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Abstract

The endothelium is a complex network of cells that lines the entasculature and

it controls virtually all cardiovascular functions. Changes in the behaviour of
endothelial cells underlglmost all cardiovascular disease. To regulate cardiovascular
function, the endothelium integrates hundreds of signals that providastant
instructions. Signals arrive from as close as neighbouring endothelial cells and
underlying smooth muscle cells to substances circulating from the most remote
outpost of the body. These signals provide endless streams of information that must
be integrated and decoded. How this is achieved is not understdbérefore, the

aim of this thesis is to investigate the mechanisms involved in endothelfal Ca
signalling to muscarinic, purinergic and histaminergativators and how the

endothelium managethese extracellular signals when multiple agonists are present.

Usingen faceartery preparationswe recorded the concurren€&* activity from
hundreds of endothelial cells in intact resistance arteridse results showhat the
endothelium is not a homwgenous population of cells. Insteadpatiallydistinct
endothelial cells are primed to detect specific extracellular signals. These spatially
distinct cells are arranged in clusters and there is minimal overlap in agonist
sensitivity between various cltess. By organising distinct subpopulations of cells to
detect specific extracellular signals, the endothelium is able to carry out multiple,

completely separate, functions in parallel.

In response to each type of extracellular signal, cells generateceltudar messages

that have unique characteristics. When multiple extracellular signals are present
together, messages are communicated across cells and computations carried out to
generate new signals that are a composite of the inputs. These resultesugg
individual endothelial cells communicate with their neighbours and complex
computations are carried out by combining the information from each source to
generate a distinct outputfTheseemergent properties of the endothelium generate

a system in whiclthe whole is not equal to the sum of the individual parts.

Vi



This thesis also describes an inexpensive and flexible pressure myograph system,
VasoTracker, which permits the vascular activity of isolated, pressurized blood
vessels to be monitored. The systé@mludes all components that would be expected
from a commercial pressure myograph system. VasoTracker is an open source system

that makes use of existing hardware and software open source solutions.
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Chapter 1Generalntroduction



1.1 Anatomical Structure of Blood Vessels

It is the function of the vascular system to maintain cellular homeostasis and satisfy
the metabolic demand of each tissue and ord&ittman, 2011)y carrying blood
through a complex netork of blood vessels compridef arteries, capillaries and
veins. This system permits the exchange of nutrients from blood to tissue and
removal of cellular metabolic waste from tissue to blood. The metabolic demand of
tissues is dynamic and varies depending on cell type, locatiod Iacal
environmental factors (pH and temperatur@®eglin and Pries, 2014; Sokoloff and
Kety, 1960) Extrinsic factors such as exercise may also influence the metabolic

demand of tissuéJoyner and Casey, 2015)

In regulating cellular homeostasis, blood vessels (arteries, veins and capillaries) share
somesimilarityin relation to structure and cellular composition. In general, the wall

of arteries and vimscomprisethree distinct layergFigurel.l). The tunica adventitia

is the outermost layer and is largely composed of connective tissue that helps to
protect the vessel and anchor it to surrounding tissue. Timécaumedia is comprised

of smooth muscle cells, that control vessel diameter, and the external elastic lamina
that provides structural support. The tunica intima is the innermost part of the blood
vessels and is composed afkingle layer of endothelial k& andan internal elastic
lamina, that provides flexibility and structure for the endothelial céllennant and
McGeachie, 1990)

1.1.1 Arteries, Capillaries and Veins

Differences in the composition of these layers allow blood vessels to perform diverse
physiological roles. The largest arteries in the baoften found close to the heart

and areNBEFSNNB R (2 I (8hirvadyfahdZaul 20X0Thé tllicS RIS &
of these arteries contains a large number of collagen and elastin filaments which
allow them to stretch during systole. These arteries give rise to smaller muscular
arteries that contain multiple layers of smooth muscle cells that allow for involuntary

control of blood vessel diameter and thus blood flow. Successive branches from



muscular arteries become increasingly seadind eventually become arterioles. The
tunica media of arterioles contains only one or two layers of smooth muscle cells.
Arterioles are a rajor site of vascular resistance and reduce the velocity and pressure

of blood flow toprevent damage t@apillariegHu et al., 2012)

Tunica

media
Tunica Tunica
adventitia intima

rh -

Connective tissue
Endothelium

Smooth muscle '
Internal elastic

lamina

External elastic
lamina

Figurel.1 ¢ Structure of the blood vessel wall

lllustration of the structure of the blbd vessel wall. Blood vessels are composed of three
main layers: 1) the outermost layer is the tunica adventitia, composed predominantly of
collagen and fibroblasts; 2) the middle layer is the tunica media, composed of the external
elastic lamina and smao muscle cells; 3) the innermost layer is the tunica intima, composed
of the internal elastic lamina and a single layer of endothelial cells.

Capillaries differ in the usual structure of blood vessels and are marked by the
complete absence of smooth muedtells and consist of a single layer of endothelial
cells, a basement membrane and pericytes. Capillaries afd+8n in diameter, just
large enough for red blood cells to pass in the lumen, and they form large interwoven
networks(Hudetz, 1997; Kornfield and Newman, 2QI#)ese networks increase the
total surface area of capillaries and it is here that the majority of nutrient and water

exchange occurs by diffusigRopel, 198Q)

There are three main typesf capillaries: continuous, fenestrated and discontinuous.
Continuous capillaries have a tight uninterrupted layer of endothelial cells, allowing

for the controlled passage of small molecules. Fenestrated capillaries, found mostly



at filtration sites, havepores in certain endothelial cells to allow the passage of larger
molecules. Discontinuous capillaries, contain intercellular gaps and a fragmented
basement membrane that facilitate delivery of macromolecules to highly metabolic

cells such as hepatocyt€Sriffin and Gao, 2017)

Upon leaving the capillaries, deoxygenated blood enters the venules. Venules are
comprised of endothelial cells (intimal layer), smooth muscle ¢eléglial layer) and
connective tissue (adventitial layer). However, there are fewer smooth muscle cells
in the medial layer of venules when compared to arterioles. The network of venules
converge to form a vein, where blood is returned to the heart, readybe
recirculated. Compared to arteries, veins have reduced smooth muscle content and
therefore blood is moved through veins by the action of the skeletascle pump.
The directional movement is aided by the action of intraluminal-aag valves that,

when closedprevent the backflow of bloo@Bazigou ad Makinen, 2013)

The two major cellypes present in most blood vessels are smooth muscle cells and

endothelial cells and these are considered in the next two sections.
1.2 Smooth Muscle Cells

Regulation of blood flow and blood pressure throughout the boslyachieved
predominantly by the contraction and relaxation of vascular smooth muscle (vascular
tone). Vascular tone is itself determined by competing vasoconstrictor and
vasodilator influences. These vasoconstrictor and vasodilator mediators can originate
from outside the organ or tissue in which the blood vessel is located (extrinsic) or
originate from surrounding tissue or the vessel itgeifrinsic) Regardless of where

the stimulus originated, smooth muscle cell contraction occurs in response to an

increase in intracellular €aconcentration.

The increase in intracellular €&oncentration triggers contraction by first binding
to calmodulin. Calmodulin is a multifunctional intracellular’*@anding protein.
When C&" is bound, the activated Gacaimodulin complex activates myosin light

chain kinase (MLCK) resulting in phosphorylation of the light chain of myosin



(Kendick-Jones et al., 1970; McCarron et al., 1992; S@arirgyi et al., 1973; Webb,
2003) C&* regulation is vital to the control of smooth muscle contraction and

relaxation and consequently blood vessel tone.

In smooth muscle, intracellular €aoncentrdion is determined by the balance of
influx and efflux of the ion from the extracellular space of*@zlease and uptake
from the internal store. CGa influx occurs through various €aselective and non
selective cation channels dad on the plasma memhbne. Thegating of these
channels may be voltagdependent (e.g. the voltagdependent C& channel) or
independent of voltage (e.g. stomperated C& channels). The major voltage
dependent C# channels (VDCCs) expressed in smooth muscle cellsygre @and L
type (Cav3.2 and Ca) (McDonald et al., 1994)0On depolarisation of the smooth
muscle cell membrane, VDCC are activated and allow influx’tio@a into the cell.
C&*enters cells via the channels at rates of ~0.5 million ions per second to generate
a steep gradient ofC&* concentration which lasts ~1 ms. The resultimgz*
concentrationdeclines from ~1@uM to ~100 nM over a few hundred nanometers

(McCarron et al., 2006)

Voltageindependent C# channels are often ligandated or storeoperated
channels that are activated by the binding of a ligamdéhe channel. An example is

the P2 family of purinergic receptors. On binding of ATP the P2X channels permits
the entry of C& into the cell. Although the P2X receptor is reslective (also
permitting potassium and sodium), the€aoncentration gradient across the plasma
membrane is sch that substantial quantities of €anay enter the cel{Amberg and

Navedo, 2013)

C&*release from the internal store is also a major route fot*@zgulation in smooth
muscle. Release of €afrom the internal store may occur via inoditd,4,5
trisphosphate (IE) receptors (IR) or ryanodine receptors (RyR). The mechanisms of

these receptors will be discussed further in sections below.



Following an increase in €aremoval of the ion from the cytoplasm has an important
role in regulatng vascular tone. Several mechanisms may contribute to the removal
of C&*. The plasma membrane €aATPase (PMCA) and Nze?* exchanger (NCX)
extrude C&" from the cytosol to the extracellular space to lower the internat*Ca
concentration. The sarcoplasc reticular C&# ATPase (SERCA) also reduces
cytoplasmic C& concentration by permitting the uptake of €anto the lumen of

the internal store. Importantly, these mechanisms of>Cmansport do not act
independently of one another. Instead, the aetivon of one pathway can alter the
effects of another. For example, depletion of SR €an alter the plasma membrane
potential and thus Caentry via voltagedependent channel@Chdmers et al., 2007)
Furthermore, C# release from the internastore via IRR and RR may be inhibited

by an increase in cytosolic€aoncentration(Adkins and Taylor, 1999; Taylor, 1998)
1.3 The Endothelium

The endothelium is the innermost layer of cells lining the entire vascular system that
play a central role in reguletg virtually every cardiovascular function. Underlying the
importance of the endothelium in controlling cardiovascular function is that it acts as
a sophisticated sensory and signal processing centre that detects and integrates
multiple cues on physiologal status. This facility of the endothelium permits the cells

to regulate blood perfusion, fluid and solute exchange, haemostasis and coagulation,
inflammatory responses,asculogenesis and angiogene@idichel, 2004; Mufioz

Chépuli et al., 2004; Tang and Conti, 2004; Yau et al.,.2015)

Underlying the control bmany of these functions is the endotheliums ability to
detect and respond to hundreds of different stimuli. The endothelium receives and
integrates information from hormones, neurotransmitters, endothelial cells,
pericytes, smooth muscle cells, varioukbdd cells, viral or bacterial infection,
proinflammatory cytokines, and oxygen tensigiBhattacharya et al., 2008;
Buonassisi and Venter, 1976; Duckles and Miller, 2010; Garland et al., 2017; Keller et
al., 2003; Kusuma et al., 2014; Om=at al., 2000) The endothelium is also sensitive



to several types of mechanical signals such as those derived from blood pressure and

the flow of blood(Bagher et al., 2012; Wilson et al., 2015, 2016a)
1.4 Ca&*Signalling in Endothelial Cells

Although the endotheliumcontrols a myriad of functions, central to the
communication relay system within endothelial cells, for many physiological
pathways, is a single cation,aChemical stimuli, that activate endothelial cells, are
often transduced as changes in cytosol&*@oncentration(Bagher et al., 2012;
Borisova et al., 2009; Longden et al., 2017; Pantazaka et al.,, 2@01i8) may act
alone or cooperate withother factors to elicit cellular responsgStolwijk et al.,
2016) Ca&" links extracellular stimuli to physiological responses by regulating the
synthesis and release of various vasoactive agents such as nitric oxide (NO), various
peptides, and eicosanoids such as prostacyclin and thromboxane (discussed below).
Through these Ca-dependent mediators, the endothelium controls vascular tone,
nutrient exchange, blood cell recruitment, blood clotting, and the formation of new
blood vessel¢Félétou, 2011)

Despite its ubiquity and importancene aspect of Caionsin cellular signallings
reasonably unique; Caions are neither made nor destroyed in the cell. Instead! Ca

is actively moved to change intracellular concentration. Therefore, a considerable
' Y2dzy i 27F I OS tltb @acorfol & iNtEaéellulariCacBnSedttaiios.
There are two main routes of entry for €into the cytosolic space: 1) release from
the intracellular store (endoplasmic reticulum, ER); and 2) influx across the plasma
membrane from the extracellulapace. These routes are considered in the sections

below.

1.5 Ca&*Release from the Intracellular Store

1.5.1 G ProteirCoupled Receptor Activation

Many signals to which endothelial cells respond are carried in the extracellular

environment. This is true for the @dpgenous vasodilator acetylcholine (ACh). ACh



binds to and activates the muscarinicdMeprotein-coupled receptor (GPCRYVilson

et al., 2016b) This heterotrimeric G protein has three subunits and inittective

aidl 6ST SEraidta | a | O2YL}i YKmadret al,RMBS L2 f &
single guanosine diphosphate (GDP) group is bound to tisellginit however, upon

agonist binding to the GPCR, GDP is replaced by guanosinespipdte (GTP). This
causedlissociationof the G protein complex into,»Gubunit, with bound GTP, and

G .complex.

There are several subclasses epi@teins. Of these, the &subclass of GPCRs is
activated by this cascade and thej Gsubunit activates mmabrane bound
phospholipase C (PL(Xamato et al., 2015; Wu et al., 1998LC hydrolyses
phosphatidylinositol 4,%isphosphate (PIB, to produce diacylglycerol (DAG) and
inositol 1,4,5trisphosphate (IB) (Dennis et al., 1991; Harden et al., 2011; Nakamura
and Nshizuka, 1994)After which, DAG remains in the membrane angisHRree to
diffuse through the cytosol. This pathway amplifies the original signal as a single PLC
can produce many DAG and Rolecules. However, there is also divergence of the

signal agP; and DAG activate separate distinct signalling pathways.

1.5.2 Inositol Phosphate

Inositol may contain a variable number of phosphate groups ranging from none,
inositol, through to six the hexaphosphate formg.IPhe inositol that has attracted
most interestis IR. IR is important in cell signalling and as a result of its middle
number of phosphate groups,dPan be broken down, by phosphodiesterases, to IP

or IR, or phosphorylated, by kinases, to produce, I or IR (Irvine and Schell,
2001) Predominantly, it was thought that the primary role in converting ti
another inositol phosphate analogue was to terminate the signalling cascade induced
by IR. However, IPand IR are now appreciated to activate the same signalling
pathway activated by B2 albeit at a reduced potenc¢Saleem et al., 2013)The
precise rolethat inositol phosphate analogues (with the exception af) IRave on

intracellular signalling is not fully understood. However, it seems unlikely that a cell



would devote energy to generate several sfie phosphodiesterase and kinases to

act on inositol phosphates if there was no further requirement for those molecules.

1.5.3 Role of Inositol Phosphate irfCsignalling

IP; receptors (IBR) are IP--gated, Cé&-permeable channelslocated on the
endoplasmiaeticulum in endothelial cell§Berridge and Irvine, 1984, 1989; Ehrlich
and Watras, 1988; Prole and Taylor, 2019; Taylor and Laude, JB@2ER is the main
C&* store in nonmuscle cells and contains many?Chinding protens such as
calreticulin and calsequestrin. The?Ceoncentration in the ER may be as high as 3
mM and accounts for ~75% of the total intracellula?Gaserve(Sambrook, 1990;
Tran et al., 2000)When IR binds to the IBR, C#&' is released from the ER to the
cytosol. Although ¥Rsare referred to as Cachannels, they also permit the transfer
of other cations. However, thein vivoWwa St QO RAEGARES (2 GKS KA
of C&*in the ER and high electrochemical gradient across the ER mem@@rayler

et al., 2004)

There are three R subtpes (IBR1, IBR2 & IBR3) with differing affinities for ¥
IPR2 is more sensitive thansfL and both are considerably more sensitive than
IPsR3(Ilwai et al., 207; Tu et al., 2005)PR activity is modulated by &dtself in
addition to IR. The effects of Caon IRRs is dependent othe cytosolic C&
concentration. At low concentrations of €e.g. <300 nM) YRs are sensitised todP

to increase the ralase of C# from the ER. Conversely, at high concentrations (e.g.
>300 nM) the release of €athrough IBRs is inhibited. Cathus acts as both a

positive and negative feedback regulator ofRRactivation.

