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Abstract

Store-operated Ca2+ entry (SOCE) is a principal mechanism for extracellular Ca2+

entry in non-excitable cell types, and is primarily facilitated by the Ca2+- release

activated Ca2+ (CRAC) channel; itself comprised of the pore-forming Orai-1 and

Ca2+-sensing Stromal interaction molecule (STIM)-1 proteins. Depletion of en-

doplasmic reticulum (ER) Ca2+ stores initiates STIM-1 translocation to defined

ER-plasma membrane puncta, and subsequent Orai-STIM interaction and open-

ing of Orai. The importance of this mechanism in Ca2+ signalling in diverse tissue

types is becoming increasingly clear. The vascular endothelium is a dynamic tis-

sue, involved in the maintenance of vascular homeostasis and haemostasis. Many

endothelium-derived bioactive agents, such as endothelin-1, prostaglandins, and

the potent vasodilator nitric oxide (NO), are known to be produced via Ca2+-

dependent mechanisms. However, the role of the CRAC channel in the vascular

endothelium is poorly defined with little known about downstream targets of Ca2+

influx through CRAC channels.

The dysregulation of NO production by endothelial nitric oxide synthase (eNOS)

is a major contributory factor in many vascular disease states, yet the Ca2+ chan-

nel responsible for eNOS activation has yet to be identified. Within this thesis,

I establish the endothelial cell line sEnd.1 as a new model system for studying

CRAC channel signalling in the vascular endothelium, defining sEnd.1 SOCE as

being CRAC channel-dependent. Inhibition of CRAC channels with an array of in-

hibitors, and knock-down of STIM-1, both reduced ATP- and TG-induced SOCE.

The sEnd.1 model system was subsequently used to identify Ca2+ entry through



the CRAC channel as the elusive activation mechanism for eNOS. Through real-

time imaging with the fluorescent NO dye DAF-2-DA, we established that NO

production is non-linear, with a slow initial increase preceding a faster NO produc-

tion phase. These kinetics, with a characteristic delay before fast production have,

to our knowledge, not previously been reported. The time taken to reach the fast

phase of NO production could be manipulated through changes in both local and

bulk Ca2+ rises, which indicated roles for both elements of Ca2+ signalling in eNOS

activation. eNOS regulation by Ca2+ is complex, occuring not only through direct

binding of Ca2+-calmodulin, but additionally through changing post-translational

modifications, which in turn regulate the Ca2+-dependency of eNOS, such as phos-

phorylation of Ser1177. We propose that the delay in fast production of NO is

due to the time taken to alter eNOS post-translational modifications, which thus

remove inhibition on eNOS. Activation of CRAC channels increased phosphory-

lation of residue Ser1177 via Ca2+-calmodulin kinase II (CaMKII), with a similar

time course to that required to reach the fast phase of NO production. Inhibition

of CaMKII increased the time taken to reach fast activation.

In conclusion this thesis presents a new model system for investigation of CRAC

channel signalling in the endothelium. Furthermore, we clearly identify a critical

endothelial pathway as being regulated by CRAC channels, by demonstrating the

production of NO in response to both ATP and TG, which stimulate Ca2+ entry

through CRAC channels.
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Chapter 1

Introduction

Ca2+ is a prolific intracellular signal, which elicits responses ranging from exocy-

tosis to gene expression, and controls vital processes including fertilisation, cell

differentiation and proliferation, and apoptosis. Specificity of Ca2+ signalling is

controlled by the amplitude of cytosolic Ca2+ rise, the spatio-temporal profile of

the signal, and the speed with which sensors bind Ca2+. Two processes control

the intracellular Ca2+ profile: 1) the increase in cytosolic Ca2+ levels, and 2) the

removal of intracellular Ca2+, which are each controlled by numerous mechanisms

and pathways, ensuring a malleable and diverse signalling system [26].

The release of intracellular stores, and the entry of external Ca2+ are responsible

for rises in cytosolic Ca2+ levels. These processes are not mutually exclusive [26].

Cells contain many intracellular Ca2+ stores: the endoplasmic reticulum (ER),

mitochondria, and the acidic stores, such as endosomes, lysosomes, and the Golgi

body [261]. Release of store Ca2+ can initiate Ca2+ entry by a process termed

store-operated Ca2+ entry (SOCE), and conversely external Ca2+ entry can cause

2



CHAPTER 1. INTRODUCTION

store release through Ca2+-induced Ca2+ release.

Ca2+ entry into cells can be facilitated by many different channel types, including

the store-operated channels (SOCs), receptor-operated channels (ROCs), second-

messenger-operated channels (SMOCs), voltage-operated channels (VOCs), and

non-selective channels (NSCs). Store-operated Ca2+ currents are of particular

interest in the Ca2+ signalling mechanisms of non-excitable cells.

The removal of excess cytosolic Ca2+ is essential to attenuate the Ca2+ signal and

prevent Ca2+-dependent toxicity. Ca2+ handling encompasses both the uptake of

Ca2+ into intracellular Ca2+ stores and extrusion across the plasma membrane.

Ca2+ extrusion is principally controlled by the plasma membrane Ca2+-ATPase

(PMCA) and the Na+-Ca2+ exchanger (NCX). PMCA is a Ca2+-calmodulin ac-

tivated Ca2+ removal pump; saturated at low Ca2+ concentrations due to a high

affinity for Ca2+. It is therefore involved in handling small rises in intracellular

Ca2+. The NCX pump conversely has a high Ca2+ transport rate and low Ca2+

affinity; NCX is adapted to respond rapidly to large increases in the cytosolic Ca2+

concentration [300].

Ca2+ removal is supported by the re-uptake of Ca2+ into stores, which can act as

a feedback mechanism to halt further Ca2+ influx in certain entry mechanisms.

Furthermore, the mitochondria also play a critical role by providing the adenosine

triphosphate (ATP) required for the active transport of Ca2+, and additionally act-

ing as a Ca2+ buffer. Large increases in cytosolic Ca2+ results in increased uptake

by the mitochondrial uniporter MCU and other mitochondrial uptake channels

such as Letm.1 [18,68,174]. This is driven by the mitochondrial membrane poten-

tial that is set up by the electron transport chain. The increased mitochondrial
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Ca2+ is re-released into the cytoplasm over a prolonged period, from where it can

then be extruded from the cell. Mitochondrial Ca2+ release is facilitated by the

mitochondrial NCLX [253, 256, 295]. Abrogation of the mitochondria limits the

sustained Ca2+ entry of SOCE [144,145].

This thesis will focus on the role of the Ca2+-release activated Ca2+ (CRAC)

channel in the store-operated Ca2+ fluxes of the vascular endothelium and its

importance in activation of the production of the vasodilator nitric oxide (NO).

1.1 Orai, STIM, and store-operated Ca2+ entry

1.1.1 Store-operated Ca2+ entry

Store-operated Ca2+ entry can be described by a two-step mechanism proposed

by Putney in 1986 [276]. Membrane receptor activation stimulates phospholipase

C (PLC) production of inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG)

from phosphatidylinositol 4,5-bisphosphate (PIP2). The generation of IP3 acti-

vates IP3 receptors (IP3R) on the ER causing Ca2+ store release [24, 42, 43, 320].

The subsequent store depletion opens membrane store-operated Ca2+ channels to

allow the influx of external Ca2+. Entering Ca2+ fulfills both a signalling role,

as well as providing negative feedback on the open channels; being sequestered

and refilling ER stores by re-uptake facilitated by the sarcoendoplasmic reticulum

ATPase (SERCA) (Fig.1.1) [233,276,326,332].

Electrophysiological studies of store-operated currents indicated that SOCE was

mediated by a single population of cell surface channels. The current, termed the
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Ca2+-release activating Ca2+ current (ICRAC), was first demonstrated in mast cells

and is carried by the Ca2+-release activated Ca2+ (CRAC) channel [142,379].

1.1.2 The CRAC channel

The CRAC channel has a single channel conductance of 9fS in 2mM external Ca2+

and a unitary current of ∼6fA [272]. ICRAC is a strongly inwardly rectifying current

with a positive reversal potential and is characterised by a high selectivity towards

Ca2+, although CRAC channels are permeable to other divalent ions including

Sr2+ and to a lesser extent Ba2+. It is, however, impermeable to monovalent ions,

including Na+ (PCa/PNa>1000) and K+, distinguishing it from alternative Ca2+

entry channels including the TRP ion channel family [142, 143]. Only with the

removal of all extracellular divalent ions will a monovalent current be supported

[143].

Subsequent to the concept of the SOCE mechanism, the molecular components

of the CRAC channel took over 20 years to identify. The first elements to be

discovered of the CRAC channel were the stromal-interaction molecules (STIM):

STIM-1 and -2. The STIM proteins were discovered through multiple siRNA

screens in Drosophila and human, and had previously been identified as cell ad-

hesion molecules, acting as tumour suppressors [200, 250, 287, 290]. A classical

experiment to demonstrate SOCE utilises a Ca2+-sensitive fluorophore to visualise

increases in intracellular Ca2+ concentration. Depletion of stores in the absence

of extracellular Ca2+, followed by readmission of external Ca2+ dissects the con-

tribution of internal store releases from extracellular Ca2+ influx. Demonstration

of a robust knockdown of Ca2+ entry using this classic experiment in STIM- defi-
5
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cient cells showed the mechanistic importance of STIM, and led to their proposal

as the Ca2+-sensing elements of the CRAC channel [200]. STIM-1 and -2 are

located in the plasma membrane and, critically, in the ER [213, 358]. Thapsigar-

gin (TG) is a potent inhibitor of SERCA [332]. Within seconds of depletion of

stores with TG, or physiological agonist histamine, STIM-1 translocates from a

dispersed conformation on the ER to defined puncta 10-17nm from the plasma

membrane [200,360,372].

The EF-hand of STIM-1 binds Ca2+ with an affinity in 0.6mM, releasing Ca2+ upon

store depletion [317]. Mutation of Ca2+-binding residues, such as D76A, in the

EF-hand, causes STIM to form puncta even when stores are filled, constitutively

activating CRAC channels [200, 372]. Cumulatively the evidence overwhelmingly

suggests a Ca2+-sensing role for the STIM proteins in SOCE. Although both STIM-

1 and STIM-2 can act as Ca2+ sensors, their physiological roles differ, as will be

discussed later within this chapter.

Shortly after the discovery of STIM, the pore-forming subunit of CRAC channels

was illucidated. The immune cells of severe combined immunodeficiency patients

(SCID) had previously been shown to have impaired SOCE. A combination of link-

age analysis of SCID patients and a Drosophila RNAi screen implicated the Orai

protein family in SOCE. The migration of transcription factor NFAT to the nucleus

is SOCE-dependent. A whole genome RNAi screen of Drosophila tracked NFAT-

GFP migration in response to TG stimulation, showing abrogated translocation

with knockdown of dOrai and dSTIM. Further to this analysis of SCID patients

identified a single missense point mutation in the protein Orai-1. Overexpression of

wild type Orai-1 in T-cells from these patients rescued the SOCE phenotype [95].
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This finding was corroborated in subsequent RNAi studies [347,371]. With STIM-

1 being the Ca2+-sensor, Orai-1 was proposed to be the pore forming component of

the CRAC channel; the ability to multimerise and being plasma membrane protein

added weight to this theory [346].

Overexpression of STIM-1 and Orai-1 together increases the size of ICRAC in expres-

sion systems where the current is difficult to detect [222,263]. Co-immunoprecipitation

experiments indicated the physical interaction of Orai-1 and STIM-1, and is sup-

ported by Foerster-resonance energy transfer (FRET) experiments between STIM-

1-YFP and Orai-1-CFP [237, 346]. The oligomerisation of STIM-1 occurs rapidly

upon store depletion, making migration of oligomers to the ER-PM junctions the

rate limiting process in activation of ICRAC [199].

Subsequent to the identification of the protein components of CRAC channels,

their importance in a wide range of tissues and diseases has now been established.

They have been found to be particularly prevalent in non-excitable cells. Orai and

STIM mutations show prominent phenotypes in immune cells; this is manifested

in the generation of allergic responses, in particular nasal polyposis, and allergic

asthma. In mast cells derived from nasal polyps a positive feed-forward reaction

is created. Ca2+ influx through CRAC channels initiates production and release

of leukotriene C4 which, in turn, activates CRAC channels in neighbouring mast

cells through the receptor cysLT1 [77]. More recent work has indicated that CRAC

channels are important in anti-tumour immune responses [353]. Orai and STIM

have additionally been linked to congenital myopathies, anhydrosis, dental defects,

pancreatitis and kidney issues [94, 217,265].
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Figure 1.1 The CRAC channel signalling mechanism: (1) Activation of PLC-
coupled receptor by external stimuli, e.g. histamine, activates intracellular PLC to cleave
PIP2 generating IP3 and DAG. IP3 activates ER localised IP3 receptors promoting Ca2+

release from ER stores [276]. (2) ER store release depletes store Ca2+, releasing Ca2+

from the EF-hand of STIM-1, initiating STIM-1 migration to ER plasma membrane
junctions [199,200,287,372]. Here, STIM-1 interacts with Orai-1 to form an active CRAC
channel, allowing extracellular Ca2+ influx and a cytosolic rise in Ca2+ concentration
[259]. (3) Extracellular Ca2+ entry replenishes stores and generates signals within the
cell [228]. Rise in ER Ca2+ concentration allows STIM-1 Ca2+ binding, and dissociation
of STIM from Orai closing the CRAC channel.
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1.1.3 Orai

The Orai ion channel family, consisting of Orai-1,-2, and -3, shows little re-

semblance to other known ion channels [95]. Orai isoforms are all tetraspan-

ning 33kDa membrane proteins which form homohexameric teardrop-shaped struc-

tures [146,215,346]. The Orai pore is formed of a transmembrane (TM)-1 domain

lining the pore, TM-2 and -3 domains creating a middle ring around the pore, and

TM-4 constituting an outer ring [146,219,377].

Orais -1, -2, and -3 all show similar Ca2+ selectivity, however Orai-1 is the domi-

nant isoform in SOCE [72]. Overexpression of Orai-1 and -2 with STIM-1 results

in enhanced Ca2+ influx. Orai-3 overexpression, although able to rescue Orai-1 de-

ficiency, does not display increased ICRAC when overexpressed with STIM-1 [222].

Contrary to the general belief that Orais only form homomultimers, an Orai-1 and

-3 pentameric arrangement has been suggested to form a novel Ca2+-conducting

ion channel activated by arachidonic acid, known as the archadionate-regulated

Ca2+-selective (ARC) channel [226]. The function of this channel however is un-

clear.

The Orai pore

The Orai pore environment is created by the side chains of pore-lining residues

of the TM-1 region which oppose each other along the entire pore length [219].

The narrow pore diameter of 0.39nm is, in part, responsible for the specificity of

CRAC channels, conferring exclusion of larger ions from the pore [11]. The pore

can be divided into distinct sections: a hydrophobic region proximal to the extra-
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cellular mouth of the pore, a basic region located towards the cytoplasmic side of

the channel, and a further cytoplasmic pore extension. The hydrophobic region is

well-conserved; it forms a narrow rigid structure, which is likely to contribute to

the structural integrity of the pore, as well as contribute to the pore’s discrimina-

tion of larger divalent ions [146, 219, 377]. The hydrophobic and basic regions are

connected by a conserved flexible linker, which opens the cytoplasmic basic region

upon channel activation. This reduces electrostatic hindrance to ion conductance

imposed in the closed state by the charged basic region [146,288,373].

The extracellular portion of the pore is formed of the TM-1/TM-2 extracellular

loop, which creates a channelled entrance into the pore mouth. The TM-1/TM-2

loop contains three aspartate residues (D110, D112 and D114) which coordinate

and facilitate Ca2+ ion entry [219,346].

The pore-lining residue E106 forms a glutamate ring, which confers Ca2+ selectivity

to Orai and is conserved in all three Orai isoforms from Drosophila to humans

[146,219,346,365,377]. The glutamate ring is predicted to be just 6Å across. The

narrow structure of the glutamate ring predicts that Ca2+ would directly interact

with the O2 component of the glutamate residues when permeating the pore [288].

The mutation R91W is seen in human SCID patients, which reduces the Ca2+

conductance of Orai. R91 is a TM-1 residue found in a narrow section of the

pore close to the cytoplasmic mouth [373]. Mutation of R91 to an amino acid

with a larger side chain can create a steric occlusion of Orai [140, 219]. This is

supported by the R91C mutant maintaining normal activation, including STIM

interaction, oligomerisation, and Ca2+ conductance. Reduction of the cysteine

residues to form disulphide bonds, however abrogates Ca2+ entry through Orai.
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Together this demonstrates that R91 isn’t required to facilitate Ca2+ permeation,

but the presence of a steric hindrance at this narrow section of the pore is capable

of reducing Ca2+ entry [373].

The pore structure can be altered through mutations of non-pore residues, such as

TM-3 E190. Mutation of E190 alters selectivity through allosteric changes in the

tertiary structure, which sterically occludes the pore [219, 272, 346]. Mutation of

E190 reduces pore diameter, decreasing Ba2+ permeation thus altering selectivity

[219,346].

1.1.4 Stromal-interaction molecule

STIM-1 and -2 are ubiquitously expressed, single span membrane proteins which

transduce the Ca2+ level of the ER stores to plasma membrane-embedded Orai

[213, 357, 360]. The cytosolic C-terminus interacts with Orai, instigating channel

opening, whilst the ER-located N-terminus senses Ca2+ and controls oligomerisa-

tion [357].

