mmHg). This suggests that
the increased activation of RyRs relies on a voltage-dependent mechanism, perhaps involving
Cav3.2 channels, which might be lost in hypertension. A loss of Cay3.2 channel input, either
through reduced expression of uncoupling from RyRs, is more likely to be responsible for the
depressed Ca?* spark activity in hypertensive arteries than changes in L-type Ica. Although
Ca?* influx through Cay1.2 channels is considered the primary driver of RyR activation (Essin
et al., 2007), evidence suggests that these channels are upregulated in hypertension (Pesic
et al., 2004). This not only brings into the question the importance of Cay1.2 /¢, in activating
RyRs in the signalling microdomain, but also suggests that other VGCCs, such as Cay3.2,

may contribute to arterial dysregulation in hypertension.

6.2.7 The role of HCN channels in conducted vasodilation

In Chapter 5, we demonstrated that HCN channels are expressed in ECs of mesenteric,
coronary, and cremaster arteries, which supports unpublished functional data from the
Dora/Garland group. Taken together, it appears that endothelial HCN channels underpin Ca?*
influx into hyperpolarised ECs in pressurised cremaster arterioles. Although this opens up the
possibility of these channels in propagating conducted vasodilation, further studies are
required to fully support this theory. These experiments could determine if conducted
vasodilation, e.g., triggered by the focal application of ACh or bradykinin, still propagates
upstream in pressurised arteries in the presence of an HCN channel blocker, such as
ivabradine or ZD 7288. Furthermore, demonstrating a role for endothelial HCN channels in

conducted vasodilation in arteries from other vascular beds, including coronary arteries, will
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be important. This is because ivabradine, which is widely used to treat angina and heatrt failure,

may unknowingly impair vasodilation responses, limiting its therapeutic benefits.
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