1.5.4 Role of Ryanodine Receptors iff Smnalling

Another major route for Carelease from the internal store is via RyR. The role of
RYR in endothelial signalling is not resolved. Several studies have presented evidence
for RyR expression in endothelial cefRusko et al., 1995; Wang et al., 1995;
Ziegelstein et al., 1994However, there is variation in the reported contributioh o

RyR to endothelial Casigralling as assessed by the effects of ryanodine. For



example, ryanodine evoked an increase in resting i@aarious cultured endothelial
cell lines such as human aorta ECs, human umbilical vein ECs and bovine pulmonary
artery ECs suggesting that theredunctional Ry® However ryanodine did not alter

basal C#'in rat aorta EC8Mozhayeva and Mozhayeva, 1996; Ziegelstein et al., 1994)

The functional role of RyRs in endothelial cells remains unclear as the RyR agonist
caffeine does not evoke an increase in cytosoli @antact endothelium(Borisova

et al., 2009; Wilson et al., 2018furthermore, theC&* signals evoked by various
physiological activators such as flémduced autocrine/paracrine actions or
carbacholinduced C# signallingwere not altered by RyRs in endothelial cells of
mesenteric arteriegBorisova et al., 2009; Wilson et al., 2016although, these
results suggest RyRs play a minimal role in endothelfals@malling further study is

required to determine the precise function of these chaim
1.6 Extracellular Ca

The second major source of €& the extracellular space. The plasma membrane is
crucial for regulatinghe intracellular C&" concentration by controlling both the
influx and efflux of Cdions. Movement of Cdions into the c# is mediated mainly

by ion channels that can be activated by either depolarisation of the plasma
membrane (Voltaggated C& channels; VDBC), agonists (agonigperated

channels) or environmental stimuli (transient receptor potential ion channels; TRP).

VGCC are the major €anflux route found in excitable cells like nerve and muscle

but are largely excluded from negxcitable cell§Leung et al., 2008)Although,
endothelial cells are generally considered to be a-emoitable cell typgethey may
express some voltageperated Ca" (CaV) channel@rakubu and Leffler, 2002Jhe
physiological role of these VGCC in the endothelium remains un@é&aily et al.,

1993; Bossu et al., 1992There is also evidence against a role of @GC the
endothelium. For example, VGCC are gated by voltage changes across the plasma
membrane; depolarisation of the membrane usually activates the channels and leads

to a rapid influx of C4. However, depolarisation of the endothelial cell membrane
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(with high K solution) largely diminishes agonist induced®Gantry rather than
enhancing CAH influx (Li et al., 1999)Furthermore, VGCC blockers (verapamil and
diltiazem) have no effect on agonisiduced C# entry and application of th&# GCC
agonist BAY8644 dd not alter resting intracellular €aconcentration(Li et al., 1999;
Yamamoto et al., 1995)Together these experiments question the contribution of

VGCC in regulating endotheliaPCsignalling.

Ligandgated channelsre another class of channel that permit ion transport across
the plasma membnae. There are three distinct routes: receptoperated channels
(ROC), which are ionotropic channels that activate on ligand binding; second
messenger operated channels (SMOC): which active in response to intracellular
generated mediators; and stor@perated channels (SOC), which open in response to

Ca*depletion in the intracellular storéMoccia et al., 2012)

At least two distinct ROCseathought to be expressed in endothelial cells. These are

the nicotinic ACh receptor (nAChR) and the purinergic P2X recéémsen et al.,

1999; Macklin et al., 1998; Ramirez and Kunze, 200RChRs are neselective

cation channels, activated by the endogenous ligand ACh, that permit the transport

of C&*, Na and K ions across the plasma membrane. The expression of nAfdieRs

not appear to be uniform across the endothelium but, instead restricted to specific
tissue(Moccia et al. 2004, 2012)Although, the function of nAChRRsthe vascular
SYR20GKSf AdzY NBYFAYya dzyOf SINE GKS ht1 &dz{:¢

angiogenesigCooke and Ghebremariam, 2008)

Like nAChRs, purinergic P2X rdoepare a norselective cation channel, activated

by the endogenous ligand ATP. Seven subtypes of the P2X receptor)(R2) been
identified with reports offunctional differences between the isoforms. Vascular
endothelial cells have been reported éxpress all P2X subtypes in both arteries and
veins although expression levels may vary between vascular (Bedgrenti et al.,
2000; Ray et al., 2002)\lthough reported to be widely expressed in theethelium,

our previous studies find P2X receptors are not expressed on carotid artery

endothelium(Lee et al., 2018)This conclusions arose from the observation that ATP

11



did not induce C& influx when the PL@P; pathway was blocked in intact rat carotid
artery (Lee et al., 2018)Furthermore, when external €awas removed, the
amplitude of the ATihduced C# response due to the PHE; pathway was

comparableto the response when extern@l&*was presen{Lee et al., 2018)

A second type of channel involved in*Caflux are storeoperated channels. SOCs
are activated when the Ca concentration of the internal store is reduced.
Interestingly, the mechanism(s) underlying?Gefflux from the internal storés not
currently thoughtto play a role in SOC activation nor does an incressesolic C&

(Hoth and Penner, 1992; Parekh and Penner, 1997; Parekh and Putney, @005)
several reported SOCs entry pathwayse test characterized is the Taelease
activatedCa&* current (trad. kraavasfirst recorded inrat basophilic leukemianast

cells, and later described in other cell types, including endothelial cells. Several
components contribute to theckacssystem. One of these is STIM1, which resides in
the ER ad can bind C4 On activation by intracellular store depletioBTIM1
proteins translocate to close proximity of the plasma membréAbdullaev et al.,
2008) A second protein ORAIL, also translocated to the site of STIM1, where it can
form a pore in the plasma membrane and allow the influx o Gdowever, firther

study is required to determine if other channels alsoinvolved in storeoperate

C&*entry and the role they have in mediating intracellulaf@®ncentration.

Another proposed route of Caentry in endothelial cells is the transient receptor
potential (TRP) class of ion channels. TRP channels are a family-sé¢lective cation
channels that respond to various extracellular stimuli, including temperature, pH and
mechanical forces as well as intracellular secondary messengers such @aBtio

et al., 2018; Harraz et al., 2018; Heathcote et al., 20¢@)e than20 classes of €a
permeable TRP channels have been reported in cultured and native endothelial cells
(Sullivan and Earley, 2013)RPV4 activation caused vasorelaxation of preciated
mesenteric arteries as a result of activation of the endotheli{kbeathcote et al.,
2019) However, TRihduced vasodilation may be artery specific as*@dlux and

vasodilation following stimulation with dfinergic agonists in some, but not all
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vessels, was reduced in TRPVihice. Storeoperated C& entry via TRP channels
has been also reported to produce endothelitapendent vasodilatioifFreichel et
al., 2001) Further studies are required to determine the contribution of these

channels irstore-operated C&" entry.
1.7 Removal of Cytosolic Ta

Followinganincreasein intracellularC&* concentration, C& must be restored back

to resting levels. There are two main mechanisms fof* Camoval from the
cytoplasm; efflux of Cafrom the cytosd across the plasma membrane to the
extracellular space and neptake of the ion into the ER. Each mechanism plays a

pivotal role in regulating intracellular €aoncentration in endothelial cells.

1.7.1  Plasma Membrane €aATPase Pump & N&a* Exchange

Theplasma membrane contains at least two mechanisms that remove intracellular
C&*. One of these utilises ATP as an energy source while the other uses the

electrochemical gradient that occurs across the plasma membfidaacock, 2016)

The plasma membrane &aATPase (PMCA) pump is-type ATPase that drives the
transport of one molecule of Gaacross the plasma membrane, ngithe energy
provided by one ATP molecule. These pumps have a high affinity ¥ofkeza 100
to 200 nM but relatively lowtransport capacityBrini and Carafoli, 2009) his allows
the PMCA pump to finely regulate cytosolic¢@amncentration at rest.

The second type of removal mechanism found on the pasrembrane, utilises the
electrochemical gradient, is the N&&* exchanger. The exchanger in most cell
types, near the resting membrane potential, transports oné*@a out of the cell in
exchange for three Nidons. Although they have a lower affinityr C&*, than the
PMCA pump, they extrude €aat a much higher ratgBrini and Carafoli, 2009)
Therefore, after Cd influx the N&/Ca* exchanger can transport a largenount of

Ca&*out of the cell, relatively quickly.
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1.7.2 SERCA

ER C# depletion, activates the sacro/endoplasmic reticulun?@srPase (SERCA)
pump. SERCA resides in the plasma membrane of the ER and transpbirisoGhe

ER at the expense of ATP hydrolysis. The uptake?6b€&ERCA is regulated. For
example, in cardiac cellphospholamban (PLB) a phosphoprotein that is closely
associatedvith the sarcoplasmic reticulum may restrict pumping raféeccia et al.,
2012) Interestingly, nitric oxide production has also beenwhdo regulate SERCA
by enhancing Casequestration into the ER, working as an autoregulatory negative
feedback systenfAdachi et al., 2004)

1.7.3 Mitochondria

Although the ER is the major site of intracellula?*Gaorage, other organelles are
involved in actively gulating intracellular Caconcentration. One such organelle is
YAU2O0K2YRNAIF ® 2KAfS OfFaarolrftte OASHESR
cellular energy demands by providing A{lEPnster and Schatz, 198¥ndothelial

cells have been proposed to rely on glycolysis, rather than oxidative phosphorylation,
to meet cellular energy requirements. Instkaf energy requirements, mitochondria

may play a pivotal role in regulating intracellulaGagnalling.

In native endothelial cells mitochondria are distributed widely throughout the
cytoplasm and account for ~25% of the cell§*Gtorage(Alevriadou et al., 2017;
Wilson et al., 2018)Mitochondrial uptake of Ciis driven by the proton gradient
through the mitochondrial Céuniporter (MCU) channel. Although the affinitytb&

MCU is low, the channels have an important role in regulating cytosdlic\Za have
previously shown that mitochondrial control of spontaneoug*Gelease from the

ER may be regulated by mitochondrial release of reactive oxygen species (ROS) and
ATP (Wilson et al., 2018)
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Figurel.2 ¢ GPCR Casignalling in edothelial cells.

lllustration of the GPCR €aignalling pathway in endotheliaklts. Agonists bind to and

activate the Gprotein couple receptor (GPCR). A single guanosine diphosphate (GDP) group

Aa o02dzyR G2 GKS Db ddzodzyAG K28SOSNE dzLl2y |
triphosphate (GTP). This caustssociatiorofthe Gprai SAy O2 YLX SE Ay G2z Db
02dzyR D¢t FyR Di* O2YLX SE® DIjh | OGAGlI GS& YS
hydrolyses phosphatidylinositol 4fsphosphate (PHp, to produce diacylglycerol (DAG) and

inositol 1,4,5trisphosphate (IB). DAG reains in the membrane andiRed spheres) is free

to diffuse through the cytosol. Rctivates IRreceptors (IER) on the endoplasmic reticulum

(ER) to evoke €a(green spheres) release from the internal store. Depletion éf @ithin

the ER dads tothe activation of storeoperated C& channels (SOC), located on the
endothelial plasma membrane. This results id*@dlux, to the cytoplasm. Intracellular €a

binds to calmodulin to form the €acalmodulin complex and subsequent activation of the
endothelial nitric oxide synthase enzyme (eNOS). Activated eNOS comzzgmibe (Arg)

to citrulline plus nitric oxide (NO). Removal of cytoplasmié* @@y occur by several
mechanisms (dashed lines): the plasma membrang £&Pase (PMCA) pump drives the
transport of one molecule of Gaacross the plasma membrane; the f&e* exchanger

utilises the electrochemical gradient and transports oné'@ma out of the cell in exchange

for three Nd ions (blue spheres); ER “Cdepletion, activates the ER plaanmembrane

residing sacro/endoplasmic reticulum3GATPase (SERCA) pump to transportsitia the

ER at the expense of ATP hydrolysis* @@ay also be transported to neighbouring
endothelial cell via connexons. A connexon ring protrudes from the meamsbrd one

endothelial cell and connects to the connexon from, a separate, neighbouring cell and allows

the passage of Gaons between the cytoplasm of adjacent cells.
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1.7.4 Lysosomes

Recently, there has been an increase in evidence suggesting that lysos@ayatsm
play a role in regulating endothelial €4Galione, 2015)Lysosomes are organelles
that may act as an intracellular €atore (luminal concentration 0f6:4-0.6 mM) and

like mitochondria they can sequester and release the (Garrity et al., 2016)
However, much less is currently understood about their role ift €ignalling and
further study is required to determine the mechanisms involved in their activation
and function. Lysosomes associate witBRIRo seqester C&' releasal from these
channels. Disruption of lysosomes leads to an increase in cytosétiev@ked by
IPsRs (LopezSanjurjo et al., 2013However, SOCs were unaffected, suggesting that
lysosomes selectively sequesterGaleased throughPsRs while ignoring Gainflux

through SOCH@.6pezSanijurjo et al., 2013)

By regulating the concentration of cytosolic?Gamitochondria and lysosomes may
have a more prominent role in controlling €amediated responses in the
endothelium than preiously thought. Furthermore, the ability of these organelles to
control local C# concentrations may be vital in maintaining specificity of thé*Ca
signal, when relaying the information held in an extracellular stimulus to generate a
physiological outpti The importance of regulating local €aignals will thus be

discussed.
1.8 Local C4 9gnals to Global €aVaves

Advances in endothelial €dmagingin situhas increased greatly over the past few
decades and has allowed for evaluation of both spatiaitgd temporally discrete
subcellular C# signals as well as €aignals occurring throughout the cell (global
signals)Duza and Sarelius, 2004; Marie and Bény, 200&eet al., 2012; Wilson et
al., 2016b, 2018)
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1.8.1 C&*Puffs

Stimulated Xenopus oocytes revealed subcellular organizationsefviiked C#&
signals(Parke et al., 1996)On IRR activation, Cdrelease from the internal store

occurred as dierarchy of C# release events. Beginning with reledsem a single

IPw 60a0fALIEAE0Y LINPINBAAAYIwh2 olGQUWABIAEN2 ¥ V'
rearuitment of successive sites, resulting in propagatingf @aves across part or the

entirety of the cellParker et al., 1996}t is thought that wav@ropagation occurs by
Ca&*induced C# release (CICR) whereby, &Gauff sensitises neighbouringsf® to

IP;, increasing Céarelease from the ERfFigurel.3).

1.8.2 C&*Oscillations

The altered IER sensitivity by &* Y & y 24 0SS ftAYAGSR (2 W2
Ca&* may also sensitise JRs on completely separate internal stores. An increase in
cytosolic C# concentration above a certain threshold will result in inhibition aRI$

and cessation of Carelease (Oancea and Meyer, 1996; Swatton et al., 1999
Cytosolic Ca will be removed from the cytosol as described above. The resulting
interplay of C& release/influx and Cére-uptake/extrusion will lead to oscillations

in the intracellular C& concentration.
1.9 Decoding Intracellular €Signals

C&*ions are ubiquitous and versatile signalliogscapable of relaying a variety of
extracellular stimuli into markedly different intracellular actions. However, it is not
yet fully understood how changes in the concentration of a single cation can lead to
multiple physiological outputs. Thus far, studies have indicated that extracellular
stimuli rely mainly on variations in the spatiotemporal features of th& €ignal to
activate specific intracellular procesq4&sancis et al., 2016; Leybaert and Sanderson,
2012; McCarron et al., 2010; Parker and Smith, 2010)
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1.9.1 Decoding CaOscillations

C&* oscillations are a coman feature of most norexcitable cell§Zhu et al., 2008)
How oscillation frequency regulates downstreameets is not fully understood.
Variations in the spatial and temporal properties of discreté*@aents may allow

the endothelium to selectively activate and coordinate various cellular responses
(Taylor and Francis, 2014)

1.9.2  Amplitude Modulation

Downstream effectors can decode information contained in the amplitude éf Ca
signals by variation in their affiyitfor C&* (Dolmetsch et al., 1997An effector with

a high affinity binding site for €awill respond to small increases in intracellulafCa
concentration. Conversely, an effector wighlow affinity binding site for Cawill
require a much larger increase in?Cto respond. However, the specificity of the
amplitude modulation system is limited as increasing thé*@ancentration to
activate low affinity mediators may unavoidably reit mediators with a high Ca
affinity. Two potential mechanisms to bypass this issue rely on the kinetics of the Ca

signal or a restricted location of the €aignal.

1.9.3 Frequency Modulation

One proposed mechanism to explain how changes in the frequefittye C&* signal

selectively relays information in the cell, relies on the*@inding kinetics of the

effectors. For example, a €apike may activate a small proportion of an enzyme

YR 06SF2NB (KS Syl &Y & spikaoctuisdeNying Roreeof T Q (i K
the enzyme. However, if the frequency of the?Gapikes become too low, then the

Syl evySa gAatt WidaNY 2 7FFPpiRe. Io BiF BaBhe flegudncyd dzo & S
of C&* oscillations can mediate the downstream effects of the sigmaliascade.