STIM-1 and -2 are closely related, sharing multiple homologous regions, mainly

varying in their length and C-terminal regions. The functional domains in both the

N- and C-termini are highly conserved between STIM-1 and -2, however STIM-1

is dominant in the generation of SOCE [357].

STIM-2 is expressed at a lower level than its homologue, STIM-1, activating a

smaller fraction of Orai-1; thus, not generating a detectable ICRAC current [205,

247]. STIM-2 has been reported not to redistribute and form puncta in response

to store depletion; however it is found close to the plasma membrane prior to store
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depletion [260]. Nevertheless, STIM-2 positively regulates Ca2+ influx and can

support NFAT migration to the nucleus in the absence of STIM-1. It can also

partially rescue SOCE when STIM-1 is deficient [247].

The key role of STIM-2 is thought to be in Ca2+ homeostasis within the cell.

STIM-2 binds Ca2+ with lower affinity than STIM-1 and, therefore, requires less

store depletion to induce a Ca2+ influx. It is thought that under resting conditions

a significant pool of STIM-2 may already be activated and coupled to Orai-1;

maintaining basal cellular Ca2+ levels and ensuring stores are not depleted through

passive leak [28, 33]. It has been suggested that STIM-2 is able to signal both

dependently and independently of store depletion, with a population of STIM-2

remaining constitutively active [124,260].

The Ca2+-sensing mechanism of STIM-1

The typical resting ER luminal Ca2+ content is between 600-800μM in non-excitable

cells. Upon agonist-induced store depletion, local Ca2+ content in the ER stores

falls to between 200-400μM [25]. STIM-1, although exhibiting a variable temperature-

dependent Kd of Ca2+-binding, will bind Ca2+ with a Kd of ∼500μM at physio-

logical temperatures [148]. STIM-1 is, therefore, well suited to being a sensor of

Ca2+ store content after stimulation.

The N-terminus of STIM-1 contains the principle elements of Ca2+-sensing: the

canonical and hidden EF-hands, and the sterile-alpha motif (SAM) domain [318,

319].

The EF-hand is a conserved Ca2+-binding motif found in a plethora of Ca2+-
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binding proteins [363]. The hidden EF-hand of STIM-1 stabilises the canonical

EF-hand Ca2+-binding region [319]. Only the canonical EF-hand binds Ca2+;

each STIM-1 monomer is, therefore, saturated with the addition of just one Ca2+

ion [317].

The EF-hand structure is linked to the SAM domain via a short α-helix [319].

SAM domains are common structural elements found in over 1000 proteins, and

are important in invoking intermolecular interactions, through association with

other SAM domains, as well as non-SAM elements [169].

The EF-SAM domain has a primarily negative electrostatic surface under physio-

logical conditions. Depletion of Ca2+ and release from the EF-hand increases the

hydrophobicity and decreases the stability of STIM monomers as they move from

an ’open’ to a ’closed’ conformation- demonstrating a change from a tight structure

to an elongated state. Exposure of hydrophobic residues promotes oligomerisation,

which is facilitated by the SAM domain [319].

The C-terminus of STIM-1 is required for the formation of stable resting dimers,

as well as the higher order multimers observed upon store-depletion. C-terminal

deletion mutants of STIM still aggregate due to the clustering abilities of the N-

terminal SAM domains but display reduced aggregate stability, which indicates a

stabilisation role of the C-terminus. It is also required for STIM-Orai interactions

[56].

The C-terminus of STIM-1 is a polybasic region comprised of three coiled-coil

domains, a CRAC modulatory domain (CMD), a serine-proline rich region, and a

C-terminal lysine-rich region [140,147].
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The first coiled-coil is required for stabilisation of STIM-1 oligomers in both resting

and activated states [56]. The second and third coiled-coil domains, with a small

C-terminal sequence extension, form the minimal activating sequence of STIM-1,

known as both the CRAC-activating domain (CAD) and STIM-1 Orai-1 activating

region (SOAR) [259, 367]. The CAD/SOAR region stretches 107 amino acids

between amino acids 342-448 [259]. CAD/SOAR directly interacts with the C- and

N-termini of Orai-1 [237,259]. Expression of a truncated STIM protein consisting

of the CAD/SOAR domain is sufficient to activate Orai-1 constitutively without

store depletion [235]. The CAD/SOAR domain therefore represents the minimal

activating domain of STIM.

1.1.5 Orai-STIM interaction

STIM-1 oligomerisation upon Ca2+ depletion is the activating switch for CRAC

channel activity, however it is not sufficient to open Orai channels [205, 259, 367].

Orai-1 extends 10nm into the cytoplasm, and when combined with the C-terminus

of STIM-1, the proteins are able to cumulatively span the 14-17nM distance be-

tween the ER and PM, allowing their direct interaction and coupling [376, 377].

Electrostatic coupling between the CAD/SOAR domain of STIM and the N- and

C-termini of Orai-1 clusters Orai in the ER-PM puncta [259]. Both termini play a

role in STIM activation of Orai. Truncation of the N-terminus of Orai-1 still sup-

ports STIM-1 binding but prevents Ca2+ flux through Orai-1, whereas mutation

or truncation of the C-terminus prevents STIM-1 interaction and, thus, prevents

STIM activation of Orai-1 [374]. Weak electrostatic interaction of the N-terminus

with STIM modulates the shape of the pore increasing Orai permeability [75].
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The C-terminal TM-4 cytoplasmic extension is proposed to robustly interact with

STIM-1 by electrostatic interactions ensuring the physical coupling of Orai and

STIM [107, 237]. Upon interaction with Orai-1, the STIM-1 C-terminal switches

from a closed to an elongated open conformation [236]. A hexameric structure for

Orai-1 has recently been proposed, with it recently being established the 2 STIM-1

and required per Orai monomer, the stoichiometry of the CRAC channel has now

been established as 12 STIM proteins to 1 Orai pore [141,146].

1.2 The physiological role of the vascular endothe-

lium

Ca2+ signalling is critical in the endothelium, with store-operated Ca2+ entry play-

ing a major role in these non-excitable cells.

The vascular endothelium was once thought of as an inert barrier layer, separating

and protecting the underlying vascular smooth muscle from the shear stress exerted

by blood flow. Indeed the endothelium does act as a dividing layer, albeit a semi-

permeable membrane, however the endothelium is additionally a highly complex

and dynamic tissue.

In 1981 the regulatory function of the endothelium was discovered by Furchgott

and Zawadski, who observed vasoconstriction in response to acetylcholine (ACh)

in the absence of endothelial cells but, conversely, vasodilation in their presence

[112]. They concluded that ACh must cause the release of a relaxation-inducing

compound from the endothelium; they named this compound endothelium-derived
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relaxation factor (EDRF) , now known to be nitric oxide (NO) [252].

Since this time, the endothelium has been recognised to facilitate a wide range of

homeo- and haemostatic mechanisms including transfer of nutrients and O2 into

tissues, mediation of white blood cell migration, control of thrombus formation,

regulation of vascular tone and smooth muscle proliferation, and initiation of an-

giogenesis [69]. The endothelium fulfills these wide roles through the production

and release or externalisation of many bioactive agents which include, but are not

limited to, prostaglandins, endothelin-1, NO, and angiotensin-converting enzyme

(ACE) (see Fig.1.2 for overview).
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Figure 1.2 A scheme demonstrating the haemo- and homeostatic effects of
endothelium-derived bioactive agents
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Regulation of vascular tone is a key role of the endothelium, and is managed by the

release of many interacting bioactive agents which alter the balance between con-

striction and dilatation (Fig.1.2). Vascular contraction is mediated by an increase

in intracellular Ca2+ in vascular smooth muscle cells, which results in the forma-

tion of Ca2+-calmodulin (CaM). Ca2+-CaM activates myosin light chain kinase

(MLCK), which subsequently phosphorylates myosin. Phosphorylation activates

myosin, and allowing its interaction with the actin filament, thus facilitating con-

traction by crossbridge cycling. Many vasodilators act on this pathway to prevent

contraction.

Prostaglandins, produced from arachidonic acid by cyclooxgenase (COX)-1 and -2,

are important inflammatory mediators. Prostaglandins signal through Gq-coupled

protein receptors, activating adenylyl cyclase and therefore increasing 3’-5’-cyclic

adenosine monophosphate (cAMP) levels [209]. Increase in cAMP activates pro-

tein kinase A (PKA), which phosphorylates MLCK, inactivating the enzyme, thus

preventing vasoconstriction [129,284]. Prostaglandins have a variable effect on va-

sodilation across vessel beds, and modulates local, rather than systemic changes,

in blood pressure [209]. Furthermore, prostaglandins can additionally be converted

into thromboxane by thromboxane-A-synthase in platelets which, conversely, is a

potent vasoconstrictor and pro-thrombotic agent. The balance between throm-

boxane and PGI2 helps maintain vascular homeo- and haemostasis [209]. In the

endothelium, PGI2 also demonstrates anti-thrombotic effects through inhibition of

platelet aggregation [229,232,309].

Angiotensin II regulates cell growth and apoptosis by stimulation of growth factor

production. It is a potent vasoconstrictor, further inducing production of alter-
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native vasoconstrictors. It regulates plasma volume and thirst, and plays a role

in sympathetic nervous system signalling [334]. Angiotensin II is produced by

a two-stage process. Angiotensinogen is cleaved by renin to form angiotensin I,

which is then converted to the more potent angiotensin II by ACE on vascular

endothelial cells [297]. ACE and angiotensin II are significant in the pathology of

clinical hypertension. Treatment of a hypertensive patient with ACE inhibitors,

e.g. perindopril and captopril, significantly alleviates the rise in blood pressure,

whereas very limited changes are observed in healthy individuals.

Endothelin-1 (ET-1) is produced by the endothelium, macrophages, leukocytes,

cardiomyocytes, and vascular smooth muscle cells (VSMC) [206]. There are 2

known ET receptors ETA and ETB, which exert opposing effects upon ET-1 bind-

ing. ETB receptors, found primarily in the endothelium, activate NO production

and vasodilation. Activation of ETA results in VSMC PLC activation and a sub-

sequent increase of cytosolic Ca2+ and IP3, generating an extended and potent

vasoconstriction [173, 206]. ET-1 increases constriction in atherosclerotic arteries

and stenoses [173]. It is a major contributor to many pathologies in the cardiovas-

cular system, in particular in pulmonary hypertension, and heart failure, where it

is a predictor of prognosis [206].

The free radical NO is the final major contributor to vascular tone, and will be

discussed in detail later in this chapter.
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1.3 Ca2+ signalling in the vascular endothelium

The vascular endothelium is a dynamic tissue required to adapt to its changing

environment. Exposure to external factors such as cytokines, pH, and shear stress,

result in the activation of signalling cascades within individual endothelial cells and

further transmission of signals through the endothelial monolayer.

As a major signalling messenger, a rise in intracellular Ca2+ concentration above

the basal level of ∼100nM is known to control many essential processes [25]. These

include the synthesis of NO, prostaglandin, and von Willibrand factor (vWf),

modulating vascular permeability, cell proliferation and angiogenesis [92,243,351].

The Ca2+ entry pathways controlling signalling in the endothelium are complex,

in large part because Ca2+ entry channels and Ca2+ handling mechanisms differ

between vascular beds, creating heterogeneity across the tissue. Examples of this

have been seen in the variation of SOCE signals between different endothelial

models [298].

All of the major Ca2+ entry pathways have been identified in endothelial cells

including, surprisingly for a non-excitable cell, VOCs. Ca2+ entry in endothelial

cells is mainly governed by NSCs and SOCs, with CRAC and TRPC channels

prevailing across vascular beds [348,352].

1.3.1 SOCE in the vascular endothelium

The presence of SOCE in the endothelium has long been established. Early work

by Rajan in 1992 tested the SERCA blockers TG, cyclopiazonic acid (CPA),
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and 2,5-di-t-butyl-1,4-benzohydroquinone (BHQ) in bovine aortic endothelial cells

(BAEC) and cow pulmonary artery endothelial cells (CPAE). They demonstrated

SERCA block could induce the release of Ca2+ from bradykinin (BK)-sensitive

internal Ca2+ stores. The Ca2+ response was not maintained in the absence of ex-

tracellular Ca2+ and rapidly declined. However, in the presence of external Ca2+,

a biphasic response was generated, indicating the requirement of both Ca2+ release

and Ca2+ entry. Ca2+ influx in CPAE was blocked by the lanthanide La3+ [298].

SOCE was independently confirmed electrophysiologically by two groups, using

physiological agonists (ATP and BK), SERCA blockers TG and BHQ, and inclu-

sion of IP3 in the patch pipette [249,342]. Currents induced by BHQ, BK, and ATP

showed some inward rectification, moderate Ca2+ selectivity (PCa/PNa>10), a pos-

itive reversal potential, and a 11pS conductance [342]. Although the endothelial

store-operated currents was described to be similar to the prototypic ICRAC seen in

mast cells, the lower Ca2+ selectivity and large unitary conductance show that the

currents were rather different [249]. The classic store-operated current of ICRAC has

more recently been identified in endothelia by the Trebak group, although under

conditions were the conduction of Na+ was measured [1]. The main contributors

to SOCE in endothelium are not well understood, and have been strongly debated,

however evidence points to a major role for STIM and Orai proteins.

1.3.2 TRPCs and SOCE in the Vascular Endothelium

Prior to the discovery of the molecular components of the CRAC channel, most

interest was garnered around the canonical transient receptor potential channels

(TRPC) as the primary mechanism of SOCE in all cell types. However, contri-
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bution of TRPCs was always contentious, with many TRPCs suggested to play

contradictory roles. The confusion surrounding TRPCs and SOCE was debated in

many reviews at the time [258,312]. The discovery of CRAC channel proteins, Orai

and STIM, however demonstrated the sought after components of the SOC chan-

nel, with the RNAi study, which identified STIM, finding no role for Drosophila

TRPs in SOCE [287]. It was subsequently suggested that Orai/STIM interacted

with TRPC channels to mediate SOCE [147,203]. However, a study from the Put-

ney group showed that knock-down of TRPC-1,-3,-5,-6, and -7 had no effect on

store-operated current in human embryonic kidney (HEK)-293 cells [70]. A further

argument against TRPCs in SOCE comes from the pharmacological profile, show-

ing different sensitivities than CRAC channels to many non-specific Ca2+ channel

blockers. In endothelial cells as in other cell types, however, the notion of TRPC

channels in SOCE continues to persist despite the large amount of conflicting data,

and strong indications of no role for the channels. The TRPC family in humans

consists of 6 proteins. Overexpression of TRPC isoforms in model systems has

suggested them to be Ca2+ permeable non-selective channels, although the perme-

ability ratio between Ca2+ and Na+ seems to vary greatly between studies [245].

It has been demonstrated that TRPC proteins are capable of forming homo- and

heteromultimers, with the relative expression levels of isoforms in cells generating

cell-type specific TRPC combinations that display different ion channel proper-

ties [139]. Two defined groups are thought to heteromultimerise: TRPC-1,-4, and

-5, and TRPC-3,-6, and -7 [2, 245].

Like the CRAC channel, TRPC channel activation is thought to be downstream

of PLC, however the physiological mechanisms responsible for activation of mam-
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malian TRPCs is still unclear. Earlier work indicated activation mechanisms

through DAG and IP3, with TRPC-3 and -6 shown to be directly activated by

DAG [137, 344]. TRPC-7 was suggested to be alternatively regulated by SERCA

independently of store depletion [70], and TRPC-1,-4, and -5 were all shown to

be insensitive to DAG, potentially regulated by IP3 [137, 138]. However, in these

studies grossly non-physiological concentrations of messengers were used, and so

the relevance of these findings in physiological systems is uncertain. It has more

recently been proposed that in PIP2 and other phosphoinositides may be regulat-

ing TRPC activity. TRPC-6 has been shown to be positively regulated by PIP2

and phosphatidylinositol 3,4,5-trisphosphate (PIP3), by preventing the binding of

inhibitory Ca2+-CaM [182]. PIP2 activation has also been shown with TRPC-1

and -7, although TRPC-5 and -3 have been found to be insensitive to this mode of

regulation [182, 190]. Conversely, interaction of other TRPCs with PIP2 inhibits

the ion channel activity, and a decrease in membrane PIP2 is associated with

channel activation. This is observed with TRPC-4 [251]. Although contributing

to regulation, phosphoinositides are thought to be part of a complex multifaceted

activation of TRPC channels [182, 286].

Although the activating mechanisms of TRPCs appear diverse and unlikely to be

mediated by store-operated Ca2+ entry [286], TRPC-1 and TRPC-4 have been

suggested to sustain store-operated currents.

TRPC-1 and -4

TRPC-1 and -4 have been proposed to form homo- and heteromeric channels

generating a somewhat Ca2+-selective current, termed the store-operated Ca2+
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current (ISOC) [53, 139]. This has been suggested to be important in endothelial

cells, where reports of reduced Ca2+ selectivity in endothelial store-operated Ca2+

currents lent support to ISOC, rather than the classical ICRAC, being the main

store-operated current. This notion is supported by the impairment of endothelial

SOCE in TRPC-4(-/-) mice [323].