Indeed, previous studies have shown that the frequency of th& §ignal has an

important role controlling the functional output of the ce{(De Koninck and

{ OKdzf YI'YyZ Mooy T {G§22AF120A06 SiG {fd>X mddH"
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Figurel.3 ¢ C&* blips, puffs and waves in endothelial cells

C&" release from a single JReceptor (IRR) is termed a blip. Puffs are characterised by
coordinated opening of multiple dRs within a cluster. Released?Canay sensitize
neighbouring 1ERs to IRto generate a larger more sustaid release in what is termed €a
induced C# release. Activation of successive clusters @R#Presults in propagating €a
waves across part or the entirety of the cell.
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1.9.4 Spatial Changes in the®C8ignal

The flux of C& via channels in either the internal store or across the plasma
membrane leads to a local elevation irCzoncentration. This buildip of C&*in a
microdomain near the ion channel decays rapidly with distance from tens of
micromolar near the channel to BBw nanomolar concentrations a few hundred
nanometres awayMcCarron et al., 2006; Neher, 1998; Parekh, 2008 local
increases in Gaconcaentration at particular sites ithe cell, allow specific cellular
responses to be activated by -tocalisation of the effector and subcellular 2Ca
microdomain(Dolmetsch et al., 2001; Leslie, 1997; Samanta and Parekh, Z018)

the rise in C# at the microdomain leads to agtition of a specific effector but rapid
decay of the CA signal, with distance, would not be sufficient to recruit distant
effectors. In support of this proposal, the slow?Cehelator EGTA is inefficient in
sequestering Caat the microdomain and actation of the C#&' effector persists. By
contrast, the fast Cachelator BAPTA is able to reduceGa the microdomain and
inhibit the activation of the Cd effector. Both chelators were equally efficient at
inhibiting global increases in cytosolic’Czoncentration(Deisseroth et al., 1996; Di

Capite et al., 2009; Neher, 1998)

Together these features of the €asignal within an endothelial celbllow for
variations in C# oscillations at particular sites to highly regulate the recruitment of
particular mediators in a specific signalling cascade. Changes to one aspect dfthe Ca
signal may be sufficient to effectivetglay information. For example, €asignals

with the same amplitude and frequency but located at separate microdomains could

potentially recruit different mediators.

1.9.5 Endothelial Cell to Cell Communication
To coordinate the multitude of functions that amender its control, individual
endothelial cells communicate with each other through specializeqaslljunctions

(gap junctions). Gap junctions are tubular structures, known as connexons, in the

membrane that are formed by six connexin (Cx) proteinsawoiged in a ring.
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Numerous Cx isoforms have been identified, with expression varying between tissue.
Endothelial cells predominantly expreSs37 and Cx40 (Cx43 has also been observed
in ECs of the microvasculature and at branch points of arteries thagrexce
turbulent blood flow)(Gabriels ad Paul., 1998; Scheckenbach et al., 20The
connexon ring protrudes from the membrane of one endothelial cell and connects to
the connexon from a separate neighbouring cele Tihked conneans allow passage

of ions and small molecules (<1200 Dagsas C&ions, cCAMP and ¥Pbetween the
cytoplasm of adjacent cells. Each gap junction may contain several hundred
connexons(Séez et al., 2003However, connexons do not aes simple inert
WidzyyStaQ o6dzi AyadSIRTZ GKNRdzZZK 3IFdAy3as N
cells. Changes in €&oncentration, pH, phosphorylation and cyclic nucleotides have

been shown to control connexon openi(@shima, 2014)
1.10 Physiological Effects of Intracellulaf*@athe Endothelium

Ca&* controls a myriad b cellular functions including, generating new signals,
phosphorylation events and even the regulation of intracellulat* €ancentration

itself. These pathways can lead to many physiological outputs.

1.10.1 Effects of Nitric OxideeRase by Endothelial Cells

Henry Dale first showed that ACh was a vasodilator in 1BBe, 1914)However, it
glayQi dzyiAat wmepyn GKFG GKS aSYAylrf 62N
ACh-induced relaxation required an intact endotheliugRurchgott and Zawadzki,

1980) Several years later in 1987, Moncada reporteat tthe action of nitric oxide,
released by endothelial cells, acting on the underlying SMC was the medi&Qhof

induced endothelial depende relaxation(Palmer et al., 1987)

Central to ACHinduced NO produ@n in endothelial cells is €a ACh activation of
M3 receptors leads to Pmediated release of Cafrom the internal store and the
subsequent activation of SOC. Intracellulat*®ads to calmodulin to form the €a

calmodulin complex. This leadsttee activation of the calmoduldbinding domain of

endothelial nitric oxide synthase (eNO@&)Jeming et al., 2001)Activated eNOS
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converts Earginine to citrulline plus NO, in the presence of oxygen and NADPH
(Palmer et al., 1988)Although the haHife of NO is relatively short {80 s) it can

readily diffuse across the cell membraaed act on the underlying SMC.

NO converts the soluble guanylate cyclase enzyme to its active form to promote the
produdion of 3,5cyclic guanosine monophosphate (cGMP) from the guangsie
triphosphate (GTP) substrate in vascular SMCs. cGMP activatesnpkaiase G,
which promotesthe re-uptake of C#& into the sarcoplasmic reticulum. NO also
inhibits voltagegated C& channels and activates €alependent potassium
channels in SM@Bolotina et al., 1994)These mechanisms act to reduce the
intracellular C& concentration, resulting in inhibition in the formatiaf the C&*-
calmodulin MLCK complexJin and Loscalzo, 2010MLCK can no longer

phosphorylate myosin and thus relaxation of SMC ensues.

In additicn to being a potent vasodilator, NO is involved in several additional
functions that maintain vascular homeostasis. NO inhibits platelet aggregation and
adhesion to the surface of the endothelium by increasing intracellular cGMP to
reduce platelet Ci concentration and thus reducelatelet activation(Riddell and
Owen, 1999; Wang et al., 1998\O also has aninflammatory properties by
inhibiting the synthesis and expression of cytokines and cell adhesion molecules that
permit the recruitment of inflamrmatory cells to the cell surfagdacilitating their

entrance to the vessel wglBath et al., 1991; De Caterina et al., 1995)

The effects of NO are widespread and pivotal in maintaining vascular homeostasis
Indeed, dysfunction of the NO pathway (either synthesis or function) can lead to
numerous diseases including atherosclerosis and hyperteii€annon, 1998; Napoli

and Ignarro, 2001)The role of C4din generating NO to mediate these functions
cannot be understated. Galinks the extracellular information stored in the ligand

(ACh) to produce a functional output (N@uced SMC relaxation).
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1.10.2 C&*Induced $nthesis of Prostacyclin |

Increases in endotHel C&* concentration also contributes to phospholipase-A2
mediated production ofhe arachidonic acid metabolite, prostacyclin (B@alsinde

et al., 2002) Once synthesised P&translocates to SMCs where it can bind to
prostacyclind (IP) receptors, a Gs protein coupled receptor. IP activation leads to the
release of the Gs complex which stimulates adenylyl cyclase, to increase intracellular
levels of cyclimdenosine monophosphate (CAMP). This increase in cAMP causes
activation of protein kinase A which subsequently mediates MLC phosphorylation.
This is achieved by several downstream effects including 1) increased SERCA activity;
2) increased efflux of €aby PMCA; 3) inhibition of €ainflux through voltage
operated C& channels due to Xchannel activation; and 4) decreasedGansitivity

due to inhibition of MLCK.

1.10.3 Endothelial Permeability

As described above, the vascular endothelium forms a semipédslmebarrier
between blood plasma and interstitium. In order for plasma proteins and solutes to
migrate from the blood to the underlying tissue they must be able to penetrate the
vascular wall. This is achieved by two forms of transport, transcellular and
paracellular. Transcellular transport occurs by caveofeliated vesicular transport
through endothelial cells. Whereas, paracellular transport occurs through

interendothelial cell junctiongKomarova and Malik, 2010)

1.10.4 Transcelldr Transport

Transcellular transport or transcytosis selectively traffics macromolecules such as
fodzYAY YR f2¢gnRSyaArde fALRLNRISAY I ONER:
mechanism(Armstrong et al., 2015; Ghitescu et al., 1986; Minshall et al., 2002)
Transcytosis of macromolecules occurs by fission of the plasma membrane
macrodomains enrtieed with caveolae Caveolae then travee the cytoplasm

reaching the basolateral surface where they release their contents by exocytosis

23



(Komarova and Malik, 2010; Tuma and Hubbard, 20B®)wever, the role of

endothelial C#' signalling on this pathway is not fully understood.

Studies on transcytosis have remained relatively primitive when coeap® other
aspects of endothelial function. This is mainly due to technical limitations of studying
transcytosis. Primary endothelial cells undergo significant phenotypic drift in cell
culture, resulting in progressively fewer caveolae with each pas@ageg et al.,
2018) Additionally, distinguishing between transcytosis and the contribution from
artificial intercellular gaps or paracellular diffusibas proven difficul{Armstrong et

al., 2012; Fung et al., 2018)

1.10.5 Paracellular Transport

Paracellular permeability of the endothelium is maintained by the interendothelial
junctions that connect adjacent endothelial cells. These connectionsicestre

transport of plasma proteins. There are two types of interendothelial junctions
present in the endothelium, tight junctions and adherens junctions, the expression
of which varies between vascular beds. In the brain microcirculation strict corftrol o
endothelial permeability is exerted and therefore there is an increase in tight

junctions(Dejana et al., 2009)

The paracellular permeability of the endothelium can be altered by external stimuli
(Sukriti et al., 2014)Transmigration of leukocytes, formation of new blood vessel and
blood vessel repair can alltat paracellular permeability. Furthermore, pathological
processes such as inflammation and atherogenesis have been shown to increase
paracellular permeabilityKoenen et al., 2009; Sukriti et al., 2014; Tiruppathi et al.,
2002)

The most common effect of these mediators ininging about an increase
paracellular permeability is byadherens junction disruption.There are two
independent mechanisms by whidlisruption of these junctions leads to increased
endothelial permeability: disassembly of adherens junctions via phoygfdton and

cytoskeletal reorganisation by actayosin contractior(Madara et al., 1987; Mehta
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and Malk, 2006; WojcialStothard and Ridley, 2002)he pathways regulating these
two mechanisms are controlled by three interdependent signalling mechanis8ns c
kinase, RhoGTPase and'Chlowever, this thesis will focus on the role of changes in

intracellula C&".

Inflammatory mediators, such as thrombin and histamine, have been shown to
increase endothelial permeability by RLE&induced increases in cytosolic 2Ca
concentration(Tiruppathi et al., 2002 A rise in intracellular Gacauses activation of
protein kinase € (PK®). PKOcan also be activated by DAG.

Regulation of endothelial permeability by Rik@ay be mediated by several possible
mechanisms. PKOmay selectively phosphorylate p12@tenn, a protein directly
involved in the stabilisation of cadherin expression at adherens junc{i$osrtidis

et al., 2013) Phosphorylation of pl126atenin leads to dsociation of the protein
from the cadherin complex resulting in endocytic internalization of cadherins
(Komarova and Malik, 2010; Kourtidis et al., 20IB)us, destabilisation of the

adherens junctions and an incream paracellular permeability.

tyY/h fa2 AyONBlFasSa (KS LitRgRizexcHadgy of 2 T wK
GDP forGTP(Kozasa et al., 2011This is achieved by phosphorylation of the GDP
dissociation inhibitor (GE1), leading to a reduction in GIlaffinity for RhoA and

resulting in the exchange of GDP for QKRezevic et al., 2007; Mehta et al., 2001)

RhoA GTPase activates Rho kinase to inhibit myosin light chain phosphatase (MLCP)
(Barandier et al., 2003; Ming et al., 200%his inhibition of MLCP with the concurring
activation of MLCK by &#almodulin induces actayosin contraction. Therefore,
FOUGAGIGA2Y 2F tY/h Ay O2y2dzyy Obfiteyicting A G K a
cytoskeleton and hence an increase in endothelial permeabiitymarova and

Malik, 2010)

Qurrently less is understood about the mechanisms governing endothelial

permeability when compared to endothelial control of vasorelaxation. However, it is
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clear that the role of Cd is pivotal for controlling both othese physitngical

functions.
1.11 Measuranent of Endothelial Ga

Given the importance of Gaas a secondary messenger it is critical that robust
methods are available to measure intracellulaf@@ncentration. The first reliable
measurement of intracellular €avere performed by Ridgway amshley in 1967 by
injecting the photoprotein aequorin into the giant muscle fibre of the barnacle
(Ridgway and Ashley, 196 8ubsequently, a variety of fluorescent?Cadicators
have been produced to help elucidate the mechanisms involved in intracellldar Ca
signalling({Gynkiewicz et al., 1985; Lock et al., 2015; Minta et al., 1989; Tsien, 1980,
1981; Williams et al., 1985 hese indicators can be classified using several different
criteria, the most common based on either their affinity fo?Ga whether they are
ratiometric versus nonratiometric. These indicators allow for the analysis 8f Ca
levels not only at the cellular level but also subcellular level. Thus, they have
elucidated many of the mechanisms underlying the spatiotemporal
compartmentalisation of Casignalling within a cell. However, this thesis will focus
mainly on the cellular level and discusg'Gignalling across large field of endothelial

cells.

Several techniques have been developed to study large scalsi@aalling. Isolated
endothelial tukes allow for the examination of endothelial €aignalling in the
absence of confounding variables associated with surrounding smooth muscle cells
and perivascular nerveSocha and Sey 2013) These studies allow for greater
insight into the electrical dynamics of the endothelium and the communication that
occurs between endothelial cells that is independent of smooth muscle cell

interaction(Hakim et al., 2018)

In pressurised arteries the endothelium is monitored by focussing through the wall
of artery that has been pressurised betwetsyo cannula. The endothelium is loaded

with a C&* indicator. Therefore, the mechanical response of pressurised artery can
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be measured simultaneously with the aesponse of individual endothelial cells
(Falcone et al., 1993; Takano et al., 2004; Méa@t al., 1996; Yip and Marsh, 1996)
These studies give a unique insight into how endothelidt €ignals control vascular
tone. Communication between endothelial cells has been shown to increases the
spread of vasodilation over significant distangesnesenteric resistance arteries in
response to local application of a vasodila(@akano et al., 2004Communication
from the underlying smooth muscle cells to modulate the endothelidf @aponse

have also been shown to occur in pressurised artdiiesa et al., 2000)

The firsten faceartery preparation, where arteries are surgically opened and laid out
flat for microscopic examination was first performed by Laskey et al in (19%key

et al., 1994) This technique allows for the measurement of mpes in intracellular
C&* concentration in native endothelium. Higdpeed fluorescence imaging (wide
field and confocal) of open artery preparations permits large fields of endothelial
networks to be visualised with high resolutidin faceartery prepardéions have been
utilised to determine the mechanisms involved in endothelia@*@@nalling at both
cellular and subcellular level. For example, application of various agonists to the same
field of endothelium have revealed variations in the response rafividual
endothelial cell{Huang et al., 2000; Lee et al., 2018; Marie and B202; Wilson

et al.,, 2016b) Several studies have also shown that signals from the underlying
smooth muscle cells may modulate the?Qasponse in endothelial cel{&arland et

al., 2017) At the subcellular levegn facepreparations have allowed for analysis of
localised C# puffs and pulsars in native endotheliadglls (Ledoux et al., 2008;
Mumtaz, 2013; Nausch et al., 2012; Toussaint et al., 2015; Wilson €04&b)
However, due to surgically opening the artery and pinning it flat the influence of the

physiological structure of the artery is lost.
1.12 Summary

Given the acknowledged importance of’Cia regulating endothelial function, and
the uncertainty on howthe ion regulates functiospecific activities, the present

project was undertaken. Thenain aimof this thesis is to determine how the
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endothelium senses and responds to multiple stimuli that direct the vascular system

to regulate various aspects of phgkigical status. To address this issue, we recorded

the concurrent activity from hundreds of endothelial cells in intact resistance
arteries. Small mesenteric arteries (second and third order) were used in this study

as they, along with other resistancesaels, are crucial in the regulation of blood flow

and control of blood pressuré@ { I FI NJ I Yy R { ( NdBeéohdaNdthir@ dzRA S N
order meseteric arteries have the added benefit of being readily identified and

dissected.