It has also been proposed that interactions of TRPC1/4 with Orai-1 in endothe-

lial cells regulate Ca2+-selectivity of the CRAC channel, or alternatively act as

a coupler between the Ca2+-sensing STIM-1 and the TRPC1/4 channel [53, 194].

Co-immunoprecipitation has been used to indicate association between STIM-1

and TRPC-1, with interaction increasing with store depletion [147, 369]. Further

to this, STIM-1 has also been proposed to gate TRPC-1 through electrostatic

interactions [369], and TRPC-4 [323].

The role for TRPC1/4 channels in the generation of a Ca2+-selective store-operated

current and particularly its requirement for the components of the CRAC channel

in order to function, remains controversial. The Trebak group has been instrumen-

tal in refuting the role of TRPCs as the primary endothelial SOCE [1, 270, 337].

Patch clamp experiments showed Kd of STIM-1 and Orai-1 binding in human

umbilical vein endothelial cells (HUVECs) resulted in loss of ICRAC. Conversely,

knockdown of TRPC-1 and TRPC-4 failed to affect store-operated Ca2+ entry [1].
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1.3.3 Orai, STIM, and the CRAC channel in endothelial

cells

It has been conclusively shown in other cell types that overexpression of Orai

and STIM together is sufficient to significantly exceed native currents, strongly

indicating that STIM and Orai are the only limiting factors of ICRAC development

[263].

A substantial body of evidence demonstrates the presence of Orai, STIM, and

ICRAC in endothelia. The presence of Orai-1 mRNA and protein has been de-

tected in numerous types of endothelial cell including: Ea.hy926 cells, human

lung microvascular cells, immortalised mouse lung endothelial cells, HUVECs and

endothelium isolated from diabetic mice [1, 4, 88, 192, 323]. Agonist-induced ac-

tivation of the CRAC channel has been demonstrated, and can be inhibited by

the relatively specific Orai-1 channel blocker Synta-66 [192, 193]. Knockdown of

Orai-1 in endothelia using short-interfering ribonucleic acid (siRNA) modulates

endothelial physiology, being involved in endothelial cell migration, and inhibiting

proliferation, as well as remodelling events, such as tube formation in angiogene-

sis [1, 192, 338]. It has recently been reported that CRAC channels are required

in endothelia to mediate histamine-induced translocation of NFAT to the nucleus

and is, therefore, of importance in vascular inflammation [375].

Detection of SOCE currents in endothelial cells is notoriously difficult due to the

flat cell shape, intracellular junctions, and the activation of large Cl- currents

when cell shape or volume is interrupted [248]. The Trebak group have recently

reported the first recording of a definitive ICRAC, mediated by Orai-1 and STIM-1
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in endothelial cells utilising human dermal microvascular endothelial cells (HD-

MECs). They demonstrated an inward rectifying current, with positive rever-

sal potential, which developed in divalent free solution (DVF) in the presence of

20mM 1,2-bis(2-aminophenoxy)ethane-N-N-N’-N’-tetraacetic acid (BAPTA). The

current could be blocked with the lanthanide Gd3+, and was additionally abrogated

by siRNA knockdown of either STIM-1 or Orai-1 [307].

1.4 Nitric oxide in the vascular endothelium

1.4.1 The properties of nitric oxide in vascular physiology

NO is a rapidly diffusible and highly reactive free radical with a short half life in

vivo which has been reported in literature to be between 1-30 seconds [46,167]. NO

is both hydro- and lipophilic allowing free diffusion through and between cells [20].

The production of NO in physiology has generated an exciting and diverse field

of interest. However, approaches to study the effects of NO are often inherently

flawed. With difficulties in measuring NO directly on a real-time basis, and the

reactivity of NO in both in vitro and in vivo settings, a wealth of data has been

generated which is complex to effectively analyse and determine the contribution

of NO. An example of this is the use of NO donors, such as sodium nitroprusside

(SNP). SNP releases a nitrosyl group spontaneously at physiological pH [152].

Although it is clear that SNP can be used clinically to reduce blood pressure, its

use in experimental studies may indicate roles of NO which could be attributed

to other aspects of SNP, such as cyanide release [20,152]. Indeed interpretation of
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NO experimental data should be approached with caution.

NO reacts rapidly with other free radicals, and transition metals [20]. Certain NO

reactions dominate in vivo due to the rapid rate of reactions, their availability,

and the quick diffusion of NO. The reaction of NO can confer a stable downstream

signal through the formation of s-nitrosothiols, that modulate target protein ac-

tivity.

Formation of s-nitrosothiols

The reaction of NO with the thiol-groups of cysteine residues on proteins has

emerged as the major mechanism of NO signal transduction and a ubiquitous

post-translational protein modification [134]. S-nitrosothiols (SNO) are perfectly

placed as communicators of signals, being fully reversible modifications which are

restricted both spatially and temporally. Nitrosylation of cysteines is very spe-

cific, with often only one cysteine in a protein permitting a SNO modification [73].

SNO-proteins are diverse and include ion channels and pumps, signalling receptors,

structural proteins, and enzymes [134]. SNO are present in vivo at concentrations

greater than 1μM and demonstrate a half-life in serum proteins of over 40 minutes-

a significant increase on the half-life of NO in vivo [20]. Disruption of SNO sig-

nalling pathways has been implicated in disease and cellular dysregulation [106].

Interestingly, activation of Ca2+ signalling through eNOS agonists, such as ACh,

can also induce release of SNO, and may be important in the early stage of NO

increases after NOS stimulation [52].

S-nitrosylated proteins and dinitrosyl-non-haem iron complexes can act as intra-
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cellular NO stores. The first identified of these was SNO-albumin found in the

circulation. With the inhibition of endogenous NOS activity, concentration of

SNO-albumin decreased, but was mirrored by an increase in free SNO, which was

capable of mediating a vasodilatory response [316]. The low molecular weight thiol

s-nitrosogluthione (GSNO) is another source of stored NO. Release of NO is reg-

ulated by GSNO reductase, which increases the metabolism of GSNO to release

NO and return glutathione. The release of these ’NO stores’ can explain the lack

of complete inhibition of NO-mediated vasodilation in the presence of inhibitors

of NO production [91].

NO can be donated to form SNO by NO oxides, metal-NO complexes, other ni-

trosothiols, as well as direct reaction of NO itself [134]. Reactions require an elec-

tron acceptor, commonly in the form of transition metals and nitrogen dioxide [20].

Protein-bound transition metals such as Cu2+ and haem are able to catalyse SNO

formation when in a close locality to the target cysteine residue [134]. Ca2+ has also

been implicated in SNO formation, such as on endothelial transglutaminase [183].

Peroxynitrite formation

The nitric oxide synthase (NOS) family of proteins produce NO. Under certain

conditions, often during oxidative stress, NOS can also produce superoxide (O2
-).

The contemporaneous production of NO and O2
- production facilitates their irre-

versible reaction to form peroxynitrite (ONOO-) a highly reactive oxidant which

reacts in particular with iron/sulphur centres, zinc fingers and protein thiols. Su-

peroxide dismutase generally controls the levels of O2
- in vivo, however in cells such

as endothelial cells, where large quantities of NO and O2
- are produced together,
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formation of ONOO- can become a problem. As the concentration of intracellular

NO rises, having not reacted with O2
-, NO competes with superoxide dismutase

for the O2
- pool. This results in a steady level of ONOO- being produced; a

problem in in vitro experiments. In vivo concentrations of NO do not reach the

concentrations where competition is a scenario due to diffusion into the blood [20].

Nitric oxide and haemoglobin

NO reacts with deoxy- and oxyhaemoglobin to form iron-nitrosyl-haemoglobin

and methemoglobin respectively, in what is considered the sink for NO. Reaction

with haemoglobin prevents the build-up of NO which would result in the for-

mation of oxidants such as nitrogen dioxide [20, 120]. A second reaction of NO

with haemoglobin has been more recently identified. SNO-haemoglobin, created

via NO transfer from iron-nitrosyl haemoglobin, can act as a transport mecha-

nism [120, 134, 158]. SNO preferentially forms in larger oxygenated vessels, and

releases in smaller vessels, where the release of O2 from haemoglobin triggers NO

release. This triggers NO-mediated vasodilation in areas of low O2 availabil-

ity [127]. Experiments have been undertaken in vitro and in vivo under highly

non-physiological conditions, making the physiological worth of this pathway as

yet unknown, however is an appealingly elegant mechanism [120].
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1.4.2 The function of endothelium-derived nitric oxide in

vascular biology

NO has a wide range of actions as a signalling molecule with involvement in va-

sodilation, host defence and immunological functions as well as control of platelet

aggregation and heart contractility. In the vasculature, endothelium-derived NO

is responsible for the maintenance of vascular haemostasis and homeostasis. NO

controls initiation of vasodilation, inhibition of vasoconstriction and VSMC pro-

liferation, as well as prevention of platelet aggregation and inhibition of leukocyte

adhesion and migration into the vessel wall. In the absence of NO, the endothelium

develops a dysfunctional state which is defined by the attenuation of vasodilation in

response to ACh and shear stress. A dysfunctional endothelium releases reduced

levels of bioactive agents, such as NO and prostacyclin. Reduction of NO and

progression into endothelial dysfunction is a prerequisite for many cardiovascular

disease states, particularly atherosclerosis [333].

Promotion of vasodilation

The production of NO in both the vascular endothelium and non-adrenergic-

non-cholinergic neurons induces vasorelaxation via soluble guanylyl cyclase (sGC)

[230,231]. Nitrosylation of the sGC haem in target cells, increases the conversion

of magnesium guanosine 5’-triphosphate (MgGTP) to cGMP by 50- to 200-fold,

creating a widespread second messenger effect [151]. Critically, cGMP activates

cGMP-dependent protein kinase (PKG), initiating multiple downstream phospho-

rylation events, which are prolific in inhibiting VSMC contraction. PKG activ-
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ity reduces intracellular Ca2+ both by increasing Ca2+ removal from the cytosol

by SERCA, and inhibition of Ca2+ release and entry, through phosphorylation

of IP3R, preventing store release, and by potentiation of the Ca2+-activated K+

channels known as the BK channels respectively. Activation of BK channels re-

sults in hyperpolarisation of the plasma membrane, which reduces the driving

force for Ca2+ entry through voltage-gated channels. PKG also acts to regulate

the phosphorylation of the myosin protein, a critical step in cross-bridge cycling,

and therefore contraction. PKG activity activates myosin light chain phosphatase

activity, and therefore negatively regulates phosphorylation of myosin [198].

Inhibition of platelet aggregation

Endothelial NO contributes to the anti-thrombotic nature of the healthy endothe-

lium by preventing platelet aggregation, promoting disaggregation of platelets, and

suppressing platelet adhesion to the endothelium [278, 279]. NO release increases

intracellular cGMP via activation of platelet guanylyl cyclase [280,350]. NO works

synergistically with prostaglandins which upregulate cAMP production [278–280].

Together, the increase in cyclic nucelotides inhibits the action of PLC and produc-

tion of IP3 and DAG- messengers which begin the cascades of platelet activation.

Human platelets have been found to synthesise their own NO in response to activa-

tion, thus exhibiting autoregulation [280]. NO-cGMP upregulation also activates

G kinase phosphorylation of certain aggregation-associated proteins, such as the

thromboxane TxA2 receptor, which suppresses their pro-aggregation actions [350].
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Inhibition of leukocyte adhesion and activation

Entry into the vessel wall by leukocytes, after endothelial dysfunction, is an early

event in atherogenesis. Endothelial production of NO inhibits leukocyte adhesion

to the endothelium, and prevents leukocyte chemotaxis to sites of injury [15, 180]

Inhibition of NO production in whole vessel preparations led to a 15-fold increase in

leukocyte adhesion [180]. Multiple mechanisms are thought to control this process,

although they are still not fully defined [188].

NO controls leukocyte adhesion by two means: altering the leukocyte- binding abil-

ity to some endothelial adhesion molecules and modulating the level of adhesion

molecule expression [15, 66, 180]. Control of protein expression is, in part, medi-

ated by tonic inhibition of NFκB- the transcription factor responsible for initiating

expression of vascular cell adhesion molecule-1, E-selectin, and interleukins-6 and

-8. NO synthesis both induces synthesis of an NFκB inhibitor, IκBα; increasing

messenger ribonucleic acid (mRNA) levels; and stabilises IκBα, preventing break-

down. Cumulatively these events result in supression of endothelial cell adhesion

molecules and therefore limit leukocyte adhesion [264].

Decreased NO production or the reaction of NO with O2
- to form ONOO- reduces

NO bioavailability and alleviates the inhibition of NO on leukocyte adhesion. In

endothelial dysfunction, where NO availability is reduced progression into further

disease states such as atherosclerosis is, therefore, promoted [180].
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Inhibition of vascular smooth muscle cell proliferation

Proliferation of the vascular smooth muscle and migration into the intima occurs in

response to vascular injury and is a hallmark of atherosclerosis [84]. The increase

in reactive oxygen species (ROS) seen in vascular disease states promotes this pro-

cess. The first evidence of this was provided by Berk in 1992, who, recognising

the effect of immune cells and endothelial cells on VSMC proliferation, impli-

cated the production of H2O2 in this process. Activation of xanthine/xanthine

oxidase-dependent DNA synthesis increased proliferation in VSMC [282]. This

was later found to also be dependent on cyclophilin A and regulation of ERK1/2

signalling [159]. VSMC presence in the intima initially stabilises the fibrous cap of

atherosclerotic plaques by collagen production. However, the prolonged increase

in ROS leads to VSMC apoptosis, and plaque destabilisation [195].

Shortly after the discovery of NO as the primary EDRF, it was seen that NO sup-

pressed the proliferation and mitogenesis of VSMC [115]. This is mediated by both

a cGMP-dependent and -independent processes [115,153]. cGMP-independent in-

hibition occurs through nitrosylation of ornithine decarboxylase- a principle en-

zyme in the formation of arginine and other polyamines. Polyamine deficiency

is proposed to limit proliferation, as has been previously observed in other cell

types [153].

Inhibition of vasoconstriction

Constriction of blood vessels is controlled by the sympathetic nervous system via

norepinephrine release and α-adrenergic receptor activation on VSMCs. NO re-
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lease not only mediates vasodilation through VSMC relaxation, but additionally

inhibits sympathetic signalling in the periphery, reducing vasotone. Neuronal-

derived NO in the sympathetic stellate ganglion reduces noradrenaline release via a

cGMP-dependent mechanism, which limits tachycardia and reduces vasotone [132].

Furthermore, a role for endothelium-dependent NO release in the brain stem has

recently been proposed to increase γ-amino butyric acid (GABA) in the sympa-

thetic nervous system via NMDA receptors, which inhibits sympathetic-induced

vasoconstriction [175].

1.4.3 Activation of NO production in the vascular endothe-

lium

The NOS family consists of three isoforms: inducible NOS (iNOS), neuronal NOS

(nNOS), and endothelial NOS (eNOS). The principle roles for NO produced by

these enzymes is in inflammatory response, neurotransmission, and vasodilation

respectively.

The primary isoform found in the endothelium, as the name suggests, is eNOS.

eNOS is mainly localised to lipid rafts and caveolae in the plasma membrane, and

to the perinuclear Golgi body [122,302,305].

eNOS requires an elevation of Ca2+ above basal cytosolic levels (40-60nM) in or-

der to be activated [281], which is achieved by a SOCE-dependent rise in cytosolic

Ca2+ [197]. The induction of SOCE can be achieved through the binding of numer-

ous agonists, including ATP, histamine, thrombin, and vascular endothelial growth

factor (VEGF), to membrane-embedded G-protein coupled receptors (GPCR).
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Utilisation of different GPCRs allows exquisite control of eNOS regulation by

different agonists, which is mediated by extracellular Ca2+ entry [45,204,310]. In-

deed, the initial Ca2+ rise due to Ca2+ store-release does not affect eNOS activity;

the secondary sustained rise of entry is the activating switch for eNOS [197]. De-

spite it being known that SOCE is required for eNOS activation, the molecular

basis of this SOCE current has not been identified.

ATP and histamine are well characterised agonists both in terms of SOCE sig-

nalling, and in eNOS activation. They will be used within the experimental portion

of this thesis.

ATP

ATP concentration is raised in the vasculature under conditions of disease and

stress. Principle releasers include red blood cells, platelets, and endothelial cells.

The release of ATP by red blood cells occurs in response to changes in pH, physical

deformation, and hypoxia, with high levels liberated upon red blood cell lysis [313].

Platelets have a non-metabolically active store of ATP in dense granules, which

is released upon degranulation and aggregation events; aberrant ATP release is

associated with bleeding disorders [64]. The endothelium itself also releases ATP,

which creates an autocrine signalling loop, in response to shear stress and hypoxia

[44]. This extracellular ATP, derived from many cells under stress conditions,

activates P2Y1 and P2Y2 receptors on the endothelial cell surface, inducing a

SOCE-dependent rise in Ca2+ [44,342]. SOCE, in turn, activates eNOS via Ca2+-

CaM [44]. ATP was one of the earliest agonists shown to relax the vascular smooth

muscle in an endothelium-dependent manner, which is now known to be through
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eNOS activation [67].

ATP-initiation of SOCE has been suggested to be TRPC-3 dependent, however

ATP activation of store-operated currents is consistent with ICRAC [31, 342].

Histamine

Histamine is a known vasodilator, readily released in inflammatory events and al-

lergic responses by immune cells, in particular basophils and eosinophils. It can,

however, be produced by many other cells in the vasculature including platelets.

Histamine stimulates store-operated Ca2+ entry as demonstrated through Mn2+

quenching experiments utilising the Ca2+-sensitive ratiometric fluorescent dye,

Fura-2; it binds the histamine receptor H1, which links to the Gq-protein cou-

pled receptor, inducing PLC activation and thus SOCE entry [36,156,168].

Histamine has also been shown to upregulate eNOS gene expression in endothe-

lial cells via a Calmodulin kinase II (CaMKII) pathway, demonstrating histamine

regulation of NO at multiple levels [191].

1.4.4 Production of nitric oxide by eNOS

All NOS convert L-arginine to L-citrulline and NO using the co-substrates O2

and nicotinamide dinucleotide phosphate (NADPH), [105, 230, 277]. NOS exist

as homodimers. Each monomer consists of an N-terminal oxygenase domain, a

central Ca2+-CaM binding region, and a C-terminal reductase domain. Monomers

align in opposite orientations to allow interactions between the oxygenase and

reductase domains of the other monomer [321]. Dimerisation is thought to be

36



CHAPTER 1. INTRODUCTION

stabilised by the presence of the co-factor tetrahydrobiopterin (BH4) [23,61,339].

Zinc interacts with NOS thiol residues to perform a structural role by stabilising

the active site [105].

L-arginine

NOS substrate L-arginine is one of the most common naturally-occuring amino

acids, and is considered conditionally essential. The kidney cortex is the princi-

ple source of circulating L-arginine, and generates L-arginine with the enzymes

arginosuccinate synthase and arginosuccinate lyase [54, 76]. L-arginine exists in

blood at a concentration of ∼100-200μM, and intracellularly at ∼840μM [19,359].

The strong concentration gradient is facilitated by active uptake into cells by y+

and y+L, namely heterodimeric amino acid- and cationic amino acid- transporters.

L-arginine uptake is promoted by accumulated intracellular amino acids in a pro-

cess known as trans-stimulation [54]. Additionally, endothelial cells have been

shown to produce L-arginine from a protease-sensitive pool and by conversion of

L-citrulline as in the kidney [131]. It should be noted, however, that presence of

L-glutamine will inhibit L-citrulline conversion in cultured endothelial cells due

to their heightened glutaminolysis activity [303]. Interestingly, despite the high

intracellular concentration, eNOS binds L-arginine at concentrations of 2-3μM,

meaning L-arginine is present physiologically at saturating levels [216].
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NO reaction

Conversion of L-arginine to NO is a two-stage process, involving consecutive atypi-

cal monooxygenation reactions generating an intermediate of N-hydroxy-L-arginine

(NOHA) [63]. The overall reaction requires the donation of 3 electrons by 1.5

molecules of NADPH. Donation of electrons by NADPH in the form of hydride

ions (H-) to the reductase domain initiates the catalytic conversion of L-arginine

to NO. Electrons are passed through the reductase domain via the co-factors flavin

adenine dinucleotide (FAD), and flavin mononucleotide (FMN). Ca2+-CaM facili-

tates the exchange of electrons to the oxygenase domain of the opposite monomer,

reducing the bound haem, allowing the binding of O2 and generation of a ferric-

haem-superoxy species [105, 321, 322]. This complex requires an additional elec-

tron, which is donated by redox cycling of the co-factor BH4 forming a transient

BH3
- radical. Absence of BH4 at this stage results in O2

- release, as discussed

later [322]. The addition of the donated electron allows the conversion of L-arginine

into NOHA. A further electron from the transport chain and a second molecular

oxygen allow conversion of the NOHA intermediate into L-citrulline and NO. In

order to release the product NO, the BH3
- radical reclaims the donated electron

from the flavins thus completing the cycle [246,322].

1.4.5 Regulation of eNOS

Regulation of eNOS is complex; co-factor binding, phosphorylation, nitrosylation,

eNOS binding proteins, subcellular localisation, dimerisation, and autoregulation

by an auto-inhibitory loop and a proposed flexible arm, all contribute to the control
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of eNOS and whether NO or O2
- is produced. In this section I will discuss the

major Ca2+ dependent regulatory mechanisms of eNOS, as well as the critical BH4

pathway, which ensures NO, rather than O2
-, is produced by eNOS.

Tetrahydrobiopterin and the ‘coupling’ states of NOS

BH4 can be oxidised to form 7’,8’-dihydrobiopterin (BH2) and then again to form

biopterin (B) . BH4 can be synthesised in vivo through a de novo pathway from

GTP or, alternatively, from the salvage pathway by conversion of BH2 by dihy-

drofolate reductase (DHFR) (Fig.1.4.5). Intracellular levels of BH2 and B increase

with cellular oxidative stress. Critically, both BH4 and BH2 can bind to the NOS

oxygenase domain with the same efficiency, although BH2 is inactive as a NOS

co-factor. NOS binding to BH2 leads to an ‘uncoupled’ state where the electron

transferred through the reductase domain is no longer passed to the oxygenase

domain. This results in the transfer of the electron to O2 creating the superoxide

free radical (O2
-) [343]. The BH4:BH2 ratio is a key determinant of the ‘cou-

pled’ status of NOS. It is controlled by the balance of oxidation of BH4 to BH2

which is determined by the oxidative stress of the cells, and the conversion of BH2

back to BH4 by DHFR [58, 60]. Increased production of O2
- not only initiates

self-propagating uncoupling, reducing the BH4:BH2 ratio further, but additionally

reacts rapidly with NO to form peroxynitrite (ONOO-), further limiting the pool

of available NO [20]. The availability of BH4 is, therefore, of great importance

when considering the catalytic activity of eNOS.
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Figure 1.3 De novo and salvage pathways of BH4 synthesis

The balance between BH4 and BH2 is essential in order to maintain enzymatic
coupling of eNOS. BH4 can be synthesised de novo from GTP via two intermediates
catalysed by the enzymes: GTP cyclohydrolase I, 6-pyruvoyl tetrahydrobiopterin
(PTP) synthase, and sepiapterin reductase. It is readily degraded by free radicals
generated during oxidative stress, to form its inactive and competitive counterpart
BH2. BH2 ‘uncoupling’ of eNOS exacerbates the degradation of BH4 by generating
O2

-. The enzyme dihydrofolate reductase is critical in maintaining the BH4:BH2

balance and maintaining eNOS in a coupled (NO-producing) state [60].

1.4.6 Caveolin-1

Caveolin-1 is a myristoylated protein, which is a major component of the plasma

membrane cholesterol-rich lipid rafts, the caveolae. Caveolin-1 tonically inhibits

membrane-localised eNOS through interaction with a specific caveolin-binding do-
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main on eNOS [336]. Increased intracellular Ca2+-CaM levels after agonist stim-

ulation, facilitated by eNOS-binding partner heat shock protein 90 (HSP-90), act

to displace caveolin-1 binding, thus removing inhibition [93,126]. Cessation of the

Ca2+ signal allows re-association of caveolin-1 to eNOS, which is potentiated by

eNOS targeting to the caveolae by the reversible modification palmitoylation [93].

The release of caveolin-1 from eNOS is recognised as a major factor in eNOS

activation.

Ca2+-Calmodulin control of eNOS activation

CaM is a cytosolic Ca2+-sensor protein which acts as a signal transducer of in-

tracellular Ca2+ rises. Ca2+-CaM binds a plethora of proteins conferring activity

or inhibition. CaM consists of two globular domains, each containing two Ca2+-

binding EF-hands, linked via a loop structure [220,221,363]. EF-hands consist of

a helix-loop-helix structure. Ca2+ binds to the linking loop, and forces a confor-

mational change within the EF-hand [363]. Cooperative binding of Ca2+ in each

pair of EF-hands causes a decrease in the angle between CaM helices, and opens

up the central α-helix region forming the ‘open’ conformation [179,370]. This acts

to expose hydrophobic residues, which interact with target proteins. The central

linker region has a helix structure, which provides flexibility and altered length

to the CaM protein, allowing interaction with target protein motifs of different

sizes [154, 220,221].

Ca2+-CaM is essential for all NOS isoforms, binding the central linker region be-

tween the NOS oxygenase and reductase domains at the CaM binding motif. How-

ever, only eNOS and nNOS are Ca2+-sensitive. Due to an increase in covalent
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bonding in the iNOS binding site, Ca2+-CaM remains bound even with cytosolic

Ca2+ concentrations in the range of 40nM; iNOS is therefore Ca2+-insensitive at

physiological Ca2+ concentrations [105, 314]. iNOS additionally lacks an autoin-

hbitory loop present in the other NOS isoforms, which acts to destabilise CaM

binding at low cytosolic Ca2+ [292]. In eNOS and nNOS, however, the binding of

Ca2+-CaM is a mechanism of activation. CaM binding to eNOS in basal conditions

is minimal [103]. Ca2+ must be bound to all 4 EF-hands, in order to activate NOS

proteins [314].

The electrostatic interactions between CaM and all NOS proteins was determined

to be important in both binding and increasing NOS activity. CaM residues 84

and 87 directly interact with eNOS CaM binding motif residues. Mutation of these

residues interrupts CaM binding and reduces eNOS-dependent NO production

by 74% compared to wild-type (WT) CaM [315]. It still remains unclear as to

exactly how CaM increases eNOS activity [266]. Two mechanisms, likely to work

cumulatively, are thought to promote NOS electron flux. It is known that binding

of CaM to nNOS alters the conformation of the NOS reductase domain, increasing

the accessibility of FMN to FAD. This increases the rate of electron transfer in

the reductase domain thus, increasing the catalytic activity of NOS [355]. CaM

has been suggested to be a mediator of electron transfer from the reductase to the

oxygenase domain, or from FMN to haem [311]. It appears through mutation of

the arginine (Arg) 752 in eNOS FMN domain and glutamic acid (Glu) 47 in CaM,

that a bridging mechanism was abrogated which allowed CaM-mediated increases

in electron flux. Electron transfer when interaction was prevented resulted in a

90% decrease in FMN-haem electron transfer [331].
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Regulation of eNOS Ca2+ dependency

The Ca2+ sensitivity of eNOS can be modulated by phosphorylation of specific

serine, threonine, and tyrosine residues [101]. Combinations of phosphorylation

alter the Ca2+ dependency of eNOS, with phosphorylation of Serine 1177 (Ser1177)

and Serine 615 (Ser615) allowing 50% activation at 100nM and 100% activation

at 300nM Ca2+ [335]. Although the effect of the majority of phosphorylations

on eNOS activity are poorly defined, Ser1177, and threonine (Thr)495 are well

characterised.

Threonine 495 found within the CaM-binding domain, is constitutively phos-

phorylated on eNOS by 5’adenosine monophosphate-activated protein kinase (AMPK)

and protein kinase C (PKC) [50, 103]. Phosphorylation decreases eNOS activity

through interference with Ca2+-CaM binding [50, 103]. Recent biophysical stud-

ies indicate that phosphorylated Thr495 reduces α-helix formation and establishes

electrostatic repulsion between the CaM-binding site and CaM. When Thr495 is

phosphorylated, CaM binding to CaM-binding motif is minimal at physiological

levels of elevated Ca2+ (∼225nM). Saturating levels supports full CaM binding

even with Thr495 phosphorylation [266]. Upon agonist-induced extracellular Ca2+

entry Thr495 is likely dephosphorylated by protein phosphatase 1 (PP1). Dephos-

phorylation of Thr495 has been observed both in response to rises in Ca2+, with

BK, histamine, Ca2+ ionophore stimulation and shear stress [14, 103].

Serine 1177 is minimally phosphorylated under basal conditions [103]. How-

ever, with eNOS activation by shear stress, and agonists including oestrogen,

43



CHAPTER 1. INTRODUCTION

VEGF, insulin, and BK, increased phosphorylation of Ser1177 can be seen [81,

102]. Ser1177 phosphorylation is mediated by the activation of multiple differ-

ent kinases, dependent on the stimulatory mechanism, and these include Akt,

AMPK, PKA and CaM kinase II (CaMKII) [50,102,111]. Use of Ser1177 phospho-

mimetics demonstrated an enhancing role for phospho-Ser1177, in direct contrast

to phospho-Thr495. Phosphorylation of Ser1177 reduces the Ca2+ dependency

of eNOS, allowing maximal eNOS activity at reduced Ca2+ concentrations [81].

AMPK phosphorylation of eNOS depends on the intracellular Ca2+ concentration.

The presence of ethylene glycol tetraacetic acid (EGTA) reduces basal cytosolic

Ca2+ levels and favours Thr495 phosphorylation, however when overcome with ex-

ogenous Ca2+-CaM, AMPK favours the phosphorylation of Ser1177 on eNOS [50].

Ser1177 phosphorylation increases the flow of electrons through the reductase do-

main by 2- to 4-fold above the dephosphorylated state [216]. The effect of phospho-

rylation is thought to be due to the negative charge inferred on the Ser1177, as its

effect can be replicated upon serine to aspartate mutation [81,216]. Phosphoryla-

tion of Ser1177 has been suggested to relieve autoinhibition by the autoinhibitory

loop in nNOS and eNOS [50, 111]. Indeed, Ser1177 phosphorylation by Akt has

been shown to be necessary for NO-dependent endothelial activities, such as en-

dothelial migration as induced by VEGF [81].

Shear stress is thought to induce vasorelaxation via increased NO production inde-

pendently of a sustained Ca2+ rise [8]. Activation of phosphatidylinositol 3-kinase

(PI3K) and thus Akt and PKA, increases Ser1177 phosphorylation; lowering the

Ca2+ threshold for eNOS activation [81, 100]. Although differential phosphoryla-
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tion induced by shear stress alters Ca2+ sensitivity, like iNOS, lowering of cytosolic

Ca2+ renders shear-stress-stimulated eNOS inactive [81]

Figure 1.4 The Ca2+-dependent regulation of eNOS: eNOS constituitively pro-
duces a low basal level of NO. In its resting inactive state, eNOS is tonically inhibited
by binding to the plasma-membrane embedded protein caveolin-1. Upon Ca2+ entry
into cells, Ca2+ binds to CaM, and displaces caveolin, thus activating eNOS [126, 223].
eNOS Ca2+ sensitivity is further modulated by the phosphorylation state of Thr-495
and Ser-1177. Phosphorylation of eNOS by AMPK is differentially regulated by cytoso-
lic Ca2+ levels. Raised Ca2+ results in preferential phosphorylation of Ser1177; reducing
the Ca2+ requirement of eNOS [81]. In turn, Thr495 phosphorylation is favoured by
AMPK at resting Ca2+ levels. Thr495 increases the Ca2+ requirement of eNOS through
interfering with Ca2+-CaM binding. The rise in Ca2+ reduces the levels of inhibiting
phospho-Thr495, whilst raising phospho-Ser1177. Actions of phosphatases, such as PP1,
further exacerbate the reduction in phospho-Thr495 [103].
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1.5 Conclusion

The vascular endothelium is a dynamic tissue, which has been shown to be crit-

ically important in the maintenance of a healthy cardiovascular system. Since

the proposal of the SOCE mechanism, a role for store-operated Ca2+ channels

in endothelial cells has been clear. However, the principle store-operated channel,

CRAC, has been poorly characterised in endothelia, and the function of the CRAC

channel in the endothelium has only been addressed in a handful of studies.

The production of NO is one of the major processes attributable to the endothe-

lium. However, the source of the activating Ca2+ remains largely unknown. Evi-

dence indicates a role for SOCE in eNOS activation, but the role of CRAC channels

in NO production has never been directly investigated. This is important because

identification of the Ca2+ channel that activates eNOS will identify a potential

therapeutic target for managing cardiovascular disorders, such as hypertension.

This thesis aims to both further characterise the CRAC channel in the endothelial

model system sEnd.1, and directly address whether the channels can activate eNOS

and, thus, NO production.
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Materials and Methods

2.1 Cell culture

sEnd.1 cells were gifted by Prof. Keith Channon, Department of Cardiovascular

Medicine, University of Oxford. sEnd.1 cells were frozen at passage 1 in freezing

medium, and stored in liquid nitrogen. sEnd.1 cells were cultured up until pas-

sage 8, after which point a new aliquot was thawed. Freshly thawed cells were

passaged once prior to experimental use. Rat basophilic leukemia (RBL)-1 cells

were bought from ATCC. All cells were maintained in high glucose L-glutamine

(4mM) Dulbeccos modified Eagles medium (DMEM) supplemented with 10% heat

inactivated serum, 200units/ml penicillin and 200μg/ml streptomycin. Cells were

incubated at 37oC, 5% CO2 in a humidified atmosphere.
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2.2 Cytosolic Ca2+ imaging

Cells were plated on glass coverslips and used 24-48 hours after plating at ∼low60%

confluency. Cells were loaded with Fura-2AM (2μM), dissolved in standard exter-

nal solution, for 40 minutes in the dark, at room temperature, before being washed

3 times in standard external solution. Cells were kept in standard external solution

for a further 15 minutes to allow for further deesterification.

Standard external solution composition (in mM): NaCl 145, KCl 2.8, CaCl2 2,

MgCl2 2, D-glucose 10, HEPES 10, pH 7.4 with NaOH. CaCl2 was replaced by

0.1mM EGTA in standard Ca2+- free external solution [164]. Low Na+ external

solution composition (in mM): NaCl 10, Tris-base 145, KCl 2.8, HEPES 10, MgCl2

2. EGTA is known to chelate La3+. Experiments using La3+ in Ca2+-free solution

were therefore carried out in the absence of EGTA.