Chapter 3 describes the mechanisms underlying muscariparinergic and
histaminergieevoked C# responses in the endothelium of intact resistance arteries.
Chapter 4 dscribes the extent of heterogeneity and clustering of endothelial cells in
response to various agonists. Furthermore, graph theory is utilised to analyse the
signalling networks employed by the endothelium to detect and respond to different
activators. Chpter 5 describes the features the €aignal evoked by muscarinic,
purinergic and histaminergic receptor activation and the features of each signal when
multiple agonists were present simultaneously. Chapter 6 presents a robust open
source pressure myogpa system, that can be readily adapted by other researchers
and is comparable to other commercially available products. Finally, Chapter 7
presents a brief summary of the work contained within the preceding chapters and

suggests areas for future work.

Given the acknowledged importance of €an regulating endothelial function, and
the uncertainty on how the ion regulates functi@pecific activities, the present
project was undertaken. The objective of this thesis is to determine how the
endothelium senseand responds to multiple stimuli that direct the vascular system

to regulate various aspects of physiological status.

28



Chapter 2Methods



2.1 Animal and Tissue Preparation

2.1.1 Animal Welfare

All animal care and experimental procedures were carried out with the approval of
the University of Strathclyde Animal Welfare and Ethical Review Board [Schedule 1
procedure; Animals (Scientific Procedures) Act 1986, UK], under UK Home Office
regulations. All experiments used tissue from male Sprdgawley rats (10 to 12
weeks old; 250to 350 g). All rats were housed in pairs and maintained at a

temperature of 21°C + 2°C, 45% humidity, under a tBour lightdark cycle.

2.1.2 Mesenteric Artery Dissection

Rats were euthanized by intraperitoneal overdose of pentobarbital sodium (200 mg
kgPl; Pentaject; Merial Animal Health Ltd., UK) or,©@erdose. Subsequently, a
midline laparotomy was performed to exposhe mesentery. The mesentery was
quickly removed and placed in chilled physiological saline solution (PSS; composition
below).A secton of the mesenteric arcade was isolated guiched to the bottom of

a Sylgarecoated (DowCorning Corp., USA) Petri dish, also filled with chilled PSS,
using 0.2 mm stainless steel pins (26X Fine Science Tools Inc., USA). Using a
stereomicroscope Nikon, UK), fine annas micrescissors and surgical forceps,
adipose and connective tissue was removed to expose the superior mesenteric artery
and firstorder mesenteric branches. Removal of adipose and connective tissue along
an arterial branch of the sugior mesenteric artery exposed second and third order
mesenteric arteries. Secondnd thirdorder mesenteric arteries were then quickly
dissectedand pinned, to a custom flow chamb&B00 pL volume)with a Sylgard
bottom, containing chilled PSS. Artergsre then carefully cleaned of any remaining

adipose or connective tissue.
2.2 En face Artery Preparation

Arteries were cut longitudinally, using microscissors and pinned flat, under a small

amount of isometric tension, using 0.05 mumgsten wire threadlumen side facing
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upward (Figure2.1 A). Care was taken to ensure the artery was not damaged during
stretching orwire insertion.Arterieswere incubated in a loading solution containing

a fluorescent Cdindicator, @I-520 acetoxymethyl ester (G&20/AM; 5 uM), 0.02%
Pluronic F127 and 0.35% dimethyl sulfoxide in PSS for 30 minutes at 37°C. Following
incubation arteries were gently washed with PSS at room temperature and allowed

to equilibrate for 30 minutes.

To imag endothelial C# signalling on an upright microscopeteries were pinned

to a custom bath chamber, the bottom of which was filled with SylgBigu¢e2.1 B

& C).Cal520 was excited with 488 nm widkeld epifluorescence illumination
provided by a LED illumination system {3BUltra, CoolLED, Andover, UK) and
imaged using an EMCCD camera|{fr8 pixel size iXon Life 888; Andor), through a
16X (water immersion; numerical aperture of 0.8; Nikon CFI75) objective len
Fluorescence emission was recorded at 10 Hz. Fluorescence illumination was
controlled and images (16it depth) were captured by either WinFluor (University of
Strathclyde, Glasgow, UK)@vlanager(National Institutes of Health, Bethesda, MD,
USA).

Toenable visualisation of the endothelium, on an inverted microscope, arteries were
dissected as described above. However, arteries were pinned to a Sylgard block
rather than a custom chamber. This allowed the block to be inverted and placed in a
custom flow chamber. The subsequent artery preparatiamd loading of the
fluorescent C& indicator, was performed as described above. The bottom of the flow
chamber was a-@rade thickness coverslip, attached to the chamber with vacuum
grease. The inverted Sylgdrtbck was raised from theoveglass by two 20®nicron

pins. This seted two purposes 1) tpreventcontact of the glass and endothelium, 2)

to allow solutions to be flowed between the artery and coverslip. Endotheli# Ca
signalling on the inverted micsasope was perfoned by exciting C&20with a 488

nm wideield epifluorescence illumination provided by a monochromator (Photon
Technology International/Horiba UK Ltd.) and imaged using a-ibaoknated

electronrmultiplying chargecoupled device (EMCCD) camera-(b3 pixel size;
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iXon3, Andor) through a 40Xil([onmersion; numerical aperture of 1.3; Nikon S Fluor)

objective lens.

PSS and drugs were applied to the artery (for both the upright and inverted systems)
using a syringe pump connected to the respective chamber, at a rate of 1.5 ml/min.
All experimentswere carried out at room temperatureC&* responses were
recorded over a #nin period. This allowed for the recording of basal*@ativity (no
agonist; ~1 to 2 min) and the response to stimuli (~3 to 4 min). After pharmacological
intervention arteries vere washed for 5 minutes with PSS and allowed to rest for a
further 5 minutes. This ensured a stable baseline was attained, before the

subsequent addition of drugs.

32



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

C Bath Chamber

Objective

Figure2.1 ¢ Artery preparation for visialising endothelial C& responses.

(A) Nlustration of a blood vessel. The dashed line indicathsre the artery would be cut
longitudinally. (B) lllustration of an artery that has been cut longitudinally and laid flat. The
endothelium is facing upward(C) A &dimensional rendering of a custemade bath
chamber. The chamber is fabricated from aluminium. A window, centred in the bottom of
the chamber was filled with Sylgard and permitted light transmission. The Sylgard allowed
the artery to be pinned tdehe chamber, lumen side facing upward, using 0.05 mm tungsten
wire thread, under a small amount of isometric tension. The chamber was placed on an
inverted fluorescence microscope and the endothelium was loaded with a fluorescé&nt Ca

indicator, to enablesisualisation.
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2.3 Analysiof EndothelialC&* Activity

C&* signallingwas recordedin large fields of endothelial cells (=200 cells; 40X
objective or ~1000 cells; 16X objective) in intact arteries. We used these systems to
assess the endothelial €aespase to various agonists. To assess the concentration
dependence of agonistvoked C# activity (Chapter 3), we stimulated endothelial
cells with increasing concentrations of each agonist whilst &ivity was recorded,

with a 10minute wash/rest periodbetween each agonist exposure. To identify the
pathways involved in the Eaesponse to agonist, we measured agowsbked (100

nM) activity before and after treatment with various pharmacological agents (30
minute incubation, concentrations describea ithe corresponding text/figure

legends).

Traditionally, C# activity in endothelial cells has been analysed by averaging the
fluorescence signal from several cells or across the whole of the imaged area.
However, endothelial cells exhibit considerabledregeneity in their response to
Ca&*-activating agonist§Kameritsch et al., 2012; Lee et al., 2018; Marie and Bény,
2002) As such heterogeneity cannot be accounted grglobal measures of €a
activity. Instead singteell C8* activity was assessed in all cells across the-tiéld

view (FOVsing a semautomated analysis procedure.

2.3.1 Large Scale &aSignal Processing

C&*imaging recordings were analysed using cosfélJ| macros and custom analysis
software written in the Python 2.7 programming langudgee et al., 2018yVilson

et al., 2016b, 2018)This analysis consisted of four elements: 1) the generation of
cellular regionf-interest (ROIs) for each individual cell in the fiefeview; 2) the
extraction of C& signals from each individual ROl and normalisationito
corresponding baseline; 3) the extraction of various?*Csignalling metrics
(amplitude, frequency and percentage of active cells) from each celluldr Ca
response; 4) the graphical representation of Gativity and statistical analysis. Each

step isdescribed below.
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2.3.2 ROI Generation and Alignment

To allow a comparison (pairing) of the response of individual cells after various
treatments, imaging datasets were grouped by experiment. In some experiments, a
smal percentage of cells moved owith the field-of-view due to microscope drift.

Only cells that remained within the fielof-view for each dataset within a group were

used for analysis. This was achieved using a custom FIJI macro, which was used to
identify the centre coordinates of each cell tharmained within the fielebf-view of

all datasets in a group. First, for each group, an average intensity projection was
created for each dataset. Then a virtual image was created that contained only the
cells present in each of the individual datasetssTmas achieved using an automated
alignment plugin in FIJI, to calculate the amount of drift between each consecutive
dataset. The virtual image was then sharpened using a custom unsharp mask filter
and individual cells identified using the Watershed Segtation algorithm in FIJI.

/| SYGiGNBE O22NRAYIF(iSa 2F SIHOK OStt @gSNB 2085
point selection tool) and were manually inspected to ensure each point corresponded

to a single endothelial cell. After identifying individeadothelial cells, all Cssignal

extraction and processing was performed in Python 2.7.

2.3.3 Automated C# Signal Extraction

Cellular coordinates (obtained from virtual images) were projected across all other
datasets within the corresponding imaging sesgiising custom Python code. Single
cell C&*traces were then automatically extracted fromonbackground subtracted,
C&*imaging data by averaging the fluorescenaemsity within circular ROIs (n
diameter) placed at the centre of each cell>?Qaaces were expressed as fractional
change in fluorescence intensity (g)Fwhere F is fluorescence at time, t, andd-
baseline fluorescence intensity, Was determined for each trace by averaging a-100
frame (10 s) baseline period before the applioatiof a drug. Fli-traces were

smoothed using 1-point (1.1 s), thirdorder polynomial Savitzk§olay filter.
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2.3.4 Automated C# Signal Analysis

Peaks in each €=signal were detected automatically using a zerossing detector

on derivative F/ktraces.A threshold of five times the standard deviation of baseline
noise was used to distinguish €activity from noiseThe discrete (first) derivative
(d(F/R)/dt) of each C# signal (F/5) was calculated by convolving each Fiflace

with the first derivativeof a Gaussian kern@Wilson et al., 2015, 2016bAn increase

in F/k corresponds to a positive deflection in the discrete derivative, whilst a
decrease in Fifcorresponds to a negative deflection in the discrete derivative. The
zerocrossings assoded with a positive deflection and a preceding negative
deflection (one before, one between, and one after) in the derivative trace indicate,
respectively, the start, peak, and end of an event in the correspondifgti@ae.
Thus, peaks in FfRwere identfied by locating the times at which the discrete
derivative changes from positive to negative. These times were used to extract
various signal metrics from each individual cell (paak steadystate amplitude)
from the corresponding Filata. Acell wa®2 Yy aA RSNBSR (2 06S al O0A

detected.
2.4 Graphical Representation of“CActivity

C&*imaging recordings were represented graphically in-limensions by creating

composite colour images. First, raw image stacks were temporally smoothedausing
20-frame running average filter. An averageensity projection of the baseline
LISNA2R don aSO2yR&asx onn FNIYSao ¢l a dzasS
image of all endothelial cells. Background images were scaleebibf@mat such

that the minmum and maximum pixel intensities corresponded to a value of O and

255, respectively. Next, an image series highlighting changeg-inves created by

performing a 16frame (1 second) sequential subtraction. This was achieved by
duplicating the temporallysmoothed image stack twice and removing the first 10

frames from the first copy and the last 10 frames from the second. The first copy was

then subtracted from the second, and the resulting image stack was spatially
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smoothed by applying a loywass Gaussmafilter (2.0 pixel radius) to each frame.

These images were then converted to a single image (STDev images) that showed all
cells that exhibited Caactivity. STDev images were created by taking the standard
deviation of intensity of the sequential subttion image stack. To prevent
saturation C&* signal images were scaled by 50% and images were converted to 8

bit format. Finally, composite colour images were created by overlaying STPev Ca
AYF3Sa Ay O02f2dzNJ 2y (2 GKS h¢Bl&Edd@heialS o6l (

cells). Image processing was performed in(Sihindelin et al., 2012)
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Figure2.2 ¢ ROI generation and alignment

Occasionally movement occurred between recordings within an individual experiment. To
allow direct comparisons dlfie response of individual cells, cellular ROIs were aligned across
experiments(A) The highlighted cell (blue) in the first experiment (greeerlay) is the same

cell highlightedin the 5th experiment (red overldyThe red line is maintained across all
experiments and illustrates the drift of the highlighted cell from the original position (left).
The Template Matching plugn in FlJwas used to align the cells across all experiments
(middle). A virtual image was created that excluded regions that wetenaintained across

all experiments. (B) ROIs were automatically generated for the virtual image using a
threshold gradient. (C) ROIs were manually inspected to deterihiall cells were included

and if any ROIs overlapped multiple ce{B) The drif from the virtualimage for each
recording was calculated. (E) ROIs were generated for each recording by shifting them the
calculated distance from the virtual image.
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2.5 Pressure Myography

2.5.1 Artery Preparation and Mounting

Secondand thirdorder mesenteric geries were dissected and cleaned as described
above andvisually checked for the presence of side branches. Arteries with side
branches weresealed by tyingff the branch using a single strand of silk suture
thread, or discardedf the branches couldat be tied Arteries were then cannulated
onto two heatpolished micropipettes using silk suture thread, in a-bBeHited single
vessel chamberGhapter 6) Arteries were gently heated to 37 °C by circulating PSS
to the bath from aheatedreservoir at 10 riimin using a peristaltic pump. The distal
end of each cannula (relative to artery attachment) was connected to a separate
syringe containing PSS. The height of the two syrimgesadjusted to alter arterial
transmural pressure and pressure was increasetd mmHg increments followed by

10 minute equilibrationto a final pressure of 70 mmHg. Arteries were subsequently
straightened and allowed to equilibrate for an additional 30 minutes. During this
equilibration, arteries were tested for leaks (which miagicate branches in the
vessel wall or insufficiently tied sutures) by stopping the flow of solution from the
syringes to the arteries. Arteries that showed a reduction in pressodicaive of
leaks, were discarded Intraluminal flow (=200 pl mi®) was established by a

hydrostatic pressure gradient (10 ca®) across the artgr

Contraction data are represented as the percent reduction from resting diameter.
Relaxation data (from constricted diameter) are represented as the percent of
maximal relaxabn (constricted diameter to resting diameter). Outer vessel

diameter, intraluminal pressure, and bath temperature, were continuously
monitored with a CMOS camera (diamete)stom pressure/temperature monitors,

and VasoTracker diameter tracking softwa@hépter 6).
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2.5.2 Determination of Artery Viability

Arteries were first contracted, to 80% of resting diameter, using phenylephrine (500

nM-m >a0® tKSyefSLKNAYS gl & FLIWLXASR G2 (K
the superfusate, which was continuously recirculated throughout the myograph
chamber. One a stable contraction was attained, endotheligi®pendent relaxation

G2 '/ K oM >a0 6l & SEIFYAYSR® hyté I NISNR:
considered to have a functional endothelium, all other arteries were discarded. The

bath and reservoir wersubsequently washed with PS&émove phenylephrine and

ACh.

2.5.3 Assessment dndothelialDependent &sodilation

Problemsin assessing the effect of drugs on endothelial functizay arise if drugs
are applied to the outside of the artery. For example, ieooth muscle cells may
also respond to the agonist (i.e. ATP), especially at high concentrations, or the
molecule itself may be too large to diffueelythrough the arterial wall. Therefore,
the preferred method to study the effects of agonristlucedendothelial activityin

the present investigation, wa® apply the drug intraluminally. Each activator was
added to one of the heighadjustable reservoirs and flowed throughe lumen of

the artery. The direction of flouwn each arterywas the same as #tin viva At 200 pl
mint, drugs took 10 minutes to reach the artemherefore, dug perfusion occurred
under gravitational flow for 20 minutes, before the subsequent addition of drug or
wash with PSS. This allowed 10 minutes for the drug to reachutherl and 10

minutes of application
2.6 Reagents and Solutions

Cal520/AM was obtained from Abcam. Pluroni@ 7 was obtained from Invitrogen.
ARC118925XX, MRS 2179, U73122 and U73343 were obtained from Tocris
Bioscience. All other drugs and chemicals welbbgamed from SigmaAldrich. PSS
consisted of: 14%5nM NaCl, 4.7 mM KCI, 2.0 mM MORS mM NakPQ, 5.0 mM
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glucose, 0.02 mM EDTA, 1.17 mM Mgé&hd 2.0 mM Cag;ladjusted to pH 7.4 with

NaOH. All solutions were freshly prepared daily.