Imaging experiments utilised the Till Photonics IMAGO CCD camera-based sys-

tem with TillVision software, as previously described [241]. Cells were excited

at 356nm and 380nm, with 20ms exposures; 0.5Hz. Emmission was measured at

510nm. Plots are shown as change in ratio between 356:380. Rate of divalent ion

entry was calculated through differentiation of individual waves, and normalised

to control [164].

When imaged at physiological temperature cells were maintained within the range

between 36oC and 37.9oC, with an TC-10 npi heated chamber system. Cells were

maintained at 37oC prior to imaging.
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2.3 Intracellular NO imaging

sEnd.1 cells were plated on glass coverslips 24-48 hours prior to imaging, and

imaged at 60% confluency. Standard external solution used for all NO experiments

was supplemented with 100μM L-arginine, to ensure sufficient substrate for eNOS

activity. Cells were loaded with NO sensitive fluorescent dye DAF-2-DA (10μM)

for 30 minutes at 37oC in standard NO external solution in the dark. Cells were

washed 3 times with standard external solution, with L-arginine (standard NO

external solution), before and after loading. Cells were maintained at 37oC prior

to imaging, and maintained at physiological temperature during experiments as

previously described.

Imaging experiments utilised the same Till Photonics system as described previ-

ously. Cells were excited at 490nM, with 30ms exposures, every 10seconds.

Waves are shown as normalised to baseline cell fluorescence (F/Fo). Baseline

fluorescence calculated as the mean of fluorescence measured over 100secs prior to

stimulation. Time to reach 10% total peak was defined as 10% of the difference

between calculated baseline and peak height following a rapid increase in NO

production.

2.4 Western blot

Western blot was carried out as previously described [48]. Briefly, cells were lysed

in lysis buffer; RIPA buffer (Sigma) with protease inhibitor cocktail (Sigma),

10mM Na3VO4 (Santa Cruz) and 1mM phenylmethylsulfonyl fluoride (PMSF)
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(Santa Cruz). Protein content was assessed using a modified-Lowry assay (Bio-

rad). 50μg protein samples were denatured at 70oC for 10mins. Samples were

separated by SDS - PAGE on a 10% gel, and transferred to nitrocellulose mem-

branes (Amersham Biosciences) by semi-dry transfer. Membranes were blocked

at 4oC overnight in 5% non-fat dry milk in phosphate buffered saline (PBS) with

0.1% Tween 20 (PBS-T) buffer. Membranes were washed 3 times in PBS-T and

incubated 2 hours in primary antibody at room temperature. Antibodies against

STIM-1 and STIM-2 (Cell Signalling) were used at 1:3000. α-tubulin (Santa Cruz)

was used as a loading control at 1:1000. Cells were washed 6 times at 10min inter-

vals with PBS-T. Secondary antibody; HRP-conjugated goat IgG raised against

rabbit and rabbit anti-mouse HRP-conjugated (Amersham Biosciences) were both

used at 1:5000 in 5% milk PBS-T, and incubated for 2hrs at room temperature.

Membranes were washed as previously described, prior to visualisation by en-

hanced chemiluminescence (ECL)-plus Western blotting detection system (Amer-

sham Biosciences).

Phosphorylation blots were carried out using the same lysis buffer as above, with

the addition of a phosphatase inhibitor cocktail (Pierce). Cells were treated at 37oC

and put on ice immediately at the end of stimulation. Cells were washed 3 times

with ice cold Tris-buffered saline (TBS) prior to lysis. Samples were denatured,

run, and transferred onto nitrocellulose membranes as per standard Western blots.

Membranes were blocked in 5% bovine serum albumin (BSA) (Sigma) in TBS with

0.1% Tween (TBS-T).

Anti-phospho Ser1177 antibody was used 1:1000 (New England Biolabs) in 5%

BSA TBS-T and incubated overnight at 4oC. Washes were performed with TBS-T
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as per standard Western blots.

Membranes were stripped with buffer containing: Tris-Hcl (pH6.7) 56mM, SDS

2%, and beta-mercaptoethanol 0.7% made up in ultra-pure water, for 30 minutes

at room temperature and re-blocked in 5% milk PBS-T prior to incubation with

second antibody.

2.5 Reverse transcriptase polymerase chain re-

action

Total cell RNA was extracted by RNeasy Mini Kit (Qiagen) with QiaShredders

(Qiagen) to remove cell debris as per manufacturer’s protocol. RNA quantity was

determined by absorbance at 260nm using a Nanodrop Lite spectrophotometer

(Thermo scientific). 1μg RNA was reverse transcribed to cDNA using iScript

cDNA synthesis kit (Biorad) as previously described [48]. cDNA was amplified

using GoTaq Green master mix (Promega) as per manufacturers protocol. PCR

products were separated by electrophoresis on an agarose gel, and visualised with

ethidium bromide staining.

RT-PCR was performed with the following primers:
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Table 2.1 RT-PCR primers

Gene Primer- sense (5’–3’) Primer- antisense (5’–3’) Amplicon length

Orai-1 AGTCCTCACCTTCCCACTGG GCCTCTTCCTTCCACACTCTG 133

Orai-2 ACGCATCACAAGAGCCACAG TGCGAGGACAGGAGTATGGAG 82

Orai-3 GCAACATCCACAATCTCAACTCTG ACCCAGCCCACCAAAACAAAC 92

β-actinin TTGTAACCAACTGGGACGATATG GATCTTGATCTTCATGGTGCTAGG 764

Table 2.2 RT-PCR cycling conditions

Gene Cycling Step Temperature (oC) Time (secs) No. cycles

All Initial Denaturation 95 180 1
Orai-1 & Orai-3 Denaturation 95 30 32

Orai-2 95 45 32
β-actinin 95 60 27

Orai-1 & Orai-3 Annealing 55 30 32
Orai-2 54 30 32
β-actinin 56 30 27

Orai-1 & Orai-3 Extension 72 30 32
Orai-2 72 30 32
β-actinin 72 45 27

All Final Extension 72 300 1
All Hold 4 Forever 1

2.6 Dihydrothidium assay

The conversion of dihydroethidium (DHE) to 2-hydroxyethidium was analysed by

high performance liquid chromatography (HPLC) which reflects the production

of superoxide as previously described [57]. Cells were plated at 1x105 in 12-well

plates 24 hours prior to experiments. Cells were pre-incubated for 5mins in the

presence or absence of 1mM L-NAME in standard external 2mM Ca2+ solution

52



CHAPTER 2. MATERIALS AND METHODS

before spiking with agonists. Cells were incubated at 37oC post-stimulation for

15mins. 50μM DHE (Invitrogen) was added and cells incubated for a further

20mins at 37oC. Cells were harvested in ice cold PBS, spun down 3,000rpm, 5mins.

Pellet was resuspended in ice cold methanol and 0.1M HCl. Suspensions were spun

at 13,000rpm, 10mins to remove cell debris.

Levels of 2-hydroxyethidium were determined using HPLC (Jasco, UK) separation

with an ODS3 reverse phase column (250mm,4.5mm) ( Hichrom UK), with mobile

phases of mobile phase A 0.1% trifluoroacetic acid and mobile phase B 0.085%

trifluoroacetic acid in acetonitrile. Fluorescence detector was set at excitation:

510nm and emmission: 595nm.

Data was analysed using Azure Software (v4.02) (Datalys).

Figure 2.1 Dihydroethidium assay peak identification.

Representative HPLC trace of untreated sEnd.1 cells. Three peaks are visible in
the chromatographs separated by elution times: DHE (4mins), 2-hydroxyehtidium
(13mins) and ethidium (16mins). 2-hydroxyethidium is considered specific for O2

-

production.
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2.7 L-arginine to citrulline assay

Conversion of L-citrulline to L-arginine as a method of quantifying NO production

was carried out as previously described [65].

sEnd.1 cells were plated in 12-well plates at 1x105 and incubated for 24hrs prior to

experiment. Culture medium was removed and cells washed 3 times in standard

external solution without L-arginine.

Standard solution additionally containing arginase inhibitor Nω-hydroxy-nor-Arginine

(Nor-NOHA) (10mM) and 14C-L-arginine (1.3875Bq/ml) was applied to cells (500μl/well)

and pre-incubated at room temperature for 5mins, with 1mM L-NAME and 50μM

La3+ where appropriate. Cells were either left untreated or were stimulated with

TG (2μM) or Ca2+ ionophore ionomycin (2μM). Cells were incubated at 37oC for

a further 1.5-2hrs. Supernatant was kept. Cells were lysed in water by 3 times

freeze-thaw on dry ice, and lysates were deproteinated with 10% trichloroacetic

acid. Supernatant and lysates were combined and spun at 13,200rpm for 5mins.

Supernatants were run on HPLC to assay 14C-L-arginine conversion to citrulline.

14C-L-arginine reaction products were resolved by HPLC on a Supelco Supel-

cosil LC-SCX 5mCM (250x4.6mm) column with a Supelco Supelguard LC-SCX

(200mm) guard column (both Jasco). Samples were loaded onto the HPLC appa-

ratus using a Jasco AS-2057 Plus (Jasco) cooled autosampler. Buffer A, distilled

water (0.01% sodium azide), was run for 5 minutes, before a linear gradient over

10mins of buffer A + buffer B was applied. 100% buffer B, 200mM sodium cit-

rate (pH 3.0) (0.01% sodium azide) was run for 15mins. Column was washed

with 100% distilled water for 3mins in between samples. Buffers were applied and
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mixed using a Jasco DG-980-50 degasser, 2x Jasco PU-2080 Plus pumps, and a

Jasco MX-2080-32 dynamic mixer. Scintillint fluid (LabLogic) was mixed after

elution from the column at 0.5:1 ratio, and then passed through scintillation de-

tector. Compounds were detected using a Lab Logic β-RAM Model 3 (LabLogic

Systems Ltd.) scintillation detector.

External solutions containing 14C-L-arginine were used as standards for total 14C-

L-arginine. 14C-L-arginine (Amersham) and 14C-L-citrulline (NEN life science)

were used as elution time standards.

Data was analysed using Azure Software (v4.02) (Datalys).

Figure 2.2 14C-L-arginine to L-citrulline conversion assay peak identifica-
tion.

Representative HPLC trace. Four peaks are visible in the chromatographs sepa-
rated by elution times. The elution times of detectable products are: urea (5mins),
ornithine (19mins), citrulline (15.5mins) and remaining arginine (21mins).

2.8 Transfections

The method of transient transfections of sEnd.1 cells has not been previously re-

ported in the literature. Successful transfection of sEnd.1 was more difficult than

initially anticipated. Numerous transfection techniques were trialled, in order to
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ensure the best transfection was achieved. Although, this process was time con-

suming, NanoJuice was identified as the most effective transfection method. Data

from NanoJuice transfections will be presented in chapter 4, and other transfection

methods will be discussed. Here, transfection protocols of all methods trialled are

briefly described.

2.8.1 Lipofectamine

Lipofectamine (Invitrogen) was carried out as per manufacturer’s recommenda-

tions. Briefly, cells were plated 24hrs prior to transfection and transfected at

∼70% confluency. Lipofectamine 2000 (Invitrogen) was diluted in Opti-mem (In-

vitrogen) in a 1:12.5 ratio. Separately DNA/siRNA was also diluted in Opti-mem

as per correct final concentration. Both solutions were incubated for 5mins at room

temperature prior to combining in a 1:1 ratio, and incubating for a further 20mins.

siRNA/DNA-Lipofectamine solutions were applied to cells in antibiotic-free media

and incubated for 1hr. Transfection solution was removed and replaced with fresh

antibiotic-free media. Cells were further incubated for 36-48hrs at 37oC.

2.8.2 Amaxa

Amaxa cell line nucleofactor kit V (Lonza) was used with accompanying electro-

poration machinery. Briefly, sEnd.1 cells at ∼80% confluency were typsinised and

spun down for 3mins, 1000rpm. The cell pellet was resuspended in 100μl nucleofac-

tor, and siRNA/DNA was added for the appropriate final concentration. Suspen-

sion was transferred to Amaxa cuvette and electroporated using pre-programmed
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protocol G-30.

Cells were plated in standard antibiotic cell medium and incubated for 36-48hrs

hours at 37oC. Medium was changed after 24hrs.

2.8.3 Neon

The Neon electroporation system (Invitrogen) was optimised as per manufacturer’s

protocol. Briefly, cells were grown up to ∼80% confluency. Trypsinised cells were

washed in PBS in absence of Ca2+ and Mg+. 1x105 were used per transfection.

DNA/siRNA were used within the recommended ranges. Cells were plated in

antibiotic-free medium. Cells were incubated for between 36-48hrs. Medium was

changed after 24hrs.

2.8.4 FuGene 6 and HD

Cells were plated 24hrs prior to transfection, and were transfected at sim60%

confluency. FuGene 6 and FuGene HD (Promega) was used as per manufacturer’s

protocol. Briefly, FuGene was used in a 3:1 ratio with siRNA/DNA. siRNA/DNA

was added to fresh cold DMEM and incubated at room temperature for 5mins.

FuGene reagent was added and further incubated for 15mins at room temperature.

Transfection mix was applied dropwise onto cells with fresh standard antibiotic

medium. Cells were incubated for 36-48hrs at 37oC. Medium was changed after

24hrs.
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2.8.5 NanoJuice

Cells were plated 24hrs prior to transfection, and were transfected at ∼60% conflu-

ency. Nanojuice was optimised as per manufacturers protocol. Transfection core

reagent and booster were diluted in a 1:40 and 1:80 ratio in Opti-mem respectively,

and incubated for 5mins at room temperature. siRNA/DNA was added as per ap-

propriate final concentration. Transfection reactions were incubated for a further

15mins at room temperature, before being added dropwise to cells in standard

antibiotic cell medium. Cells were incubated for 36-48hrs at 37oC. Medium was

changed after 24hrs.

2.9 STIM-1 knockdown

STIM-1 knockdown used a pre-designed STIM-1 silencer select siRNA (Invitrogen)

ID: S74488.

2.10 Quantification of gels

Gel films and photographs were scanned on a flatbed scanner. Relative band

intensities were analysed using ImageJ. Bands were normalised to α- and β-tubulin

controls before comparison.
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2.11 Statistical analysis

Number of experiments on separate days is defined as N. Number of cells/total

repeats is defined as n. All experiments were performed on at least 2 separate

occasions. Data-set normality was assessed using the Shapiro-Wilks test. Normal

and log-normal data is presented as mean±SEM, and significance was determined

using a Student’s T-test, or for multiple comparisons a one-way ANOVA was per-

formed with Tukey’s post test. Non-normal data has been assessed for significant

differences in distribution of data using the Kolmogorov-Smirnov test. Data is

presented in cumulative percentile plots. Significance is considered as P<0.05.

Outliers of non-normal data were determined through John Tukey analysis and

were removed from analysis. Correlation was determined as a Spearman’s rank

coefficient of correlation.

59



CHAPTER 2. MATERIALS AND METHODS

Product Supplier
DMEM Gibco
Foetal Bovine Serum Gibco
Penicillin-streptomycin Gibco
Trypsin Gibco
Cell freezing medium Gibco
13mm glass coverslips VWR
Petri dish small Corning
Petri dish medium Corning
Petri dish large Corning
D-(+)-Glucose Sigma
CaCl2 Sigma
NaCl Sigma
HEPES Sigma
KCl Sigma
MgCl2 Sigma
Ethylenediaminetetra-acetic acid (EDTA) Fluka
Ethylene-glycol-bis(2-aminoethyl)-N,N,N’,N’-tetraacetic
acid (EGTA)

Fluka

MeOH Sigma
EtOH Sigma
NaOH Fluka
HCl Sigma
Dimethylsulphoxide Sigma
L-arginine Sigma
Sodium
nitrosprusside dihydrate

Sigma

Thapsigargin Calbiochem
Fura-2-AM Life Technologies
DAF-2-DA Calbiochem
N?-nitro-L-arginine methyl
ester hydrochloride (L-NAME)

Sigma

2-APB Tocris
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Product Supplier
FCCP Tocris
LaCl2 Sigma
Mg-ATP Sigma
Synta-66 GSK
Ionomycin Tocris
Qiagen mini Rneasy
kit

Qiagen

Qiashredders Qiagen
iScript cDNA synthesis kit Bio-Rad
GoTag Green Master Mix Promega
Universal Negative control Invitrogen
RNase Zap Sigma
Agarose Sigma
Hyperladder IV Bioline
Qiagen mini Rneasy
kit

Qiagen

Qiashredders Qiagen
iScript cDNA synthesis kit Bio-Rad
GoTag Green Master Mix Promega
Universal Negative control Invitrogen
RNase Zap Sigma
Agarose Sigma
Hyperladder IV Bioline
RIPA buffer Sigma
Phosphatase Inhibitor Cocktail Pierce
Protease Inhibitor Cocktail Sigma
Na3VO4 Santa Cruz
PMSF Santa Cruz
Bovine
serum albumin protein assay standard

Bio-Rad

Tris/Glycine/SDS buffer (10x) Bio-Rad
Resolving Gel
Buffer

Bio-Rad
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Product Supplier
Sodium-n-Dodecyl Sulphate 20% (w/v)
solution

Calbiochem

Ammonium persulphate Sigma
TEMED Sigma
Sample buffer Sigma
PageRuler molecular weight marker Thermo Scientific
40% Acrylamide/Bis solution 37.5:1 Bio-Rad
Dc-protein assay Bio-Rad
Protran
Premium 0.45uM Nitrocellulose membrane

Amersham

ECL
Prime Western Blotting Detection Reagent

Amersham

High
performance chemiluminescence film

Amersham

Extra thick blotting paper Bio-Rad
Bovine
serum albumin

Sigma

Skimmed
milk powder

Fluka

Tris-buffered
solution (10x)

Bio-Rad

Phosphate-buffered
solution (10x)

Bio-Rad

2-mercaptoethanol Sigma
Tween-20 Sigma
Dihydroethidium Invitrogen
Water with 0.1% Trifluoroacetic acid Fluka
0.085%
Trifluoroacetic acid in acetonitrile

Fluka

Nor-NOHA Cayman Chemical
Trichloroacetic
acid

Fluka

Sodium citrate Sigma
14C-L-arginine Amersham
14C-L-citrulline NEN life science
Citric
acid

Fluka
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Chapter 3

Characterisation of the CRAC

channel in sEnd.1

3.1 Introduction

The role of SOC channels in the vascular endothelium is still poorly defined in

terms of downstream functions, despite it being clear that SOCE is crucial for the

maintenance of many major endothelial functions (previously discussed in chapter

1). Research into endothelial SOCE largely focused, prior to the discovery of

Orai and STIM on the complex field of TRPC channels and their formation of

homo- and heteromultimers to support SOCE. This wealth of data has limited the

research into the role of CRAC channels in endothelia [53, 139,323].

Although the relevance of ICRAC in immune cells is readily accepted, such accep-

tance in the endothelial field has been far slower. The Trebak group first demon-
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strated endothelial ICRAC in 2008; robustly showing a role for Orai and STIM

in HUVECs and HPAECs. They utilised both patch clamp and Ca2+ imaging

to ensure rigorous identification of CRAC channels. Pharmacological profiles and

knockdowns of Orai-1 and STIM-1 demonstrated significant reduction in ICRAC and

Ca2+ signals in imaging experiments [1]. However, this data was questioned in part

due to previous TRPC data, which created a dialogue to establish the presence

and significance of Orai/STIM-dependent SOCE [21,192,337]. This has slowed re-

search into downstream functions of CRAC channel signalling in endothelial cells.

Subsequently, CRAC channels and ICRAC have been identified in a multitude of

endothelial cells including: Ea.hy926, endothelial progenitor cells, human saphe-

nous vein endothelial cells, and HUVECs. These studies have also addressed the

role of TRPC channels in endothelial SOCE, and ultimately determined SOCE to

be dependent upon Orai/STIM rather than a TRPC channel [4, 192].

Few downstream functions of endothelial SOCE have yet been identified. The field

has primarily focused on CRAC channel involvement in endothelial cell prolifer-

ation and migration in angiogenesis [1, 83, 192, 202]. Recent work has also linked

STIM-1 to mediation of thrombin regulation of endothelial vascular permeability.

Intriguingly, this function has been shown to be independent of Orai signalling,

indicating an additional role for STIM-1 in endothelia [307].

The importance of CRAC channels in inflammatory vascular diseases is starting

to become clear [88, 113]. SOCE has been linked to activation of eNOS, and

production of NO, a critical endothelial function [197]. The regulation of eNOS is

of great interest in vascular health and disease, with reduced vascular NO being

linked to many vascular disease states. Despite this, the eNOS-activating SOC
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channel has never been identified. Within this thesis I aim to determine whether

CRAC channels play a role in this critical pathway.

The sEnd.1 cell line was isolated from a murine endothelioma transformed by

polyoma virus middle T antigen [356]. Although not a commonly used endothelial

cell model, the sEnd.1 cell line is advantageous when investigating mechanisms

relating to eNOS regulation and downstream functions. sEnd.1 exhibits high eNOS

expression, and strong BH4 production, ensuring ‘coupled’ NOS and thus strong

NO production [118, 330, 349]. sEnd.1 cells therefore provide an excellent model

system for characterising the Ca2+ regulation of eNOS.

Ca2+ signalling has not previously been investigated in sEnd.1 . Here, I examine

the profile of store-operated Ca2+ signalling in sEnd.1 employing the Ca2+-sensitive

fluorescent dye Fura-2-AM with live-cell imaging. I define SOCE in sEnd.1 cells

as being mediated by the CRAC channel, through both direct pharmacological

depletion of stores, and with physiological agonists. Further to this I describe the

Ca2+ handling mechanisms and extrusion pathways, which modulate the duration

of Ca2+ signals in sEnd.1 .
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3.2 Results

3.2.1 Induction of store-operated Ca2+ entry in sEnd.1

cells

The ER Ca2+ store is inherently leaky, due to the presence of ill-defined Ca2+

transporters. Maintenance of a high Ca2+ concentration within the stores is medi-

ated by the continual uptake of cytosolic Ca2+ by the sarco-endoplasmic reticulum

Ca2+ ATPase (SERCA) pump. Inhibition of SERCA with thapsigargin (TG) is

a broadly recognised method of inducing store-operated Ca2+ entry, by passively

depleting the endoplasmic reticulum Ca2+ store, with SERCA blocked, Ca2+ leak-

age is no longer compensated for by re-uptake, leading to store depletion. The

Ca2+ entry subsequent to TG depletion of stores is strongly associated with the

CRAC channel [27,326]. Store depletion in presence of extracellular Ca2+ shows a

biphasic response associated with store-release followed by Ca2+ influx (Fig.3.1A).

Although this demonstrates a sustained Ca2+ rise with store depletion, it is diffi-

cult to separate store release from Ca2+ entry in the continual presence of external

Ca2+. Store depletion with TG in the absence of external Ca2+, followed by re-

admittance of external Ca2+ allows these processes to be dissected. Following,

TG treatment of sEnd.1 cells in the absence of external Ca2+ a slow increase in

cytoplasmic Ca2+ occurs reflecting the store leak. The increase is transient, with

Ca2+ extruded from the cell by mechanisms, which may include PMCA, NCX, and

mitochondrial Ca2+ buffering (Fig.3.1A). The Ca2+ transient is complete within

∼340secs, within which time it returns to basal cytosolic Ca2+ levels. Subsequent

add-back of external Ca2+ (2mM) results in a rapid and sustained increase in intra-
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cellular Ca2+, which is associated with the influx of Ca2+ through SOC channels.

Dissection of store release and Ca2+ entry in this manner allows manipulation

of each process independently. Sustained rises after TG stimulation require ex-

tracellular Ca2+. This was further confirmed with the addition of the fast Ca2+

chelator BAPTA (2.1mM) after Ca2+ add-back protocol. Chelation of external

Ca2+ rapidly reduced intracellular Ca2+(data not shown) (n=17, N=2).

The RBL-1 cell line is a common model system for investigation of CRAC channels

and SOCE. Use of the same Ca2+ add-back protocol in these cells demonstrates a

similar profile to that seen in sEnd.1 (Fig.3.1B). It should be noted however, the

difference in the strength of the signals, and additionally the lower basal Ca2+ level

in sEnd.1 cells. The extent of Ca2+ entry is distinctly lower in sEnd.1 cells when

compared to RBL-1 (Fig.3.1A-B). Both a low resting Ca2+ level and small SOCE

signals is consistent with the literature on endothelia, with the signal amplitudes

observed in sEnd.1 being additionally seen in Ea.hy926, primary HUVECs and

HPAECs [1, 4, 6, 90]. Despite the small signals, it can therefore be concluded that

sEnd.1 are capable of supporting store-operated Ca2+ entry.

It was also noted that Ca2+ signals decay quickly in sEnd.1 cells (Fig.3.1A). This

will be discussed in more depth later within this chapter.
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A B

Figure 3.1 Store-operated Ca2+ entry can be induced in sEnd.1

(A) Passive store depletion of stores with TG in the presence of external Ca2+

results in the classic biphasic rise in intracellular Ca2+ (green wave). The signal
can be dissected; depleting stores in the absence of Ca2+, and adding 2mM external
Ca2+ after Ca2+ recovery post-store depletion, allows a robust store-dependent
Ca2+ entry to be observed (black wave). (B) Dissection of store depletion and
Ca2+ entry in RBL-1 cells.

3.2.2 Presence of CRAC channel components Orai and

STIM in sEnd.1

CRAC channel components have not previously been identified in sEnd.1 cells.

The expression levels of of Orai-1,-2, and -3 were established by RT-PCR, and

compared to RBL-1. Both Orai-1 and -3 were robustly expressed within sEnd.1

to a similar extent as observed in RBL-1. Orai-2 expression, however, was absent

(Fig.3.2A). Orai-2 has not been shown to mediate endogenous Ca2+ current in

any vascular cell, and indeed recently has been shown not to contribute to TG-

or histamine-induced SOCE signalling in HUVEC [375]. Furthermore, absence

of Orai-2 in endothelia has previously been reported in microvascular endothelial

cells and isolated lung endothelial cells [323]. Although this is not universal over
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all endothelial cell types, with robust expression reported in HUVECs [1]. sEnd.1

cells originate from the microvasculature, lack of Orai-2 is therefore not surprising,

with the absence of Orai-2 potentially being a hallmark of microvascular cells.

The protein levels of STIM-1 and -2 were also investigated by Western blot, with

both STIM-1 and -2 expressed in sEnd.1 (Fig.3.2B). Expression of both compo-

nents is to be expected, with STIM-1 controlling SOCE, and STIM-2 important

in maintenance of basal ER store filling [28,33]. A double band was observed with

STIM-2, with the larger band representing the highly phosphorylated form of the

protein [357]. The expression of STIM-1, but not STIM-2, was markedly lower

in sEnd.1 compared with RBL-1. Low STIM-1 expression has previously been

reported, and suggested as a limiting factor to endothelial ICRAC [1].

STIM-1

STIM-2

A

B

Figure 3.2 Presence of CRAC channel components in sEnd.1

(A) RT-PCR demonstrating the expression of Orai-1 and -3 in sEnd.1 cells. Ex-
pression levels of three separate sEnd.1 samples were assessed against an RBL-1
positive control (B) STIM-1 and -2 expression was identified through Western blot.
Three separate samples were assessed against RBL-1.
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3.2.3 sEnd.1 SOCE is dependent on CRAC channel activ-

ity

The molecular identity of channels supporting endothelial SOCE is still contended

as previously discussed (section 1.3.1). With the identification of the principle

CRAC channel proteins Orai-1 and STIM-1 in sEnd.1 I have aimed to determine

the role of CRAC channels in generating sEnd.1 SOCE signals.

Inhibition of SOCE with CRAC channel inhibitors Various pharmacolog-

ical agents can be used to inhibit CRAC channel activity with varying levels of

specificity, acting both directly and indirectly. Due to the lack of a truly specific

CRAC channel inhibitor at present, I have employed three different pharmacologi-

cal agents: La3+, 2-APB and Synta-66, to demonstrate that sEnd.1 SOCE requires

the CRAC channel.

2-APB has a complex profile in activating and inhibiting CRAC channels, both

potentiating and inhibiting channels comprised of Orai-1 and -2, and activating

Orai-3 channels. Potentiation of Orai-1 is weak and occurs at low μM ranges of

2-APB (EC50=4μM) [262]. 2-APB block of Orai-1-mediated Ca2+ currents has

an IC50 of 8μM and has been shown to inhibit by up to 95% at concentrations

>10μM. The mechanism of 2-APB block of Orai-1 Ca2+ entry occurs by both

STIM-1-dependent and -independent mechanisms [71, 262, 273]. It has further

been speculated that 2-APB inhibits CRAC channels by binding and blocking an

extracellular region of Orai-1 and -2 [9]. 2-APB is also suggested however to inhibit

TRPC channel-dependent SOCE [196, 208]. The application of 2-APB (20μM)

post-TG store depletion reduced rate of Ca2+ entry by 64%±8% (Fig.3.3A-B).
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La3+, and other lanthanides, can block CRAC channels in the low μM range

(<100μM) by binding to the glutamate ring within the Orai pore [146, 275]. In

addition to this, lanthanides are also able to block other suggested store-operated

channels, including the TRPC channels. Crucially however, TRPC inhibition re-

quires concentrations >100μM [275]. I constructed a La3+ dose response curve

(data not shown) which yielded a IC50 of 8μM, and substantial block of Ca2+

entry at 50μM (here shown as 10μM and 50μM) (Fig.3.3C-D). 10μM La3+ and

50μM La3+ reduced rate of Ca2+ entry by 34%±6%, and 72%±6% respectively.

Reduction of SOCE at these concentrations strongly implies the role of CRAC

channels.

Synta-66 (GSK1349571A) has been defined as a CRAC channel inhibitor, with

varying potency across cell types with IC50 values ranging from 26nM to 3μM

[193, 240]. It can be considered a more specific CRAC channel inhibitor having,

to this date, not been described as inhibiting any other Ca2+ entry process, and

has been shown specifically not to effect TRPC-1, -5, -6 or TRPV4 [192, 193].

Its mechanism of action is unclear, although it is independent of the formation

of STIM-1 puncta [193]. Pre-incubation (8mins) of sEnd.1 cells with Synta-66

(10μM), before stimulation with TG, resulted in a 50%±5% reduction in the rate

of Ca2+ entry (Fig.3.3E-F).
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A B

C D

E F

Figure 3.3 Known CRAC channel inhibitors can reduce SOCE in sEnd.1

(A-B) 20μM 2-APB applied 100secs prior to Ca2+ add-back reduced rate of entry
by 64%. (C-D) A graded inhibition of SOCE could be achieved by varying La3+

concentrations. Pre-incubation (5mins) with 10μM and 50μM La3+induced a 34%
and 72% reduction in the rate of Ca2+ entry respectively. (E-F) Pre-incubation
(8mins) with CRAC channel inhibitor Synta-66 (10μM) reduced rate of entry by
50%.
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Ca2+ selectivity of sEnd.1 SOCE CRAC channels exhibit a high specificity

for divalent Ca2+ ions, over monovalent ions, and can also notably distinguish

between different cationic divalent ions with channel permeability having been

reported as Ca2+ >Sr2+ >Ba2+ [142, 379]. Specificity can be used as a defining

feature of CRAC channel SOCE and further confirm the identity of the sEnd.1

store-operated Ca2+ channel as the CRAC channel. TRPCs do not exhibit the

same level of selectivity as CRAC channels [21].

The selectivity of the CRAC channel is better defined by electrophysiology than

fluorescence imaging; however due to the small conductance of endothelial ICRAC,

electrophysiological measurements are only possible in divalent-free solution [1].

Selectivity of CRAC channels in endothelia can therefore not be assessed by this

method.

The entry of divalent ions after induction of SOCE in sEnd.1 was examined. TG

depletion of stores was followed by addition of 2mM external Ca2+, Sr2+, or Ba2+

(Fig.3.4A). In sEnd.1 cells, the rate of both Sr2+ and Ba2+ entry are significantly re-

duced to 43%±4% and 43%±8%, respectively, compared to Ca2+ entry (Fig.3.4B-

C). This indicates that sEnd.1 SOCE discriminates against divalent ions other than

Ca2+, similarly to CRAC channels. Fura-2 is sensitive to Sr2+ and Ba2+ eliciting

similar excitation spectra to Ca2+ [181]. However, Fura-2 displays a lower affinity

for both Ba2+ and Sr2+ than Ca2+, with a 33 times greater affinity for Ca2+ over

Sr2+ [362]. This must be considered when examining specificity of CRAC chan-

nels for divalent ions measured in Ca2+ imaging experiments. Although this may

indicate that detected changes in rate may be due to a reduced ability to detect

rises in Ba2+ and Sr2+, it should be considered that Ba2+ does not affect the same
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mechanisms as Ca2+. Ba2+ is neither exported from the cytoplasm by PMCA and

NCX, nor does it lead to Ca2+-dependent inactivation of the CRAC channel; both

of these differences would offset the lower affinity for Fura-2 [12]. Nonetheless, the

results show a reduced signal to both Ba2+ and Sr2+ relative to Ca2+, which is

consistent with a difference in CRAC channel permeability.

I noticed that cytoplasmic Sr2+ removal was considerably faster than that of Ca2+,

returning to baseline within 300secs of stimulation. This far exceeds the loss of

Sr2+ signal seen in RBL-1 under the same conditions (data not shown) (n=32).

Sr2+ is susceptible to the same extrusion mechanisms as Ca2+. With the lower

bulk rise of Sr2+ compared to Ca2+, this extrusion may provide insight into the

Ca2+ handling mechanisms operating in sEnd.1 , by indicating a prominent role for

the high affinity low capacity Ca2+ pump PMCA. The Ca2+ handling mechanisms

present in sEnd.1 cells shall be investigated. Ba2+ signals remain sustained as

Ba2+ is not susceptible to Ca2+ removal mechanisms [207].