Statistics are desitred in the Methods sections of the chapters that follow.
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Chapter 3C&* Signallingn the Endothelium



3.1 Introduction

The endothelium is a complex sensory network that plays a critical role in regulating
virtually every cardiovascular functiofMcCarron et al., 2017)The endothelium
differs from most sensory systems in that each endothelial cell can potentially detect
several differentypes of inputand generate multiple different outputs; most sensory
systems detect one input and generate one output. The endothelium can receive
signals from icculating hormones, leukocytes, proinflammatory cytokines,
neurotransmitters, pericytes, smooth muscle cells as well as endothelial cells
themselves(Emerson and Segal, 2000; Kolka and Bergman, 2012; Longden et al.,
2017; Socha et al., 2012furthermore, these signals can arrive from as close as
neighbouring cells to the most remote outposts of the body. Endothelial cells must
accurately elay the information held in the signals, many of which can arrive
simultaneously, to generate specific outputs. These outputs include NO, prostacyclin,
GAaadzS O2yidNYOlAy3a FIOG2NEZ LX I aYAy23S
hyperpolarizingactor (Fleming et al., 1998; Furchgathd Zawadzki, 1980; Olivet

al., 2005; Sadowski and Badzynska, 200B¢ generation of each of these signalling
molecules is tightly regulated by changes in endothelidt @ancentration(Endres

et al., 2015) Through these Cadependent mediators, the endothelium controls
vascular tone, nutrient exchange, blood cell recruitment, blood clottanyj the
formation of new blood vessel$-élétou, 2011; Heathcote et al., 20¥ohn et al.,

1995; MufozChapuli et al., 2004)Therefore, central to an understandingf

endothelial function is an appreciation of the regulation of endothelidt €ignalling.

Changes to intracellular €aconcentration is achieved primarily by twastinct
pathways; influx/efflux across the plasma membrane and releasgstake from the
ER(Taylor and fFancis, 2014)Several receptors regulate these pathways, to control
changes in intracellular €a(discussed in Chapter 1). However, this thesis will
primarily examine the role of signalling through G proteoupled receptors of the

D hy/11-subtype. Brifly, GPCR agonist binding leads to the activation of PLC, which
hydrolyses PHRo generate DAG anddRAR activation of IBRs, on the ER, promotes
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C&* release from the internal storgesulting in anincrease in cytosolic €a
Depletionof C&* from the ERresults inSOCsctivation and thusC&* entry across

the plasma membranéThillaiappan et al., 2017)

By utilising fluorescent Caindicators, various studies have demonstrated that the
vasoactive endognous ligands ACh, ADP, ATP and histamine evoke increases in
endothelial C& (Avdonin et al., 2019a; Kameritsch et al., 2012; Marie and Bény,
2002) Predominantly previous studies have investigated C# changes in either
single cells or have taken the average response across primary cRatessen and
Gallin, 1986 Shen and DiCorleto, 2008; Viana et al., 1998; Yamamoto et al.,.2000)
However, the physiological characteristics of thé*Gagnal or the response to the
agonist may differ in single cells or cells in cultoepared tathe responses in intact
blood \essels(Marie and Bény, 2002)Furthermore, examination of the global
average of the Cé signal across the entire endothafh may exclude important

aspects of agonistvoked C# signals.

To address the issue of -@wdination of signalling in the endothelium, we
concurrently recorded the individual activity of hundreds of endothelial cells in intact
blood vessels and examineithe responses of individual cells to extracellular

activators of muscarinic, purineiggand histaminergic receptors.

Each of these activators plays important physiological roles. Purinergic activation may
occur by ATP released from activated platelets at pf the clotting cascade and
may either increase or decrease endothelial permeabi®iindiz et al., 2003;
Jacobson et al., 2006; Tanaka et al., 2083) regulate vascular tone. ADP, also
released by platelets, has been shown to promote endothelial cell migration
(Abbracchio et al., 2006; Holmsen and Weiss, 1979; Shen and DiCorleta, TAti68)
processmay contribute to reendothelialization and angiogenesis after vascular
injury and ADP may also regulate vascular tone. Histaminergic activation of
endothelial cells by histamine, primarily released from mast cells, has been shown to
increase vascular permeabilifAmin, 2012; Ashina et al., 2015; Kugelmann et al.,

2018) Although, muscarinic activation of endothelial cells by ACh is used esbnsi
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to determine endothelial viability, the precise physiological source of ACh and its role
in the control of endothelial function has remained elusive. Recently, we have shown
that the endothelium responds to flow by releasing ACh. Once free, ACh racts o
endothelial cells (in an autocrine/paracrine manner) to generate & @aponse,

resulting in NO production and thus vasodilati@Milson et al., 2016a)

The present study aimed to define the mechanisms of the muscarinic, purinergic and
histaminergic Cd signalling in large populations of endothelial cells in intact arteries.
The results show that the increase in endotheliaPGavoked ly each agonist is
concentrationdependent. The Casignals evoked by each agonist began in discrete
cell clusters and propagated to neighbouring cellsth&sconcentration of agonist
increasedthe number of cells and clusters increased. Interestingly, each agonist
evoked a CH increase by activation of GPCRs, leading tag#eration and Ca
release from the internal store to cause an increase in intracellukrcGacentration

and the subsequent influx of C& from the extracellular space. However, the
sensitivity varied among different cells in the endothelium between different
agonists. Collectively, these results suggest the endothelium utilisespogubation

of cells to detect sevetalifferent activators, over various concentrations, to elicit an
increase in intracellular €a C&* activity is not uniform across the endothelium with
individual cells expressing variations i Cactivity in a concentratiomlependent

manner.
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3.2 Methods

3.2.1 Concentration Response

Artery dissection, preparation and endotheliaPCsignal analysis was performed as
described in Chapter 2. Full neomulative concentration responses were obtained
in en facepreparations by applying agonists at various concaians (ACh, 1nM
10pM; ADP, 1 nM 100 pM; ATP, 30 nid 300 puM; histamine, 100 nM 1 mM). A
complete concentratiofresponse curve, per agonist, was carried out in a single
mesenteric artery preparationAfter the application of an agonist at each
conceriration, arteries were washed with PSS for 5 minutes and allowed taret

astable baseline was attainebefore thesubsequent addition of agonist.

ROIs were generated for each individual endothelial cell, as described in Chapter 2.
This allowed theconcentrationdependent response of each cell and the average

concentration response across the entire field of endothelium to be determined.

3.2.2 Muscarinic, Purinergic & Histaminergié¢'Gagnalling Pathway

3.2.2.1 Receptor subtype involved in Agomisiuced Endotlial C&"
Signalling

In experiments designed to determine the receptor subtype involved in muscarinic,
purinergic and histaminergic &asignalling, agonists were applied to the
endothelium to generate a Caresponse. After 2 minutes of stimulus applicat, the
inflow solution was changed to a combination of both activator and specific receptor
blocker. Each experiment was recorded over a 10 minute period. This allowed for the
recording of basal Caactivity (no agonist, ~1 to 2 min), the response tionsti (~2

to 3 min) and response to an activator in the presence of a specific blocker (~5 to 7
min). Arteries werdghen incubated in the antagonist fdi0 minutes after which the

agonist and blocker were reapplieith combination) to endothelium.
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3.2.2.2 Phosphapase C

To determine the involvement of PLC in agonist evoked* €@nalling, the
endothelium was activated by an agonist, washed in PSS and tedulvéh the
selective PLC blockertr oMHH OH >a0 F2NJ Hn YAydziSao ¢
throughoutalld dzo 4 S1j dzSy &4 FRRAGAZ2ya 2F A2y Aado |1

of U73122, was applied in the same way.

3.2.2.3 Role of the Internal Store in Agosiletuced C# Signalling

To assess the role ofstfhediated C# release from the internal store,-2PB (100
puM) an IR receptor blocker and ryanodine (30 uM) a specific ryanodine receptor
modulator were used. Agonists were applied befq@ntrol) and after incubation
(30 mins) with the blockers. Each blocker remaingcesent throughout all

subsequent additionsf agonist.

In experiments designed to determine the role of the intracellular store in response

to ACh, ADP, ATP and histamine #a@cdendoplasmic reticulum ATPase (SERCA)

0f 201 SNE 0Oe Of 2 LIA M)iwas/uked to inkdibit Raugtake fiord thed m - >
cytosol to the endoplasmic reticulumAgonists were applied before and after

incubation (20 mins) with CPA.

lonomycin (1 uM) was applid at the end of each experiment to ensure the
endothelial cell viability (i.e. a C#& response could be generated after

pharmacological blocker intervention).

3.2.2.4 Assessment of €dnflux During Agonigtlediated C# Signalling

To determine the contribution of C&* influx in muscarinic, purinergic and
histaminergic endothelial €&signalling, extracellular €avas removedTwo control
C&* responseswere obtainedin each preparation, foeach agonist, as described
above. This allowed for a compson betweenrepeatable agonisevoked C#
signals. Arteries were subsequently washed if-@ae PSS. After 60s of Géree

PSSagonists were again applied to the endothelium. Arteries were washed in normal
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PSSafter each application of Cafree PSS and agoniso allow the store to refill

before subsequent activations.

3.2.3 Solutions and Drugs

Solutions and drugs are described in Chapter 2. In experiments designed to
determine the role of Ca influx in agonisinduced C# signalling normal PSS was
replaced with @*free PSS. Cafree PSS consisted of: 145 mM NaCl, 4.7 mM KClI,
2.0mM MOPS$1.2 mM NakPQ, 5.0 mM glucose, 0.02 mM EDTA, 1.0 mM EGTA, and
2.34 mM MgClJ adjusted to pH 7.4 with NaOH. Ryanodig@minoethoxydiphenyl
borate (2APB), cyclopiazonic adi@PA), were dissolved in DMSO.

3.2.4 Statistics

Summarised data are presented as means + SEM vatigeometric mean with 95%
confidence intervals (95% CI) forsiE@lues n refers to the number of animals. For
O2YLI NRazy 27F (62 I NSRS unpairdd ltestiuBpaile@ & G
data) was performed. For comparison of three or more groups av@ane ANOVA
F2f{f26SR 08 ¢dz1 SeQa YdzZ GALX S O2YLI NRaz2ya
to concentration response data and the minima of thensigdal curves were
constrained to zero. All statistical analyses and sigmoidal curve fitting were
performed using GraphPad Prism, version 6.0 (GraphPad Software). P < 0.05 was

considered statistically significant.
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3.3 Results

3.3.1 Ca&*Signal Propagation Withimd Between Cells

Compartmentalisation of molecules and proteins, within a cell, is an important
element in cellular signalling. €aignalling isalso subject to compartmentahsion

to facilitate selective activation of specific cell activities. The @usic agonist ACh
(15 nM) evoked an increase in intracellular’Ca the intact mesenteric artery
endothelium Figure3.1 A). C&"* signals began in spatially discrete regions within a
cell and propagatedrom there as waves through part or all of the c@figure 3.2).
Additional cells were subsequently recruited either by direct activation by the agonist
or propagation of the Casignal from the initial responding celBigure3.1 B). Some
cells wereunresponsiveor expressed minimal €aactivity and others were highly
active with repeating Cawaves and oscillation&igure3.1 GG). The mplitude and

frequency of the Cd signal varied between cells.

Due to the heterogeneous properties of the’Ceesponse, analysis of the average
response across all cells may conceal, important, physiolbgicalevant,
components of the Casignal. Theefore, each cell was analysed separately. A region
of interested (ROI) was generated for each cell and tiés@mal from each cell (ROI)
was obtainedseparately(Figure3.1 C and D).

3.3.2 Muscarinic Evoked €&ignas

We previously reported in large (carotid) arteries, muscarinic receptor activatio
evokes a concentratiodependent C&* response in ECs. To investigate if similar
responses are present in the endothelium of small arteries, we examined the
concentration dependence of mesenteric resistance artery endothelium to the
endogenous ligandCh (1nM10uM). Specifically, we extracted A@®lduced C#&
signals from each individual cell in the figfiview. To directly compare singéell
C&*signalling parameter&@mplitude, duration, frequency) of individual cells, across
all concentrations, full concentratn response experiments (1rOuM) were

carried out in the same preparation and field of endothelium
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Figure3.1 ¢ C&*signalling in intact mesenteric endothelium.

(A) Representative image showing ~1000 endothelial cells fromnafacesecond order
mesenteric artery. AClnduced (15nM) C&' activity from a 5minute recording
superimposed. (Bi) Zoomed regiasken from (A). (Bii and Biii) A 2D kymograph (linescan)
showing the C# signal intensity (colour) plotted against time-gxis) from the two cells
labelled in (Bi) for the full-fninute recording (Bii) and dashed region (Biii). (Biv) A 2D and 3D
surface ot showing signal propagation between the two cells highlighted in (Biii). (C)
Zoomed region from (A) as indicated by the dashed white box with superimposed ROIs (red
dots). (D) Baseline correctedCsignals (F/§ obtained from the ROIs in (C). Thehtighted
section (red) on each individual Taignal indicates the softwardetermined baseline
region. (E) Overlaid baseline correctedt'Gignals from each cell in (A). The signals were
obtained using the same methods for signal extraction shown iD)(@) Overlaid CA
signals from region indicated in (E). The individua" €gnals have been colaoded
according to the amplitude of the initial rise in®Caedindicatesthe highest amplitude and
blue the lowest amplitude. Scalaits, 50 um.
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A Endothelial Cell B Full Ca?* Response

2D Surface Plot
10|d @d%euns ¢

Hgure 3.2 ¢ C&" signal propagatiorwithin an endothelial cell.

(A) Endothelial cell from aen facesecond order mesenteric artery. (B) A 2D surface plot
showing the full Cdresponse in a single endothdligell after activation with ACh (15 nM).
(C) A 2D surface plot showing?Gsignal propagation between two regions (dashed circles)
in a single endothelial cell (B). (D) A 3D surface plot showfigi@@al propagation in a single
endothelial cell (B).
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Notably, each concentration of ACh produced a heterogeneous respbipe€3.3

A-C). The number of cells responding to ACh, and the amplitude of tHeiGaal in
responding ECs, increased with ACh concentrgiayure3.3 A-F). The concentration
response relationship of the percentage of responding cells was significantly left
shifted compared to that of Caactivity within each cell (5€13.5 nM, 95% Cl = 10.5
17.5 nMvs 68.9 nM, 95% CI = 588.4 nM). Interestingly, all cells were activated
(i.e. produced a Caresponse) before a maximal €aesponse was achieved. Thus,
the differing concentration sensitivity of individual cells extended the overall
sensitivity ofthe endothelium. Recruitment of neighbouring ECs likely occurs due to
propagation of the Cd signals through gap junctions or as a result of a direct but

delayed activation by ACh or a combination of both.

Distinguishing between these possibilities ha®ved difficult. Pharmacological
blockers of gap junctions, appear to exert effects beyond their target proteins in
intact arteries. Previous studies have reported that the suppression ofe&Gked
endothelial C# signalling by the gap junctigblocking empounds carbenoxolone,
glycyrrhetinic acid, and GAX, was independent of a direct effect on gap junctions
(Wilson et al., 2016b)

Regardless of the mechanism of propagation among cel& (C4P;), the results
demonstrate that there is cellular heterogeneity in the responses of endothelial cells,
which is responsible fo encoding information about extracellular stimuli.
Coordination of C# signals is critical for a robust detection and communication
system. While individual cells may occasionally generaté <ignals as a result of
stochastic noise, it is unlikely auster of cells will respond in unison to the same
noise. If the concentration of the agonist exceeds the sensitivity range of the cluster,
then a response will be generated that will propagate to neighbouring endothelial
cells. Clustering may also limittenference from neighbouring cells that are
responding to a different stimulus. For example, a single cell responding in isolation

may easily be influenced by neighbouring cells and have its signal overridden
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however, a cluster of cells each performing teme task may be much harder to

override.

3.3.3 Purinergic Evoked €&ignals

To investigate whether or not cellular heterogeneity enables the endothelium to
encode information from other agonists, we also examined the endotheli&t Ca
response to the purineig agonists, ADP and ATP. For each purinergic agéulist
concentrationresponserelationshipswere carried out.Complete oncentration
response for each agonist werearried out on the same preparation atite same
field of endothelium (ADP: 1 100 M; ATP: 30 n\g300 uM).