With the combination of the profile of sEnd.1 pharmacological inhibition and the

discrimination of the sEnd.1 store-operated Ca2+ channel against other divalent

ions, the evidence I present here suggests that sEnd.1 SOCE is dependent on the

CRAC channel. Further evidence involving targeted knock-down of STIM-1 will

be presented in chapter 4. This work adds to the accumulating evidence of the

requirement of CRAC channels for endothelial SOCE.
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Figure 3.4 sEnd.1 SOC channel exhibits selectivity for Ca2+

(A) A representative experiment. Store depletion by TG (2μM) followed by add-
back of 2mM Ba2+, Sr2+, and Ca2+ after Ca2+ recovery, shows conduction of
Sr2+ and Ba2+ consistent with CRAC channel selectivity. Sr2+ extrusion rate is
increased compared to Ca2+. (B-C) Rates of Ba2+ and Sr2+ entry are both reduced
by 57% compared to Ca2+.

3.2.4 ATP and histamine can both induce store-operated

Ca2+ entry in sEnd.1

TG-induced store depletion is non-physiological. To ensure the biological relevance

of endothelial SOCE being investigated in sEnd.1 , two known agonists ATP and
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histamine were investigated [243, 249, 342]. Both ATP and histamine activate

CRAC channels, via GPCR-dependent production of IP3 which results in IP3R-

dependent depletion of ER Ca2+ stores. Histamine-induced Ca2+ responses have

recently been shown to require CRAC channels in HUVEC, with inhibition of

influx with CRAC channel inhibitors including 2-APB, BTP-2, and La3+ [375].

Both histamine and ATP are known eNOS agonists in endothelial cells, and are

therefore relevant to later work within this thesis [123, 186].

The concentration of histamine applied to endothelial cells dictates the type of

intracellular Ca2+ rises observed. It has been reported that concentrations <10μM

induces Ca2+ oscillations, whereas higher histamine concentrations results in a

sustained plateau of Ca2+ in the presence of extracellular Ca2+ [62, 157,243].

Stimulation of sEnd.1 cells with 50μM histamine resulted in repetitive spikes of

intracellular Ca2+ in ∼50% of cells in the presence or absence of external Ca2+

(Fig.3.5). Increases in Ca2+ were irregular and not consistent with true Ca2+

oscillations. With 2mM extracellular Ca2+, histamine elicited multiple spikes on a

background of elevated Ca2+. Amplitude of spikes were reduced over time and the

total duration of response was <200secs. sEnd.1 cells failed to reach a sustained

plateau phase, as previously described in the literature (Fig.3.5A) [62,157,243].
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In the absence of extracellular Ca2+, histamine evoked irregular Ca2+ spikes, which

returned to baseline prior to the generation of another spike. Timing of Ca2+ spikes

was variable, with some cells generating only one Ca2+ spike within the duration of

the experiment. The application of external Ca2+ resulted in an intracellular Ca2+

rise similar to that seen upon Ca2+ add-back after TG store release (Fig.3.5B). A

Ca2+ rise occurred in 75% of cells, which had previously responded to histamine

treatment in the absence of external Ca2+. Observed rises subsequently decayed

slowly. The extent of Ca2+ entry varied in both amplitude and rate of the rise

(Fig.3.5B).

Low μM ATP in the presence of extracellular Ca2+ stimulates a spike of intracellu-

lar Ca2+ associated with IP3-dependent release of Ca2+ from ER stores, followed

by a sustained plateau due to the opening of SOC channels in the plasma mem-

brane [244,342]. Treatment of sEnd.1 cells with 5μM ATP in presence of external

Ca2+ generated this expected response (Fig.3.6A). Dissection of ATP signals with

readmittance of external Ca2+after store release, as previously described in this

chapter, demonstrated a rapid spiked increase in cytosolic Ca2+ upon extracellu-

lar ATP administration in Ca2+-free solution, which returned quickly to baseline.

Application of external Ca2+ demonstrated Ca2+ entry, albeit at a reduced rate

compared with TG-induced SOCE. A reduced rate is likely due to the incomplete

depletion of stores by agonist, and therefore reduced numbers of CRAC channels

activated within a cell (Fig.3.6B). All cells imaged responded to ATP stimulation.
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A B

Figure 3.5 Histmaine induces fluctuating rises in cytosolic Ca2+ and is ca-
pable of eliciting a store-dependent Ca2+ entry response

Data displayed as individual waves of a representative experiment. (A) sEnd.1
treated with 50μM histamine in presence of 2mM external Ca2+. 50% response
rate over all experiments (n=113). (B) Cells stimulated with 50μM histamine in
absence of external Ca2+. Cell response rate was 47% (n=136), of which 75%
subsequently permitted Ca2+ entry with the addition of 2mM extracellular Ca2+

(n=64).

Here, I have shown that sEnd.1 cells can support both histamine-and ATP-induced

SOCE responses. However, response to histamine is varied and therefore cannot

be used reliably to ascertain downstream consequences of physiological SOCE.

ATP stimulation, however, resulted in a strong biphasic increase in intracellular

Ca2+, which is consistent with SOCE. ATP shall, therefore, be used to investigate

whether physiological agonists can induce CRAC channel-dependent responses.
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A B

Figure 3.6 ATP induces SOCE

(A) Treatment of sEnd.1 in 2mM external Ca2+, with physiological agonist ATP
(5μM) elicited a rapid rise in cytosolic Ca2+ with a prolonged plateau phase con-
sistent with extracellular Ca2+ entry. (B) Dissection of Ca2+ signal in response to
ATP (5μM), shown in comparison to 2μM TG add-back protocol. ATP induces a
store-operated Ca2+ entry response. ATP induced Ca2+ entry has a smaller am-
plitude and slower rate to TG-induced entry, indicative of partial store depletion,
and thus activation of fewer CRAC channels.

3.2.5 ATP-induced store-operated Ca2+ entry is depen-

dent on CRAC channel activity

ATP evoked increase in intracellular Ca2+ has previously been linked to both

CRAC and TRPC channels [208]. To examine if ATP signals are dependent on

CRAC channel activity in sEnd.1 cells, pharmacological inhibitors of CRAC chan-

nels and selectivity of the Ca2+ conducting channel were used as previously de-

scribed for TG.

Synta-66 (10μM), 2-APB (20μM), and La3+(50μM) all reduced Ca2+ influx induced

by ATP, with 2-APB being more effective at reducing ATP- than TG-evoked Ca2+

entry (see Fig.3.3 for TG inhibition). 2-APB showed almost complete abrogation
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of entry, and so Ca2+ entry rates were too low to accurately determine (Fig.3.7A-

B). 2-APB is a known inhibitor of IP3R [214]. The increased effectiveness of 2-APB

in inhibiting SOCE in sEnd.1 with physiological agonist therefore may be due to

the requirement of IP3R to empty the store and elicit SOCE. However, with this

protocol 2-APB was added after store-depletion with ATP, allowing us to bypass

the effect of 2-APB on IP3R. Pre-treatment (5mins) with La3+ (50μM) reduced

the rate of entry by 61%±6% (Fig.3.7C-D). Pre-incubation with Synta-66 (10μM)

decreased the rate of Ca2+ entry to ATP by 53%±4% (Fig.3.7E-F).

Pharmacological inhibitors strongly infer that ATP induces Ca2+ entry through the

CRAC channel, to further confirm this Ca2+ selectivity of ATP induced SOCE was

investigated. Depletion of ER Ca2+ stores with ATP followed by addition of 2mM

Ca2+, Sr2+, and Ba2+ resulted in similar reductions in rates of entry as seen with

TG-treated cells (see Fig.3.4 for TG selectivity). Sr2+ and Ba2+ displayed rates

of entry which were 46%±5% and 50%±5% the rate of Ca2+ entry respectively

(Fig.3.7). The rates of Sr2+ and Ba2+ did not show any significant differences.
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E F

Figure 3.7 Known CRAC channel inhibitors attenuate ATP-induced SOCE.

(A-B) 2-APB (20μM) applied 150secs prior to Ca2+ readmission almost abolished
all Ca2+ entry. (C-D) Pre-incubation (5mins) with a high dose of La3+ (50μM)
reduces rate of Ca2+ entry by 61%. (E-F) Pre-incubation (8mins) with the CRAC
channel inhibitor Synta-66 (10μM) reduced rate of entry by 53%.
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A B

Figure 3.8 ATP activates a channel with Ca2+ selectivity consistent with
the CRAC channel

(A) A representative experiment. Store depletion by ATP (5μM) followed by add-
back of 2mM Ba2+, Sr2+, and Ca2+. (B) Rates of Sr2+ and Ba2+ entry are reduced
by 54% and 51% respectively compared to Ca2+ control. No statistically significant
differences are seen between Ba2+ and Sr2+ entry.

3.2.6 CRAC channel Ca2+ conductance can be modulated

by extracellular Ca2+ concentration in sEnd.1

The low capacity of endothelial SOCE has previously been overcome somewhat by

increasing external Ca2+ [342]. With in an increase in external Ca2+ from 2mM

to 5mM, the rate of store-operated entry increased by 26%±6%. The bulk rise

in cytosolic Ca2+ was both increased in amplitude and slightly more sustained

(Fig.3.9A-B). Conversely, reduction of extracellular Ca2+ from 2mM to 0.5mM

reduced the rate of Ca2+ entry by 40%±8%. The overall bulk rise in cytosolic

Ca2+ was reduced and intracelllar Ca2+ concentration returned to baseline within

400-600secs (Fig.3.9C-D). The reduction in external Ca2+ concentration resulted

in a Ca2+ entry profile which was similar to that observed with the addition of
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2mM extracellular Sr2+ (Fig.3.4A-B). Flux through CRAC channels is therefore

susceptible to changes in extracellular Ca2+, providing a useful tool for manipu-

lating the local and bulk Ca2+ rise in sEnd.1 cells.

A B

C D

Figure 3.9 Rate of Ca2+ entry is dependent on external Ca2+concentrations

(A-B) Increased external Ca2+ to supra-normal concentration (5mM) increased
the rate of entry by 26%±6%. (C-D) Reduced external Ca2+ (0.5mM) reduced
the rate of entry by 40%±8%. Time taken to return to basal intracellular Ca2+

levels was reduced with lowered external Ca2+.
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3.2.7 Role of PMCA and mitochondrial Ca2+ buffering in

sEnd.1 Ca2+ handling

Ca2+ removal mechanisms are critical in determining the size and duration of an

intracellular Ca2+ signal, ensuring cytosolic Ca2+ returns to basal levels. Com-

mon Ca2+ handling mechanisms have been previously discussed in this thesis (see

chapter 1), and include Ca2+ extrusion by PMCA and NCX, SERCA-dependent

Ca2+ re-uptake into ER Ca2+ stores, and mitochondrial Ca2+ buffering.

The signals generated by the addition of extracellular Sr2+ (2mM) and low Ca2+

(0.5mM) were noted earlier in this chapter for their shorter duration, and rapid

return to baseline levels (see Fig.3.4 and 3.9). The fast removal of Sr2+ in Figure 3.4

in the presence of TG may be indicative of a prominent role for PMCA in sEnd.1

cells, which is effective following modest increases in cytosolic Ca2+. PMCA,

therefore, may be critical in handling CRAC channel induced Ca2+ changes, which

are characteristically small in endothelial cells [1]. The role of PMCA in sEnd.1 was

addressed using La3+, a rapid inhibitor of the pump at mM concentrations [133].

Addition of Sr2+ post-TG store depletion resulted in a slow rise in intracellular

fluorescence which peaked ∼50secs after Sr2+ application (Fig.3.10A). La3+ (1mM)

applied at the peak in Sr2+ signal dramatically reduced extrusion, although a

small gradual decline in Sr2+ levels was still present (Fig.3.10A). Conversely, the

addition of La3+ (1mM) after Ca2+ add-back protocol, following TG-induced store

depletion, had little effect on the rate of Ca2+ extrusion (Fig.3.10B). Consistent

with a role for PMCA in handling small increases in cytosolic Ca2+, pre-treatment

of sEnd.1 with La3+ (1mM) before TG exposure in Ca2+-free solution led to a
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large and sustained Ca2+ rise (Fig.3.10D).

It is well established that there is redundancy in the plasma membrane Ca2+ ex-

trusion mechanisms, with both PMCA and NCX contributing to removing Ca2+

from the cell [30]. Reduction of external Na+ limits the driving force for Ca2+ ex-

port via NCX exchange across the plasma membrane. Low Na+ alone did not alter

Ca2+ extrusion (Fig.3.10C). However, when combined with La3+ block of PMCA,

extrusion was substantially slowed (Fig.3.10C). The requirement of the presence of

both La3+ and low Na+ in order to see a reduction in Ca2+ extrusion is indicative

of compensation between Ca2+ extrusion mechanisms. Low external Na+ reduces

the internal Na+ concentration, and therefore may also affect mitochondrial Ca2+

buffering. This was further investigated.

Mitochondrial buffering of cytosolic Ca2+ is also sensitive to changes in intracellular

Na+. Mitochondria have previously been demonstrated to be critical to Ca2+

homeostasis subsequent to CRAC channel activation in other cell types, including

pancreatic acinar cells, modulating both local and global Ca2+ transients [160]

. Mitochondrial Ca2+ uptake is mediated by an electrochemical gradient which

facilitates Ca2+ entry into mitochondria via a low-affinity Ca2+ uniporter, the

mitochondrial Ca2+ uniporter (MCU) [68]. The MCU has recently been shown to

be important in maintaining physiologically-stimulated SOCE, and downstream

consequences including gene expression [293]. A rise above basal Ca2+ levels is

required for mitochondrial Ca2+ uptake, with the location of mitochondria defining

their contribution to intracellular Ca2+ buffering. A close interaction with the ER

results in buffering not only of Ca2+ influx but also Ca2+ released during store

depletion [285]. Mitochondrial Ca2+ is, subsequently, re-released slowly into the
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cytosol by NCLX, the mitochondrial Na+-Ca2+ exchanger [253], and extruded

from the cell by alternative mechanisms. Low extracellular Na+, for a sustained

period, additionally depletes intracellular Na+concentration. The combined block

of extrusion shown by La3+ and low Na+ could therefore be due to a reduction in

mitochondrial Ca2+ buffering.
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Mitochondrial Ca2+ buffering not only contributes to Ca2+ handling, but addi-

tionally facilitates prolonged Ca2+ flux through CRAC channels by reducing slow

inactivation elicited by negative feedback of Ca2+ [121, 125] Disturbance of mi-

tochondrial function abolishes Ca2+ buffering, increasing CRAC channel slow in-

activation, thus reducing overall observable response; another hallmark of CRAC

channels [255]. Ca2+ uptake into mitochondria is driven by the large electrochem-

ical gradient, which is created by the pumping of protons out of the mitochondrial

matrix into the intermembrane space by complexes I,III, and IV. Trifluorocar-

bonylcyanide phenylhydrazone (FCCP) is a protonophore which collapses the mi-

tochondrial membrane potential and abrogates Ca2+ buffering. Addition of FCCP

(5μM) after TG store depletion reduced rate of Ca2+ entry to 38%±4% of control

(Fig.3.11 A-B). The bulk rise observed after FCCP treatment was also diminished,

and the duration of Ca2+ response was reduced. This is consistent with decreased

CRAC channel activation.

The combined abrogation of ER store refilling (TG), mitochondrial buffering (FCCP)

and PMCA (La3+) almost completely abolished Ca2+ extrusion (Fig.3.11C), al-

though a slow residual decline in Ca2+ signal was still observable. Presence of

reduced external Na+, in addition to TG, FCCP and La3+, resulted in no extru-

sion over a 350sec time period (Fig.3.11D). Cumulatively, this data suggests a role

for mitochondrial buffering, PMCA, and NCX in sEnd.1 cells, with compensation

between the mechanisms meaning that all must be inhibited for extrusion to be

abolished. Due to compensation, the relative contributions of each mechanism in

sEnd.1 cannot be easily established experimentally.
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A B

C D

Figure 3.10 PMCA is responsible for extrusion of small rises in cytosolic
Ca2+. Extrusion of large cytosolic Ca2+ rises is independent of NCX.

(A-D) Stores were depleted with 2μMTG in absence of external Ca2+ and Sr2+. (A-
C) La3+ was applied after divalent ion entry reached a maximum peak at 450secs.
(A) Add-back of 2mM Sr2+ evoked influx through CRAC channels. Blockade of
PMCA with 1mM La3+ partially inhibited Sr2+ extrusion. (B) Addition of 1mM
La3+ post-Ca2+ readmission failed to reduce the Ca2+ extrusion rate. (C) Low
external Na+ blocks NCX. NCX block alone failed to inhibit extrusion. Combined
La3+ and low Na+ treatment reduced removal of Ca2+ indicating an alternative
Na+-sensitive Ca2+ removal pathway may be operating. (D) Application of 1mM
La3+ prior to store depletion blocks Ca2+ extrusion. Small cytosolic rises in Ca2+

are managed by PMCA. Larger cytosolic Ca2+ rises are extruded via an NCX
independent manner.
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A B

C D

Figure 3.11 Depolarisation of the mitochondrial membrane potential re-
duces Ca2+ entry and indicates a role of mitochondrial Ca2+ buffering in
sEnd.1 Ca2+ handling.