Like the muscarinic (ACh) response, each purinergic activation (by ADP and ATP) also
evoked heterogeneous €aresponses across the endotheliufaiiqure3.4 A-C and
Figure3.5 A-C). For each activator (ADP and ATP), the number of cells activated, and
the amplitude of the CH signal in responding cells, increased with agonist
concentration Figure3.4 A-F andFigure3.5 A-F). The concentraticdependence of

the percentage of responding cells was significalgty shifted when compared to

the C&* activity within each cell for both ADPigure3.4 EF; E6111.0 nM, 95%€I

= 87.8140 nMvs 1.13 uM 95%CI= 0.91.3 pM) and ATPHigure3.5 EF; EG» 1.08

UM, 95%CI=0.81.4 pMvs 4.2 uM 95%CI= 3.35.3 puM). Thus although there is only

a narrowrange of concentrations over which the endothelium as a whole responds
to ADP and ATP, the concentration dependence of the response of individual cells to
purinergic activation increased the overall sensitivity of the endothelium. Although
both ADP and AT could evoke Caactivity in all mesenteric ECs the potency of ATP
was significantly lower than ADP ¢5@11.0 nM for ADP vs 1.08 uM for ATP).

3.3.4 Histaminergic Evoked €&ignals
To further test the hypothesis that endothelial heterogeneity and clusteohcells
with similar sensitivities, are featuresf endothelial information coding, we also

examined histaminergisignalling Histamine is a we#stablished regulator of

vascular permeability and hadsobeen reported to inhibit conducted vasodilatio
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(Payne et al., 2004 HistaminergievokedC&* signalling in cultured cells has been
well documented(Avdoninet al., 2019b; Kameritsch et al., 2012; Worthen and
Nollert, 2000; Zhou et al., 2014owever, there haebeen few studies on histamine
induced C# signalling in intact arteries. Previous stud@s histamineevoked C#&
signals havéocussed primarilpn the average histamine response across many cells
and compared variations in the signal from regions of endothelium at either branch
or nonbranch sites(Huang et al., 2000)To our knowledge, no study has

demonstrated how individual ECs in intact tissue respond to histamine.
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Figure3.3 ¢ Concentation-dependent ACkinduced C& signalling.

(A) Representative composite image of'@ativity inen facesecond order mesenteric artery
endothelium to increasing concentrations of ACh. (B}* @aces from individual cells
indicated in (A). (C) €asignals from all individual cells in (A) Colours were assigned to the
traces based on the amplitude of the initial response to ACh in eachReellindicated the
highest amplitude and blue the lowest amplitude. Colours were assigned taighest ACh
concentration (far right) first and maintained across the previous concentrations. Thus
allowing for direct comparison of the same cells between different ACh concentrations. (D)
Average CAresponse (F/f from all cells for each ACh concentration. (E) Peacgnof all

cells active at each concentration of ACh. (F) Average activity) @/Rll cells for each
concentration of ACh. Data are representative of n = 5 independent experiments from
different artery preparations from different animalScale ars, ® um.

55



To determine the sensitivity of mesenteric ECs to histamine a full concentration
response was carried ouFigure3.6A-F; 100 nM¢ 1 mM). As with muscarinic and
purinergic signalling, histamine evoked &Qise in individual celland the C&*

signalsubsequentlypropagated to neighbouringndothelialcells.

The number of cellactivated was concentratiecdependent and the activity within
each cell also increased with increasing concentratleigure3.6 A-F). Again, the
activity of each cell (Ee= 14.8uM, 95%CI= 11.718.6 pM was significantly right
shifted when compared to the percentage of total cell activationd EQ.3uM, 95%
CI=1.73.1 pM). Interestindy, histamine was the least potent activator of mesenteric
EC C4 signalling when compared to muscarinic and purinergic agonists (Ack EC

13.5nM ADP E£=111.0 nM ATP E{=1.08 uM Histamine Eg= 2.3uM).

3.3.5 Detecton and Transduction of Agonistiuced C4 Signals

The pathway involved in the transmission of extracellular signals to generate a
physiological output involves multiple signalling components (Chapter 1). Brigfly, G
protein-coupled receptors stimulate phospholipase C (PLC) to prot®cevhich
subsequently activates 4Rs to evoke Carelease from the endoplasmic reticulum.
Thisdecrease in ER €deads toan influx ofextracellular C# across the plasma
membrane via SOCE (Chapter 1) to cause an increase in intracellidar Toa
determine the C& signalling pathway activated by muscarinic, purinergic, and
histaminergic agonists, we tested the effectd inhibiting/ blocking specific

components of the signalling cascade.

The first step in many cell signalling mechanisms is thectiete of a signal, by a
specific receptor, at the plasma membrane. Therefore, we sought to determine the
receptor subtype involved in the detection of extracellular stimuli for muscarinic,

purinergic and histaminergic signalling.
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Figure3.4 ¢ Concentrationdependent ADFAnduced C& signalling.

(A) Representative composite image of ‘@ativity inen facesecond order mesenteric artery
endothelium to increasing concentrations of ADP. (Bj* @aces from mdividual cells
indicated in (A). (C) €asignals from all individual cells in (A) Colours were assigned to the
traces based on the amplitude of the initial response to ADP in eachReellindicated the
highest amplitude and blue the lowest amplitudel@urs were assigned to thaghest ADP
concentration (far right) first and maintained across the previous concentrations. Thus
allowing for direct comparison of the same cells between different ADP concentrations. (D)
Average CAresponse (F/gf from allcells for each ADP concentration. (E) Percentage of all
cells active at each concentration of ADP. (F) Average activity) (#/Rll cells for each
concentration of ADP. Data are representative of n = 5 independent experiments from
different artery prepaations from different animalsScale lars, 50 pm.
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Figure3.5 ¢ Concentrationdependent ATAnduced Ca&* signalling.

(A) Representative composite image of'@ativity inen facesecond order mesenteriatery
endothelium to increasing concentrations of ATP. (B} @aces from individual cells
indicated in (A). (C) €asignals from all individual cells in (A) Colours were assigned to the
traces based on the amplitude of the initial response to ATP ¢h eall.Red indicated the
highest amplitude and blue the lowest amplitude. Colours were assigned toighest ATP
concentration (far right) first and maintained across the previous concentrations. Thus
allowing for direct comparison of the same cellsvibeen different ATP concentrations. (D)
Average CAresponse (F/gF from all cells for each ATP concentration. (E) Percentage of all
cells active at each concentration of ATP. (F) Average activity @%/@ll cells for each
concentration of ATP. Data emepresentative of n = 5 independent experiments from
different artery preparations from different animals. Scale Bars, 50 pm
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Figure3.6 ¢ Concentrationdependent histamineinduced C&' signalling

(A) Rpresentative composite image of €activity inen facesecond order mesenteric artery
endothelium to increasing concentrations of histamine. (B) €aces from individual cells
indicated in (A). (C) €asignals from all individual cells in (A) Colonese assigned to the
traces based on the amplitude of the initial response to histamine in eacliReellindicated

the highest amplitude and blue the lowest amplitude. Colours were assigned tighest
histamine concentration (far right) first and mé&ined across the previous concentrations.
Thus allowing for direct comparison of the same cells between different histamine
concentrations. (D) Average Taesponse (F/F from all cells for each histamine
concentration. (E) Percentage of all cells\actat each concentration of histamine. (F)
Average activity (F4rof all cells for each concentration of histamine. Data are representative
of n = 5 independent experiments from different artery preparations from diffeegminals.
Scale hrs, 50 um
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AChinduced C# signals were completely abolished by the selectiverdteptor
blocker 4DAMP (1,idimethyl4diphenylacetoxypiperidinium iodide). Therefore,

endothelial response to ACh arises viarteptor activation Eigure3.7 A-C).

ATRinduced C# responses were inhibited by the P2¥&ective antagonisAR
C118925X>but unaffected by the selective P2Y1 antagonist, MRSHigare3.7 A-

C). Conversely, ABRduced C# responses were unaffected by incubation wigiR
C118925XXbut were abolished by MRS21Hdure3.7 A-C). Taken together, these
results show that ADP and ATP mediated*@Ganalling in mesenteric ECs occurs

through two separate purinergic receptor subtype®2Y?2 for ATP and P2Y1 for ADP

Histamine induced Ca signalling was abolished by the: Kelective blocker,
triprolidine, but unaffected by the Hselective blockercimetidine. Therefore,
histamineinduced C# signalling is evoked by activation of the tdceptor subtype
(Figure3.7 A-C).

FollowingG, protein activation, the @ subunit(and also @ * adzodzy A G0 | O
PLC. This leads to the formation of intracellular I? support of a role of PLC in the
CZ*AYONBIlI aSax GKS t[/ AYKAOAGZ2ZNE | TOMHH

' Toono OH > aisignali aulied by kaichSoRthe/folir agonistsigure3.8

AC).

C&* release from the internal storenay occur via IPreceptor (IBR) or ryanodine

receptor (RyR) activation or both. To directly test the contribution eR IBr RyR

activation on C# release from the internal store, during agonist stimulation, we
examined the effects of thed® | Yy il 32y AaGZ Hml YAY2SGK2E@F
and the selective RyR modulator, ryanodinéARB abolished the €aesponse to all

four agonists. Ryanodine had no significant effect on the €ignals Figure3.9 A-C).

These results suggest that®eelease in response to each of the agonists occurs via

IPR.
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To assess the involvement of Carelease from the internal store the

al NO2SYR2LIX I AYAO NBGAOdzt dzy ! ¢t F aSwmo{ 9w/ ! ¢
was used to inhibit Ca uptake from the cytosol to the endoplasmic reticulum.
Depletion of the internal store by CPA significantly reduced the amplitude of tHe Ca

signal evoked by each agonisiqure3.10). Colectively these observations indicate

that in mesenteric ECs, ACh, ADP, ATP and histandoeed C# release from the

internal store occurs via 4R activation and the endothelial response to each of the

agonists is mediated by theG’LGP:R pathway.

In the absence of external €4C&*free PSS that contained 1 mM EgG®ach of

the four agonists produced an initial increase in intracellulaf*Ghat was
comparable to the initial increase observed under normal conditiblwavever, the
maintained reponse (observed with normal PSS) returned to baseline levels in the
absence of extracellular €4Figure3.11 A-C).These observations suggest that the
initial response to each agonist arises viaZ*Galease frominternal stores, as
described above, whilst the maintained response is due t& Dlux across the
plasma membrane. Although other signalling molecules (such as DAG)ppldyran
important role in the regulation of Caactivity within the cell, the athway examined
here is the primary mechanism for muscarinic, purinergic and histaminergic control

of intracellular C#.
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Figure3.7 ¢ Receptor subtypes involved in muscarinic, purinergic and histaminergic
C&*signalling in the mesenteric artery.

(A) C&' signals from all individual cells (~1000 cells), before (left) and after incubation (5 min)
with the indicated antagonist. All traces from individual cells are overlaid and coloured based
on the amplitudeof the initial peak (highest amplitude in red, through to lowest in blue) and
the black line represents the average. (B) Paired pedkNZ8 & LJ2 Y §) SomdnuidGdual

cells before and after indicated treatment. Each circle represents an individual cell and these
are matched for each treatment (grey lines) from a single experiment. The average response
is marked by white circles and matd across treatments by a solid black line. The plotting
RSyaAiide O2ft2dzNJ O2RAY 3 A Y RiadesiRedindicdeS a ghe (i NA 0 d
frequency of occurrence of a particular pgak/k value, and blue indicates a low frequency
ofoccurre©S 2 T | ovhl®!(Q) Symdargdata illustrating average peak response to
ACh, ADP, ATP and histamine in control (black) and after incubation with the indicated
antagonist. Data are representative of n = 5 independent experiments, from artery
prepamtions, from different animals; *P < 0.05, either paired student t test or-®ag
ANOVA followed b§ dzy y #niiltipl@ domparisons test.
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Figure 3.8 ¢ PLC regulation of muscarinic, purinergic and histamigie C&"
responses.

(A) C&'signals from all individual cells (~100 cells), before (left) and after incubation with the
Phospholipase C (PLC) inactive analogue, U73343 (middle; 2 uM, Hhdiihg active form,

U73122 (right; 2 uM, 10 minAll traces fom individual cells are overlaid and coloured based

on amplitude of initial peak (highest amplitude in red, through to lowest in blue) and the

black line represents the average. (B) Paired pedkNCB a LJ2 y & SomdngdividaaCcells

before and aftertreatment with U73343 and U73122. Each circle represents an individual

cell and these are matched for each treatment (grey lines) from a single experiment. The
average response is marked by white circles and matched across treatments by a solid black
ine.¢ KS LX 20GAy3 RSyaarde O2f 2dzNJ O2RéaluesgdRely RA O (
indicates a higher frequency of occurrence of a particular pédk value, and blue indicates

I £2¢6 FNBljdzSyOe 27T 2abé& @NDUBIyatySlatidsFatiig avieddge | n Ck C
peak response to ACh, ADP, ATP and histamine in control (black) and after incubation with
U73343 and U73122 (red). Data are representative of n = 5 independent experiments, from

artery preparations, from different animals; *P < 0.05e@vay ANOVA followed by TukeQ a

multiple comparisons test.
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release from mesenteric endothelial cells.

(A) Cé&'signals from all individual cells (~100 cells), before (left) and after incubation with the
ryanodine receptor blocker, ryanodine (middidp pM, 20 min) and the iPreceptor
FydGlr32yAad wumnl YAY 2 SAPR;Zight 508 LK S0/ndiri\l tracesNiorii S 6 H
individual cells are overlaid and coloured based on amplitude of initial peak (highest
amplitude in red, through to lowest in bluand the black line represents the average. (B)
Paired peak CaNXB & LJ2 y &)Srondipd@idudl cells before and after treatment with
ryanodine (left) and APB (right). Each circle represents an individual cell and these are
matched for each treatment (gy lines) from a single experiment. The average response is
marked by white circles and matched across treatments by a solid black line. The plotting
RSyaAiide O2ft2dzNJ O2RAY 3 A Y RiadesiRedindicdeS a ghel i NX 0 d
frequency @ occurrence of a particular pegiE/F value, and blue indicates a low frequency

2T 2 O0dzNNEB y Q8alud. TC) SumimadByldata iljusiratid@y average peak response to
ACh, ADP, ATP and histamine in control (black) and after incubation with ryarbldiee

and 2APB (red). Data are representative of n = 5 independent experiments, from artery
preparations, from different animals; *P < 0.05, Gmay ANOVA followed by dzy' 'y S (1 Q&
multiple comparisons test.
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Figure 3.10 ¢ Effect of internal $ore depletion on muscarinic, purinergic and
histaminergic C# signalling.

(A) C& signals from all individual cells (~100 cells), before (left) and after (right) incubation
with cyclopiazonic acid (CPA; @8I, 5 min).All traces from individual cells are overlaid and
coloured based on amplitude of initial peak (highest amplitude in red, through to lowest in
blue) and the black line represents the average. (B) Paired péakeSponse jiF/Fy) from
individual cells befe and after treatment with CPA. Each circle represents an individual cell
and these are matched for each treatment (grey lines) from a single experiment. The average
response is marked by white circles and matched across treatments by a solid blatkdine.
plotting density colour coding indicates the distribution of pg&tk values. Red indicates a
higher frequency of occurrence of a particular pgdk value, and blue indicates a low
frequency of occurrence of a peglE/Rvalue. (C) Summary data illustrating average peak
response to ACh, ADP, ATP and histamine itra@diblack) and after incubation in CPA (red).
Data are representative of n = 5 independent experiments, from artery preparations, from
different animals; *P < 0.05, pairedu8ent t test.
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Figure3.11 ¢ Hfect of C&*influx on muscarinic, purinergic and histaminergic €a
signalling.

(A) C& signals from all individual cells (~1000 cells), including 30 s of baseline and 120 s of
activation. All traces from individual cells are overlaid and coloured baseamplitude of

initial peak (highest amplitude in red, through to lowest in blue) and the black line represents
the average. Agonist and concentration are shown on the left of each trace and time of
activation is shown above. (B) Paired peak (leffj @aponse|iF/F) and steady state (right)
C&*responseiF/F; measured at 60 s after the initial peak) from individual cells. Each circle
represents an individual cell and these are matched for each treatment (grey lines) from a
single experiment. The average resige is marked by white circles and matched across
treatments by a solid black line. The plotting density colour coding indicates the distribution
of peaknF/RK values. Red indicates a higher frequency of occurrence of a particular peak
NF/R value, and hle indicates a low frequency of occurrence of a pp&kn value. (C)
Summary data illustrating average peak and stestdye responses to ACh, ADP, ATP and
histamine in control (red), repeat (blue) and after removal of externdt @eey). Data are
representative of n = 5 independent experiments, from artery preparations, from different
animals; *P < 0.05, Ongay ANOVA followed Hy dzy y $niiltipl@ domparisons test.
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3.4 Discussion

A major challenge faced by the endothelium is the need to process an ensrmo
quantity of information held in the complex chemical environment to which the
vascular system is exposed. From this information decisions on physiological outputs
are made. The endothelium uses a multitude of receptors to continuously monitor
vanishingy small changes in the concentration of extracellular signals that each
provides cues to the evathanging physiological stat€ivciristov and Halls, 2019)
Extra@llular signals must be accurately detected and correctly relayed via
intracellular C#&" signals so that information is not lost. Precisely how the
endothelium processes the entire chemical composition to which it is exposed and
transduces multiple extradielar signals, to specific cell activities is not understood.
Here how muscarinic, purinergic and histaminergic signalling occurs in the intact
mesenteric endothelium has been investigated. The reslitsv that each agonist
evokesC&" signals that are ancentrationdependent but not homogenous across
the endothelium. C# signals begin iindividual endothelial cellthat propagate to
neighbouring cells. This increase in endotheliad*@a mediated by activation of
GPCRs to generateslieading to C# release from the internal store by 4R

activation.

In this study, the Ca responses to muscarinic, purinergic and histaminergic
activators in large numbers of endothelial cells in intact blood vessel were analysed.
Eah agonist evoked concentratiadeperdent increases in endothelial €alow
concentrations of each agonist evoked rapid localised increases?irth@aled to

C&* propagation across #h wholecell. The concentrationlependence of the
endothelium to each agonist was not uniform across thére endothelium. Instead,

low concentrations of agonist activated small, spatially distinct regions of endothelial
cells with some cells being highly responsive, while other cells responded weakly or
not at all. Higher concentration recruited additiorells. Furthermore, eachgonist
evoked a concentrationlependent response in each individual endothelial cell. Thus

increasing concentration of agonist recruited an increasing number of cells and an
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increasing amplitude of €asignalin each activatedal. This configuration may act

to increase the dynamic range and sensitivity of endothelium to each activator.
Different cells respond to various changes in concentration. This ensures the entire
system does not become saturated at low concentrationsgairast (and can detect
changes at higher concentrations) while ensuring small changes at low
concentrations are detected. Intriguingly, all cells were active before a maxirttal Ca
response was achieved, as expected from a population of cells with various
sensitivities i.e. the Céa activity within each cell continued to rise with increasing
agonist concentration. Collectivethese results demonstrate that the concentration
dependence of the response of individual cells increased the overall sensitithigy of

endothelium.

Increasing the concentration of agonist caused the additional recruitment of
endothelial cells, to generate a €aesponse. This recruitment may occur due to the
propagation of a Cawave from one cell to another via gap junction or #féects of

the agonist directly activating neighbouring c€k@ameritsch et al., 2012; Kansti e
al., 2008) Although gap junction blockers are available to study this mechanism our
previous study has shown that these blockers may hawtaofiet effects that alter

the C&* response independently of an effect on gap juncti(vslson et al., 2016a)
Therefore, further study is required to determine the role of gap junctiams
mediating the propagation of €asignals. The propagation of Tavaves may be
fundamental in coordinatingvarious vascular responsesreiious studies have
shown that localised application of ACh causes upstream dilati@rnCa* signal

propagation(Bagher et al., 2011; Socha et al., 2012)

In line with the work of Kameritsch et al., our results show heterogenous endothelial
C&*signalling in response tgoniststimulation (Kameritsch et al., 2012)n contrast

to these results, others have reported homogenous’*Gasponses toagonist
activation (BerraRomani et al., 2004; Boittin et al., 2013his discrepancy may be
due to differences in concentrations used to stimulate endothelial cells as our results

also show that a high concentration afjonistelicits a response in laéndothelial

68



cells. A heterogeneous distribution of receptors and other surface molecules has
been described in cultured EC by several stufliemng et al., 2006; Kirchhofer et al.,
1994; Ko et al., 2009)hile one might argue that, in cell culture, proliferation and
different cell cycle phases may contribute to such an inhomogeneous distribution or
expression, our results confirm that surtihomogeneities also occur in intact tissue
(Kameritsch et al., 2012)leterogeneities between ECs seem not to be restricted to
receptor expression. The distribution of the endothelial markers vwWf and CD34 in the
human pulmonary capillgrendothelium have also been sho\iiiller et al., 2002)

In these vessels, different subpopulations of EC expressed CD34 or vWf and only a
limited fraction of cells c&xpressed both markersHowever, the underlying
mechanisms giving rise to variations in proteixpression between neighbouring

cells is not yet fully understoo@hird, 2007)

AChinduced vasodilation is used extensively to determine endothelial functionality.
However, the physiological role of muscarinic receptors on the endothelium has
remained elusive. We have previously shown that fewoked endothelial
dependent vasodilation is eppendent on ACinduced C# signals evoked by
muscarinic receptor activatiofWilson et al., 2016aHowever, the expression of all

five subtypes of muscarinic receptor has been shown across various vascular beds
(Gericke et al., 2011, 2014; Radu et al., 206 NA expression analysis has shown
that the Ms receptor subtype is the prevailing muscarinic subtype expressed in the
vascular endotheliunfGericke et al., 2014; Radu et al., 20X3)r results show that

ACh evoked Casignals in the intact mesenteric endotheliurncnirs by activation of

the Mz receptor subtype.

The expression and physiological role of purinergic receptor subtypes in the
vasculature is incompletely characterised. Studies to identify purinergic receptor
expression on the endothelium are made more cdexpas both metabotropic P2Y
receptors and ionotropic P2X receptors are expres$aly et al., 2002)Currently,
there is a lack of specific antagonists for the majority of P2 receptors with many

blockers exerting significanff target effectgBurnstock, 2017)n this study we used
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two antagonists that have been shown to selectively block; RAd P2¥ receptors
(Burnstock, 2017; Liu et al., 2015; Muoboghare et al., 20083 results suggest that
the endogenous purinergic ligands ADP and ATP induce an increasdothelial

C&* by activation of ompletely s@arate P2Y recept@ubtypes. The highly selective
P2Y antagonist MRS2179, inhibited Alfluced C#& responses whereas the
selective P2Xblocker ARC118925XX had no effect on ADBuced C# activity.
Conversely, MRS 2179 did not reduce ATP evokét r€sponses but the Ca
response was inhibited by blocking of the P2¥ceptor with ARC118925XX
Significantly, removal of external €dad no effect on the initial increase in €a
evoked by either ADP or ATP suggesthat endothelial P2X receptor tigation by

ADP or ATP was not a significant contributor to the response as blockinigfte
across the plasma did not alter the initial peak. Interestingly, it has been reported
that P24 receptor knockout mice have increased blood presg@mige et al., 2018;
Stokes Leanne et al., 2011; Yamamoto et al., 20@@ever, this may be due to the
expression of P2Xon vascular SMC rather than ECs. Collectively, these results
suggest that the endogenous purinergic ligands ATP and ADP may increase
endothelial cell C&* by utilising separate P2Y receptor subtypes. However, further
study is required to determine the exact physiological role of both P2Y aXd P2

receptors in the vasculature.

Histaminergic receptor activation may evoke an increase in eradiaifpermeability

and vasodilation(Kawai and Ohhashi, 1995; Satoh and Inui, 1984; Tiruppathi et al.,
2002; van Nieuw Amerongen et al., 1998)stamine exerts its effects by binding to
its four receptors, H, F, Hs, and H, on target cells in various tissuéStani et al.,
2016) Previous studies have shown that in cultured endothelial cellartd H
receptors are predominantly express@dekimian et al., 1992; Heltianu et al., 1982;
Kameritsch et al., 2012; Lu et al.,, 2010; Otani et al., 20d@wever, studies
examining histamine evoked endothelial?Caesponses in intact tissue have rarely
been carried ou{Huang et al., 2000; Ying Xiaoyou et al., 190&iy study is the first

to report histamineinduced C# responses in the endothelium of intact mesenteric

arteries. We found that Casignals evoked by histamine occur by activation of the
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H. receptor as the H blocker triprolidine abolishedhe histamineinduced C&

response while the selective:Hlocker cimetidine had no effect.

The C& response evoked by each of the agonists, irrespective of the receptor
subtype, was dependent on &€anflux across the plasma membrane. Removal of
external C&" did not alter the initial increase in intracellularaHowever, after this
initial rise the intracellular Ca concentration rapidly decreased to basal levels.
Collectively, these results suggebkat Ca* influx across thegplasma membrane is
required tomaintain muscarinic, purinergic and histaminergié*@esponses in the
endothelium but is not responsible for the initial increasmwever, C# influx may
have a pivotal role in controlling vasgar tone as Cdinflux through TRPVehannels
havebeen reported to cause maximal dilation of resistance artgi$kusare et al.,

2012)

This study demonstrates that the initial increase ig"*@aoked by ACh, ADP, ATP and
histamine in the intact endothelium occurs by?Ceelease from the internal store.
Although the drugs used to determine the role of Ceelease from the internal store
have off target effectsour conclusion was supported by several interventions
(Bootman ¢ al., 2002; Klein et al., 2011GPCR binding caused the activation of PLC
to generate IR The PLC inhibitor, U73122, completely abolished tHé r€éaponse
evoked by the different agonists by blocking the action of the enzyme in generating
IPs from PIR. Blocking the action of #®n IRRs with 2APB also completely abolished
the C&* response as did depletion of the internal store with CPA. Thus, in order for
each agonist to evoke a €aresponse in the endotheliumactivation of the

GPCR/PLCAHR sigalling cascade is required.

The results described in this chapter may have important consequences on studies
examining endothelial cell responses. Here we have shown that each cell, that is
presumably exposed to thsame microenvironment, égsnot responduniformly to

an activator. Therefore, analysis of the response of only one cell from a population
may hide properties of the system that are present when the entire population is

examined. For example, a single cell may not respond to histamine (or ohighat
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concentrations) but is activated by low concentrations of ACh. However, examination
of a separate cell from the same population may show the reverse. As a collective,
the endothelium has properties that exceed the capabilities of single cells. This
feature is not unique to the endothelium. Biological systems are recognised
increasingly as having properties that are distinct from the individual components of
thesystem0 YS&A O X HAnmc T .NSVRiStyicYfRaEestersarise fnomn 0
interactions and give rise to behaviours that are absent when cells are examined in

isolation(McCarron et al., 2019)

The repertoie of functional GPCRs in the endothelium are incompletely
characterised. The variation of receptor expression between vascular beds has made
characterisation even more complex. In the present study we show that muscarinic,
purinergic and histaminergic rep#r activation causes an increase in endothelial
C&*. This increase in €ais dependent on the concentration of agonist. At low
agonist concentrations, €aresponses occur in spatially distinct cells. Additionally,
we characterise the mechanisms invedhvin generating a Caresponse to ACh, ADP,
ATP and histamine. Interestingly, each activator elicits its response by the same
mechanisms. Although this may be expected, it could lead to complications in the
detection and relaying of the information staten each activator if more than one is

present at any time, which would presumably ocouviva
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Chapter 4C&* Signalling Network in the Vascular Endothelium



4.1 Introduction

Vascular heterogeneity is normally described as terms of variations in the structure
of the endothelium between different vessel types or different organs. For example,
endothelial cells align in the direction of blood flow at straight artery segments but
not at branch point§Poduri et al., 2017)There are also variations in endothelial
structure between artery beds whereby, the endothelium can be-ferestrated
(cerebral circulation), fenestrated (small intestine, endocrine glands) or
discontinuous (liver, spleen) (Chapter 1). These structural variations Guisdo
differences in the microenvironment (chemical or shear stress) to which the
endothelium is exposed and permit the endothelium to control the extent of fluid
exchange in tsues. However, the structure of endothelial cells is maversibly
fixed and can adjust if the microenvironment alters. When canine arterial segments
were excised and reimplanted, at 90° rotation, endothelial cells realigned to the
direction of blood ®w (Flaherty et al., 1972)urthermore, when endothelial cells
from different regions are isolated and grown in tissue culture, they become
uncoupled from extracellular cues, that they would experieimoévo and unérgo a
phenotypic drift (Aird, 2007; Durr et al., 2004)Therefore, feedback from the
extracellular environment is vital in controlling the structural heterogeneity observed
in the endothelium. While structural heterogeneitg widely accepted to occur,

understanding of functional heterogeneity in the endothelium is poorly developed.

Indeed, most studies on sensing and activation, treat the endothelium as lacking
functional heterogeneity and as a homogeneous population df ablat respond
uniformly to each activator. This belief is probably derived from the nature of the
experimental approach (e.g. organ bath pharmacology) and the assumption that
biological systems maximizke tissuesability to respond to perturbations timugh

the coordinated uniform responses populations of cells.

Notwithstanding the view that endothelial cells within a region of a blood vessel are
largely identical, different endothelial cell phenotypes occur within neighbouring

regions of the same btml vessels even between neighbouring endothelial cells.
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These cells are presumably exposed to an identical extracellular environment, so the
stimuli for protein expression must be similgkird, 2005) This local variation in
phenotype is largely unexplainéduan et al., 2016For example, a mosaic pattern

of microdomains ofvon Willebrand factopositive and-negative endothelial cells
occurs in the capillaries of many vascular bedsiarlke aorta(Aird, 2005; Tomlinson

et al., 1991) There is also heterogeneity in the distribution of angiotensin Il
immunogaining in neighbouring endothelial cells of the femoral art@rgmlinson et

al., 1991) Acetylcholine (ACkvoked C# responses are larger at branches in the

rat thoracic aorta than at nearby ndsranch regions. The reverse was true for
histamine (Huang et al.,, 2000)The sensitivity to histamine and ACh was not
RAAUGNAOdzESR S@Syfe | Y2y3 ySSAEKD 2ENIKATH KO Sif
that varied byD100-fold along the flow lines. In studies of murine thoracic aorta
endothelial cells, while most cells (82%) responded to ATP, large fractions of cells did
not respond to ACh, bradykinin, or substang@Rrie and Bény, 2002Dur previous
studies have also shown that the distribution of receptors is not uniform across the
endothelium. Instead, muscarinic and purinergic receptors were distributed in
different cells in the endothelium of the carotid arte¢iyee et al., 2018)Together

these studies suggest that neighbouring regions of the endothelium appear to be

specialised to detect particular chemical activators.

Recent advances in single cell analysis has also revealed hetetygengene
expression(Kalluriet al., 2019; Vanlandewijck et al., 2018hese variations have
been shown to occur between different ldd vessels, artery beds and perhaps most
interestingly even between neighbouring endothelial c@llki et al., 2003However,

the underlying reason and mechanisms giving rise to localised heterogeneity remains
unclear. The physiological role of céliat arejust a few microns apart, and that are
presumably exposed to virtually identical microenvironments, being endowed with

different functions as determined by protein expression remains unresolved.

The endothelium is constantly bombarded by tens of different, simultaneously

arriving extracellular etivators, that each provides cues to the physiological state.
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The endothelium must manage its response to each of these extracellular signals to
maintain cardiovascular homeostasis. This requires selective detection, processing,
and ultimately, integratio of each of the separate inputs. We propose below that
endothelial heterogeneity provides the endothelium with an ability to solve complex
sensory problems and process multiple simultaneously arriving signals in parallel. We
show that the endothelium isrganized into spatially structured clusters of agonist
sensitive cells and there is minimal overlap in agonist sensitivity between clusters.
This arrangement allows the endothelium to selectively detect specific activators and
due to the limited overlap chgonist specific sensing cells, multiple activatorstman

processed at the same time.

To control vascular homeostasis, the endothelium must ensure that the information
held in each extracellular stimulus is accurately relayed within the cell, in order to
generate the correct response. Individual endothelial cells are thought to respond
and relay the information held in a wide range of distinct inputs by changes in
amplitudes, duration, and oscillation frequency of the?Csignal (Chapter 1).
However, howa large population of intact endothelial cells sense multiple stimuli,
that each activate the same pathway to converge on intracelluldr €gnalling, is

not fully understood. Here we propose an additional featuhat allows the
endothelium to generatestimulusspecific responses via €aignalling. Separate
clusters of cells selectively and separately detect different activators. spaisal
segregation of detectionmay allow the endothelium tosimultaneously and

sensitivelyprocess various elements the chemical environment in parallel.

In this chapter to asssand quantifythe extent of heterogeneity and clustering of
endothelial cells, a system wiring diagram is us€&tde system wiring diagram
graphically depicts how components of a system atgysically and logically
connected to identify relationships in a netwoilkhe mathematical foundation of the
systemwiring diagram is graph theory. A graph in this context is not a diagram of x
versus y but a collection of elements (nodeshich may be conected structurally

2NJ Fdzy QuAazyltte 6AGK SIOK 2GKSNJ @Al WSR
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signalling network may be depicted as signalling links (edges or components; e.g. gap
junctions) between interacting cells (nodes). The number of edgssciated with

each node is a property called node degree and the degree distribution is used to
quantify the diversity of the entire network. Using these graphs, the topology or
architecture of the network may be characterised to determine various messoir
connectivity. Herg the number of componentsigolated responding cells and
responding clustels the total number of isolated cells and clusters of cells, the total
number of clusters, the number of cells per cluster, the mean degree, the average

number of active neighbours for each agorssinsitive cell is determined.

77



4.2 Methods

4.2.1 Endothelial G4 Signal Analysis

Endothelial C& signalling was imaged as described in Chapter 2. Endothelial viability
was assessed by application of maximum concentratiohCh (100 nM) at the start

of each experiment to ensure a Caesponse could be evoked in every cell. To
investigate the spatial distribution of agomnsénsitive endothelial cells, low

concentrations (Ef, from full concentration response data, in dpter 3, showing

0KS WLISNOSyGr3IsS 2F I OGAGS OSttaQu 27F Yd

were sequentially applied to the same endothelial preparation. During each of these
experiments, agonisevoked C# activity in a single field of endogfial cells was

recorded

4.2.2 Cell Clustering and Neighbour Analysis

To quantitatively study endothelial cell connectivity, we constructed theoretical
representations of the endothelial network usiggaphtheory in Python 2.7. To do
this, we first placed cefharkers (lines) along the length of each individual endothelial
cell using the ROl manager in ARiggre4.1! 0 ® 2 S (KSy dzaSR GKS
plugin in FIJI to dilate each of these lines simultaneously iirttbuched another
(dilating) line or the perimeter of the fieldf-view (Randell etl., 2017) In this way,

we were able to generate accurate ROIs for each cell in thedfeliew Figure4.1
B).Cells at the boundary of the fieldf-view have unknown connectivity therefore

we excluded thesedtls from any analysis. To do thige created a set of coordinates
containing the centre point of each linghrough the cell)and calculated the
corresponding concave hull (alpha shafdpreira and Santos, 2019Jhe cocave

hull is the envelope that encompasses all RBigufe4.1 B). Any ROIs with a vertex
that extended beyond this envelope was considered to be a cell at the boundary of
the field-of-view (boundary cell)Higure4.1 B).

Cellular ROIs were used to determine connectivity between endothelial cells. To

achieve this, the minimum distance between each ROI and every other ROl was
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measured. Cell pairs with a separation of zero evelassified as neighbours. We
represented these structural networks as graphs using the NetworkX library in Python
2.7 (Hagberg et al., 2008The graphs allowed €aesponses from individual cells to

be compared with the Caresponse evoked in neighbouring endothelial cells.
Boundary cells wer excluded from the analysis as they lacked a full complement of

neighbours.

4.2.3 Assessment of Clustering of Agonist Specific Sensing Cells

To determine the degree, if any, of clustering of ageeatsitive endothelial cedive
created graphs of responding It for each agonist. To create these graphs, we
identified the 25% most sensitive cells and excluded all other cells. We then
computed the following standard graph theoretic measures to assess cell clustering:
number of components, the total number of iated cells and clusters of cells; the
total number of clusters; the number of cells per cluster and the mean degree, the

average number of active neighbours ach agonissensitive cell.

To determine whether the extent of endothelial clustering of aigbepecific sensing
cells was greater (or less) than would be expected if agonist specific sensing cells were
randomly positioned throughout the endothelium, we used a permutation analysis
(Fitzmaurice et al., 2007; Pesarin, 20I&)e permutation analysis is a statistical test

in which the distribution of the measured data is compared to random
rearrangementf the measured data. First, the s@gonistevoked C# response

data was used to generate a random distribution of cell activity. TRer€sponse

from each active cell was randomly assigned to any other cell (excluding boundary
cells) to generate a ne graph of active cells. Once a cell was assigned?a Ca
response, in the random model, it was removed from the list of cells to whici*a Ca
response could be allocated. This ensured an edent number of active cells were
present in the random model ake EGs agonist evoked Caresponse data. Cell
clustering was then calculated as described above (humber of components, number

of clusters, number of cells per cluster and mean degree). This process was repeated
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1000 times for each dataset and the meanmber of components, number of

clusters, number of cells per cluster and mean degree then calculated.

4.2.4 Statistics

Summarised data are presented as means + SEM values; n is the number independent
experimental replicates (number of animals). For statistioamparison of two

groups, atweli F Af SR {GdzRSyGQa G GSai -talddlodeNSR R
gl & !lbhx! GgAGK ¢dz] S8Q& YdzZ GALIX S O2YLI NR &
statistical comparison of three or more groups. All statistical analyses were
performed using GraphPad Prism, version 6.0 (GraphPad Software). P < 0.05 was

considered statistically significant.
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A Endothelium Lines Generated
(16X Magnification) Across Cell Length

Line ROls

B Lines Dilated Identification of
(No Merge) Boundary Cells

C Cells and Connections

*Boundary Cell <Cell

Connections

Figure4.1 ¢ Reconstructing endothelial network connectivity from €aimaging
recordings.

(A) Representative €amage (left), showing ~1000 endothelial cells, ofeanfacesecond

order mesenteric artery. Line ROIs drawn along the length of each individual cell (middle and

right) used to create cell outlines. (B) Cellular ROIs (left) g@¢né@ S R dzdlilaty @ G KS a
YSNEBS¢ L)X dAAY Ay CLWL® 6aARRES LIySto ! 02yC
of the preparation, encompassing all cells. The concave hull was used to identify cells at the
boundary of the network (or fieldf-view; right). (C) Reconstructed endothelial network

(left) overlaid on Cdimage (right) showing cell locations (green/red dots) and connections

between neighbouring endothelial cells (orange dots). Soaite,50 um.
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4.3 Results

4.3.1 Clustering of gonist-Selective Kiothelial @lIs

Critical to an understanding of endothelial function, is a determination of how the
endothelium senses and processes information held in the multitude of activators
that act on the endothelium. To investigate how the endothelium detectstipial
stimuli, we examined the patterns of endothelialPCactivity evoked by four distinct
agonists (ACh, ADP, ATP and histamine). To achieve this, we identified each
endothelial cell in large fields of native endothelia, and constructed graph theolretica
representations of the underlying structural network. In these graphgure4.2 A-

B), each endothelial cell is represented by a node and connections between
neighbouring endothelial cells are represented by esl@ines connecting nodes).
Endothelial cells formed a regular lattice network, with each cell in contact with an

average of six neighbourBigure4.2 E).

We examined the spatial distribution of endothelial celhsigivity by activating the
endothelium with low concentrations of each of the four agonists. To do this, we
applied each agonist at an EQdetermined from full concentratiomesponse
studies, Chapter 2). Activation of 25% of cells with thg #&s notalways achieved

due to variations in the sensitivity between preparations. Occasionally, thddt€d

to activate 25% of cells. When fewer than 25% of cells responded, the concentration
was increased to ensure that at least 25% of cells responded. \Wioea than 25%

of cells responded (which was only apparent in later analysis) the analysis was
restricted to the first 25% of cells to resporfeiqure4.2 C and D). Additionally, cells

at the boundary of the fielebf-view were not included ithe analysido ensure only

cells with a full complement of neighbours were consideifédire4.2 D).

We first sought to determine if theells activated by the E£€of each agonist were
reproducible and if these responding cells were altered if the sequence of agonist
applicationchanged First, ACh (E€) was applied to the artery, followed by ADP

(EGs) after the cells were washed and allowed to recover as described in Chapter 2.
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After another round of wash and recovery ADPgE@as applied, followednother

wsh and recovery before the final application A€h (E). The cells activated by
each agonist were highly reproducible, and the same pattern of cell activity for each
agonist ocurred regardless of the sequence of agonist applicafiégure4.3 A-C).

The Cé& response evoked by the E©f ACh (0.1@ 0.02nF/F) was significantly less
than the C&' response evoked by (@M ionomycin (1.29 0.18 nF/Fy; Figure4.3 D

and E).

Nextthe number of components were considered. Components consist of cells that
were positioned in a cluster é.. an active cell and an active neighboamy cells that
responded in isolation (i.e. no responding neighbour). When compared to a random
model, in which active cells were randomlygesitioned 1000 times, there were
significantly more components per 1@@lls in randomly reositioned data than in

the real measured data (control) (ACh: 6.3 £ 0.11 in control vs 8.5 £ 0.20 in random,
Figure4.4 A-C; ADP: 6.9 £ 0.13 in control vs 8.4 £ 0.08 in ran&iagnye4.5 A-C; ATP:

7.1 £ 0.51 in control vs 8.5 + 0.06 in randdfigure4.6 A-C; Histamine: 7.1 £ 0.31 in
control vs 8.62 + 0.05 in randoraigure4.7 A-C). The results suggest that there is an
increased cell clustering in the real measured data than would be predicted from a

random arrangement of responding cells.

In support of this conclusion, the number of clusters per 100 cells (i.e. cetls tha
responded with a neighbour also responding) was also significantly increased in the
random model for ACh and histamine when compared to measured data (control)
(ACh: 3.5 £ 0.09 in control vs 4.1 + 0.07 in random model; Histamine: 3.6 £ 0.12 in
control vs4.0 = 0.10). However, there was no significant difference between the
number of clusters when compared to the random model for ADP or ATP. The latter
result suggests that ADP and ATP sensing is more distributed across the endothelium

when compared to ACand histamine.
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Figure4.2 ¢ Neighbour analysis of endothelial cell activifp) Highresolution, low
magnificationC&* image (Cab20 fluorescence, left) and corresponding structural network
(right) of alarge section of the endothelium of an intact secemrdier mesenteric artery. In

the right panel, the centre of each cell is indicated by green ROIs, and connections between

neighbouring cells are shown as orange lines. Cells positioned at the boundheyfifid
of-view are coloured grey. (B) Higlsolution, highmagnification image (left) of a region of

endothelial cells from the same field of endothelial cells shown in A, and corresponding

structural network (right). (C) Pseudoloured C% image ilustrating ACkevoked (15 nM)
C&* activity throughout a Sminute recording. (D).ocation of AChesponsive cells (first 25%
of cells to respond, purple) shown with (left) and without (right) Atdensitive cells (green).

(E) Probability density distribiains showing the number of neighbours for each cell in A with

boundary cells included (greg) excluded (red). Scale ba&) um.

84



>

Responding Cells EC,,

First 25% of
Responding Cells

Boundary Cell @ Inactive Cell ® Active Cell —Connection —Active Cell Connection

Colour Maintained

E
2.0
®
®
o *
— AChEC ER T
25 =
— lonomycin (1 uM) ® s
Blys
ol
23
S
o
w
L 054
‘©
o
0.0 ——1 T
ACh EC,, lonomycin
(1 uM)

Figure4.3 ¢ Reproducibility of endothelial cell Caresponse.

(A) Represntative composite image of Eactivity inen facesecond order mesenteric artery
endothelium to the Efs of ACh (green) and ADP (orang@®) Reconstructed endothelial
network showing locations of active cells (purple dots), inactive cells (green aods)
boundary cells (grey dotsl.ines connect responding cells to their nearest responding
neighbours (red) or nonesponding neighbours (greyC) C#& signals from all individual cells

in (A) Colours were assigned to the traces based on the amplituitie oésponse to ACh in
each cellRed indicated the highest amplitude and blue the lowest amplitude. Colours were
assigned to théast ACh application first and maintained across the previous applications of
ADP and ACh. Thus, allowing for direct comparisf the same cells between each agonist
application.(D) C&" signals after the application of ACh ¢g@nd ionomycin (1uM). (E)
Summary data illustrating the €aesponses to ACh (Eand ionomycin (UM). Data are
representative of n = 5 indeperdt experiments, from artery preparations, from different
animals; *P < 0.06ompared to ACh respongpaired Student t test.
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For each of the four agonists, the mean number of cells in each cluster was
significantly higher than would be expected fromamdom distribution (5.2 + 0.09

for ACh measured, 3.8 £ 0.06 for ACh randéigure4.4 A-C;4.8 =+ 0.22 for ADP
measured, 3.8 + 0.13 for AD&dom, Figure4.5 A-C; 5.5 + 0.68r ATPmeasured,

3.9 £ 0.14 for ATRandom, Figure4.6 A-C; 4.7 = 0.36 for histamimaeasured, 3.8 £

0.12 for histaminerandom, Figure4.7 A-C). Similarly, irrespective ofjanist, the

mean degree (i.e. number of active neighbours) of active cells was higher than would
be expected if responsive cells were distributed randomly throughout the endothelial
cell network (1.7 + 0.01 for ACh measured, 1.3 + 0.01 for ACh random] ABRR).04
measured vs 1.3 + 0.05 in random; ATP: 1.7 £ 0.11 measured vs 1.3 £+ 0.06 in random;
Histamine; 1.6 £ 0.09 measured vs 1.3 £ 0.05 in random). The mean degree is the
average number of active neighbours of each ageadsivated cell. Collectively
these results suggest that agonsgnsitive endothelial cells are positioned in

spatially distinct clusters throughout the endothelium.

There was no significant difference in the number of components per 100 cells,
number of clusters per 100 cells, nuerbof cells per cluster or degree distribution
between the agonistsHigure4.8 A-D). This suggests that the endothelium does not
vary the distribution of clusters or the properties of each cluster in detectingeifsp

agonist.

4.3.2 Spatial Separation of AgoniSénsitive Endothelial Cell Clusters

Close visual inspection of Tanctivity evoked by the four agonists in the same
preparation revealed variations in the cells that were sensitive to each activator
(Figure 4.9 A-C). For example, cells that responded with a high amplitudé*Ca
response to ATP did not respond with the same intensity (or at all) to the other
agonists Figure4.9 B).Indeed, initial observations revealed insufficient overlap of
cells that responded to one agonist when compared to the cells that responded to

other treatments Figure4.9 A-C).
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Therefore, we sought to determine ithere was any overlap between the
subpopulation of cells that were sensitive to one agonist when compared to those
that were sensitive to a separate agonist. A low concentration of AGk) @©@ked

a response in 23.78 + 3.87% of all cells. Of theseatirated cells, 30.14 + 8.15%
responded to ADP, 33.75 + 5.67% responded to ATP and 33.85 £ 2.84% responded to
histamine Figure4.10 A and B). Of those cells that responded to thes®€ ADP,

(27.07 £ 5.99% of em& population), 25.18 + 4.36% responded to ACh, 44.8 + 8.84%
responded to ATP and 41.72 + 2.66% responded to histarRigaré4.10 A and B).

For those cells responding to the EGf ATP (30.84 £ 5.85% of entireputation),

26.01 £ 4.23% responded to ACh, 39.51 + 8.35% responded to ADP and 39.61 + 4.29%
responded to histamineNigure4.10 A and B). Finally, of the cells responding to the
EGs of histamine (29.19 + 2.96% ofitere population), 28.81 + 6.27% responded to
ACh, 39.18 *+ 9.47% responded to ADP, and 41.3 = 7.63% responded fighfé (
4.10 A and B). There was no significant overlap between the subpopulation of cells
that responded to one agonist when compared to the subpopulation that responded

to any of the other agonists.

The majority of cells (33.2 1.4%)esponded to one agonist. However, there is a
subpopulation of cells that responded to two (2Z22.3%)r three agnists (10.8t
2.6%) Interestingly, a small subpopulation of cells responded to all four agonists (2.8
+ 1.0%) Figure4.10 C).One possibility to explain this observation is that cells that
respond to three or ma agonists arise from propagation of the?Csignal from a
neighbouring agonist sensitive cell rather than the cell expressing all four receptor
subtypes. However, further study is required to determine the expression of
receptors in endothelial cells. 8@ 30% (30.% 4.4%)f cells did not respond to any

of the four agonists, at the E§xoncentration. This observation suggests these cells

may be primed to detect other agonists not studied here.

Together, these observations indicate, the endotheliunisgs spatially distinct
clusters of cells that are primed to detect a specific agonist, with little overlap with

cells that are more sensitive to another agonist.
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Figure4.4 ¢ Clustering of AClsensitiveendothelial cells.

The first 25% of responding cells to ACh{EDd their spatial relationships were calculated
from neighbour analysis. (&econstructed endothelial network (left) showing locations of
active cells (purple dots), inactive cells (gredmis) and boundary cells (grey dottjnes
connect responding cells to their nearest responding neighbours (red) orezponding
neighbours (grey). The middle panel, shows the separate components of the active cells and
the right panels, shows the inddual clusters. Components are cells that respond in isolation
or together with a neighbour. Clusters are cells that respond with an active neighbour. (B)
Random model of the endothelial network shown in A, showing the active cells (left),
components (midlk) and clusters (right). (C) Summary data illustrating the distribution of
ACh sensitive cells across the endothelium compared to a random distribution. Data are
representative of n = 5 independent experiments, from artery preparations, from elifter
animals; *P < 0.05, pairedglent t test.
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