(A-B) Application of the protonophore FCCP (5μM), prior to addition of external
Ca2+, uncouples mitochondria and reduces the rate of Ca2+ entry by increasing
Ca2+ inactivation of the CRAC channel. Rate of entry was reduced to 39% of
control. (C) Combined inhibition of Ca2+ extrusion mechanisms with TG, La3+,
and FCCP reveals the requirement of mitochondrial Ca2+ uptake in sEnd.1 Ca2+

extrusion. FCCP treatment abolishes mitochondrial Ca2+ buffering prior to the
addition of external Ca2+. La3+ block of PMCA reduces the rate of Ca2+ extrusion.
Despite the simulataneous block of three Ca2+ buffering mechanisms, a slow decline
in Ca2+ signal still occurs. (D) Low external Na+ limits the driving force for
Ca2+ extrusion via NCX. Low Na+ in combination with block of SERCA uptake,
mitochondrial Ca2+ buffering and PMCA complete abrogates Ca2+ extrusion.
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3.2.8 No role of Orai-3 in sEnd.1 Ca2+ signalling

Orai-3 also interacts with STIM-1 to form a SOC channel, albeit less effectively

than Orai-1 channels [308]. Orai-3 was previously shown in this chapter to be

expressed in sEnd.1 cells (Fig.3.2). I therefore investigated whether Orai-3 con-

tributes to SOCE in sEnd.1 cells.

2-APB directly activates Ca2+ entry through Orai-3 with an EC50 of 15μM, and

unlike Orai-1 and -2, does not show signs of inhibition of entry at any concentration

[201, 262]. With the presence of 2mM external Ca2+, a transient Ca2+ signal was

observed after stimulation with 50μM 2-APB (Fig.3.12A). This increase could be

attributable to the activity of Orai-3, however, stimulation of sEnd.1 cells with

2-APB (50μM) in the absence of external Ca2+ did not reduce the Ca2+ signal

(Fig.3.12A). Furthermore the rate of Ca2+ increase did not differ with the presence

or absence of external Ca2+ (Fig.3.12B). But the increase in intracellular Ca2+ is

in itself interesting and has been observed in other cell types, including RBL-2H3,

within the Parekh laboratory, and has additionally been reported in literature,

albeit at higher doses of 2-APB [214]. It is clear from the similar Ca2+ rises with

and without the presence of external Ca2+, that Ca2+ release from intracellular

stores is occuring. This unintentional response highlights the complexities of using

2-APB as a SOCE inhibitor. 2-APB action on cells is complex with multiple

targets.

2-APB was originally identified as an IP3R antagonist. Although concentration

required for block varies across cell type, endothelial IP3R signalling has previ-

ously been reported to be almost completely abrogated at 50μM [29]. However,

90



CHAPTER 3. CHARACTERISATION OF THE CRAC CHANNEL IN SEND.1

2-APB additionally prevents loading of ER stores, resulting in passive leak in a

similar action to that of TG by block of SERCA [227]. It is possible here that

the increase in intracellular Ca2+ rise is through passive leak of ER stores. The

amplitude of release is smaller than that seen with TG inhibition, and the duration

of response is less sustained. Nevertheless, this may be indicative of a less effective

block of SERCA by 2-APB than TG, limiting the capacity for passive depletion.

Although alternative Ca2+ stores such as the mitochondria, and acidic stores exist

within cells, Ca2+ release from these stores has not been shown to be inhibited by

2-APB [32,117].

A B

Figure 3.12 Orai-3 does not contribute to SOCE in sEnd.1 cells

(A) A representative experiment. High dose 2-APB applied in the presence of
external Ca2+ failed to induce a sustained Ca2+ entry, as compared to absence of
external Ca2+. Lack of prolonged Ca2+ signal is indicative of no role for Orai-3.
(B) Presence of external Ca2+ did not significantly alter the rate of increase in
intracellular Ca2+.
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3.3 Key findings of this chapter

• sEnd.1 can support CRAC channel-dependent SOCE

• ATP and histamine can induce SOCE in sEnd.1

• ATP SOCE is dependent on CRAC channels

• Ca2+ handling in sEnd.1 is governed by the combined action of ER store

refilling, PMCA, NCX, and mitochondrial Ca2+ buffering

3.4 Discussion

Ca2+ imaging experiments in sEnd.1 cells demonstrated modest store-operated

Ca2+ entry compared to immune cells, in spite of robust expression of both the

main CRAC channel components Orai-1 and STIM-1. This is consistent with

previously reported CRAC channel Ca2+ conductance in endothelia [1, 4, 90]. Ex-

pression of Orai-1 in sEnd.1 is comparable to that in RBL-1, however STIM-1 is

significantly reduced, although remains clearly detectable. It has previously been

reported that STIM-1 limits endothelial SOCE [1]. Although not directly tested

in this thesis, insufficient STIM-1 appears likely to be the limiting factor in sEnd.1

SOCE. Roles for NCX, PMCA, and mitochondrial Ca2+ buffering have all been

identified in removing cytosolic Ca2+ rises induced by TG-depleted ER stores. It

is feasible that the small amplitude of Ca2+ rise could be exacerbated by enhanced

extrusion in endothelia. Endothelial Ca2+ levels must be strictly controlled in

order to maintain vascular homeostasis, due to the plethora of Ca2+-regulated va-

soactive molecules produced by endothelia. Indeed I noted that the level of basal
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Ca2+ in endothelial cells is lower than other commonly used cell types. This is

reflected within the literature [1, 324]. Intracellular Ca2+ concentration is gener-

ally reported at ∼100nM, however endothelia have been shown to have resting

concentrations at 30nM [6].

Here, I have identified CRAC channels as mediators of sEnd.1 SOCE by pharma-

cological methods of inhibition; supporting the notion in the literature that CRAC

channels provide the major Ca2+ entry pathway in endothelia [1, 192]. However,

the efficacy of the pharmacological approach to CRAC channel identification needs

to be considered carefully.

The development of specific blockers of the CRAC channel has been significantly

hindered by a lack of knowledge of the identity of CRAC channel proteins, as

a result only two inhibitors have been reported to be specific for CRAC chan-

nels: BTP-2 and Synta-66. BTP-2 is a pyrazole derivative which was discovered

prior to Orai and STIM, and has been suggested to be a CRAC channel specific

inhibitor, blocking TG-induced Ca2+ influx, with an IC50 in the low nanomolar

range [155,378]. Further to this, BTP-2 does not affect Ca2+ release from the ER

stores, nor Ca2+ extrusion mechanisms [378]. However, it has also been shown

to potentiate TRPM-4 channels, indicating off-target effects, which could con-

tribute to phenotypes observed in the presence of BTP-2 [327]. A study has also

shown BTP-2 can block DAG-induced signalling by TRPC-3 [130]. Despite these

indications, BTP-2 is considered more specific than most other CRAC channel

inhibitors.

Crucially, Synta-66 has never been linked to TRPC signalling nor indeed any

off target effects. Furthermore, unpublished data from the Parekh laboratory
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indicates that at concentrations >10μM no block of TRPC channels is observable.

However the potency of Synta-66 is lower than BTP-2, with μM concentrations

usually required [7, 240]. It has previously been reported that Synta-66 has a

higher potency for vascular CRAC channels with an IC50 of just 26nM, however

work was carried out in VSMC, and reported higher potency may not be applicable

to endothelia [192]. The 50% block of sEnd.1 Ca2+influx at 10μM Synta-66 is more

consistent with other cell types, where CRAC channels have been demonstrated

[240]. Synta-66 was therefore used over BTP-2 as a selective inhibitor of CRAC

channels, although clearly unknown off-target effects may still be an issue.

A lack of specific inhibitors for CRAC channel has historically resulted in the

combined use of many non-specific inhibitors to demonstrate a CRAC channel

specific profile. As this is a well-characterised approach, it was used here to confirm

the findings of Synta-66 inhibition. Cumulatively, inhibition by 2-APB, La3+, and

FCCP all provided evidence of CRAC channel activity.

The action of 2-APB is multifarious, as previously discussed throughout this chap-

ter. The compound is capable of inhibiting SOC channels independently of its

action on IP3R and SERCA pumps, acting on extracellular regions of SOC chan-

nels [9]. 2-APB potentiates and inhibits both Orai-1 and -2, but additionally simi-

lar concentrations of 2-APB, used on CRAC channels, can also inhibit TRPC-3,-6,

and -7 [196, 262]. The different activation of these TRPCs from CRAC channels,

allows their activity to be dissected. Activation of store depletion by TG circum-

vents the activation of PLC. Activation of SOCE by this protocol immediately

rules out contributions by both TRPCs-3 and -6, which are dependent on PLC

product DAG [137, 344]. TRPC-7 is regulated by SERCA independently of store
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depletion, however still requires PLC for activation [70]. TRPCs can therefore be

discounted in this protocol.

La3+ is a promiscuous inhibitor of Ca2+ channels, having been reported to block

L-type, and T-type channels, TRPCs, TRPVs, and CRAC channels, as well as

Ca2+ extrusion by PMCA, but at much higher concentrations. The specificity of

La3+ raises concerns regarding its block of CRAC channels. Induction of CRAC

channels with TG largely discounts La3+ effects on many Ca2+ entry channels.

Moreover voltage-gated channels aren’t highly expressed within the endothelium,

and La3+ has previously been reported to inhibit these channels at very low μM

concentrations [275]. At even the lowest concentrations used to inhibit CRAC

channels voltage-gated channels would be inhibited. However induction of TRPC

channels should be considered, especially with regards to physiological activa-

tion, which occurs through stimulation. Interestingly, La3+ potentiates two non-

selective TRPC channels: TRPC-4 and -5 at μM concentrations. The concen-

tration of La3+ required is crucial in differentiation of these channels. Although

the IC50 for La3+ block in sEnd.1 (8μM) is higher than that previously reported

in immune cells (∼1μM), here I have shown that 50μM La3+ almost completely

abrogates Ca2+ entry, below the reported levels of inhibition for most TRPCs

at >100μM La3+ [77, 275]. As previously discussed TRPC-1 and -4 are the only

two TRPCs which still have some credence as being capable of supporting store-

operated currents under certain conditions, although a study by the Trebak group

strongly refutes this [1]. TRPC-1 has been reported to be blocked by La3+ with an

IC50 of 1-10μM, a similar range to observations in sEnd.1 . TRPC-1, however, is

not permeable to Sr2+, whereas I have clearly detected Sr2+ entry in sEnd.1 after
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store depletion [22]. This gives confidence that the channel being inhibited is the

CRAC channel.

Mitochondrial buffering has previously been demonstrated as a positive regulator

of ICRAC independently of its promotion of store depletion [121]. Removal of intra-

cellular Ca2+ in the vicinity of active CRAC channels reduces negative feedback

and slow Ca2+-dependent inactivation of CRAC channels. Use of the protonophore

FCCP de-energises mitochondria and prevents Ca2+ buffering. Feedback of Ca2+

on the channel itself therefore inactivates CRAC channels. FCCP clearly reduces

Ca2+ influx in sEnd.1 (Fig.3.11). Ca2+-dependent inactivation is considered a

hallmark of CRAC channels, being mediated by the CRAC modulatory domain

on STIM-1 [74].

The combined power of FCCP, Synta-66, La3+, and 2-APB in reducing Ca2+ entry

in sEnd.1 in response to TG store depletion gives confidence that the sEnd.1 SOCE

signal is dependent on the CRAC channel. Furthermore, the pharmacological

profile of ATP-induced SOCE is similar to that of TG. However, knock-down of

CRAC channel components would provide further evidence. The knock-down of

Ca2+-store sensor STIM-1 will be addressed in chapter 4.

CRAC channel agonists, ATP and histamine, induced store-dependent Ca2+ sig-

nals in sEnd.1 cells. However, high dose of histamine failed to induce sustained

Ca2+ entry as described in the literature [62, 157, 243]. This may be indicative of

low H1 receptor expression in sEnd.1 , although this has not been examined. ATP

Ca2+ influx, however, has been shown to have the same pharmacological profile

as TG-induced Ca2+ entry showing CRAC channel activation in sEnd.1 can be

induced through physiological IP3 signalling.
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Chapter 4

Knockdown of the CRAC channel

component STIM-1 in sEnd.1

4.1 Introduction

The presence of CRAC channels in sEnd.1 cells, and their contribution to sEnd.1

SOCE was described in chapter 3. However, due to the lack of a selective CRAC

channel blocker, a multitude of structurally distinct small molecule inhibitors were

utilised. Each one, at a maximally effective concentration, reduced Ca2+ entry to

similar extents, consistent with the view that the same pathway is being targeted.

Although Synta-66 has not been linked to block of any other channel, both La3+

and 2-APB have been shown to inhibit some members of the TRPC Ca2+ channel

family [196]. Rather than a direct effect on the channel itself, FCCP acts through

increasing Ca2+-dependent slow inactivation of the CRAC channel by abolishing

mitochondrial Ca2+ uptake. Although slow inactivation is viewed as a hallmark of
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CRAC channels, it remains possible that other Ca2+-permeable channels are also

effected by the reduction in mitochondrial buffering. Taken together, the phar-

macological tools used indicate that the CRAC channel is present and functional

in sEnd.1 cells. However, direct evidence can be provided by knockdown of the

channels, for example by use of an siRNA directed strategy.

RNA interference (RNAi) is a powerful tool which reduces the expression of a

particular protein of interest, allowing the role of that protein in a specific process

or its contribution to a cell phenotype to be established. Indeed, its importance

was recognised in the 2006 Nobel prize for medicine, which was awarded to Fire and

Mello for the discovery of RNAi [99]. RNAi is in fact a physiological process which

limits expression of mRNA into protein, acting as a post-transcriptional control of

protein expression. Transfection of double stranded RNA (dsRNA) was proposed

by the Mello group in 1998 as being the most effective method of inducing RNAi

in cells [99]. dsRNAs are processed in vivo to form siRNAs. siRNAs increase

degradation of mRNA, by acting as guides to recruit degradation machinery to

target mRNAs.

The use of exogenous siRNA results in a transient reduction in protein expression,

which can be transmitted to some extent to successive generations of cells. The

effect of siRNA knockdown is gradually lost over time, with the transfection of

siRNAs typically resulting in an optimum knock-down of protein between 36-72hrs

post-transfection.

A more stable knock-down of protein can be achieved through transfection of a

plasmid, which integrates into the host genome, and expresses short hairpin RNAs

(shRNA). shRNAs are processed to form siRNAs capable of reducing mRNA levels
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of the target protein. shRNAs are typically used to establish knock-down cell lines,

knock-down in animal models, or to induce a longer lasting knock down in ex vivo

cells. siRNAs conversely are used for a transient reduction in the target protein.

In this chapter I have used an RNAi approach to knock-down STIM-1, and then

investigated the effect of this on Ca2+ influx.

4.2 Results

4.2.1 Transfection of sEnd.1 - difficulties encountered

Only one study has previously reported successful transient transfection in sEnd.1

cells, showing both overexpression of dihydrofolate reductase (DHFR) and knock-

down of GTP cyclohydrolase I and DHFR [60]. Overexpression of protein was

robust, with a 5-fold increase reported. Furthermore, a strong reduction in pro-

tein level was shown by Western blot, although the level of knockdown was not

quantified. The paper additionally did not state the transfection method used or

transfection efficiency, although this must have been reasonable because knock-

down was seen in a Western blot, which measures protein levels over a population

of cells. Alternative studies have shown successful establishment of stable sEnd.1

cell lines with initial transfection mediated by poly-L-ornithine with DMSO shock,

and liposomal transfection reagent Lipofectamine [47,108]. Although these meth-

ods can successfully introduce nucleic acids into sEnd.1 cells, transfection efficiency

is not a consideration, because cells are selected by transfection success before de-

velopment of the stable cell line. Transfection methods for sEnd.1 were therefore
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not available in the literature, which complicated establishing an approach for

knockdown of STIM-1.

Transfection methods typically are either biological, through viral transduction,

chemical, with liposomal and non-liposomal reagents, and physical through elec-

troporation, microinjection, and laser-based transfection [171]. Here I addressed

transfection of sEnd.1 with a combination of chemical and physical approaches

commonly used to transfect cell lines, and other endothelial cell types. Viral

transduction, although known to have significantly higher efficiency than other

transfection methods, was not considered for this thesis. Both time-constraints in

generating the viral vectors, cost of the technique, and data in the laboratory that

showed viral transfection (lentivirus) increased basal Ca2+ levels in RBL-cells, were

limitations. Six transfection methods were tested as briefly outlined in Table.4.1.

The key tenets of cell transfection are cell survival, transfection efficiency, and

for this thesis, low basal Ca2+. Attempts at transfection in sEnd.1 cells were

plagued with issues, with low transfection efficiency, assessed by eGFP expression

detected by fluorescence microscopy, and low cell viability, determined by cell

counts compared to untransfected controls. Establishing a transfection protocol

for sEnd.1 cells was therefore a difficult and laborious process.

Cell health and active proliferation are crucial for the success of transfection. In-

fection of cell cultures can significantly affect cell physiology, causing inhibition

of proliferation, and apoptosis, through consumption of nutrients, including L-

arginine by the action of arginine deiminase [242]. The effect of arginine deimi-

nase present in mycoplasma would also affect investigations into NO production

undertaken later in this thesis; depleting levels of available substrate for NOS, and
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increasing L-citrulline, a detectable by-product of NO production.

The absence of a cell wall, together with its small size, makes mycoplasma in-

fections hard to detect, and additionally allows for a more fluid cell structure,

meaning that mycoplasma may remain within culture medium even after sterili-

sation using filters as small as 0.2μM. Further to this, mycoplasma are resistant

to commonly used laboratory antibiotics, which often target murein, which forms

cell walls. These characteristics lead to mycoplasma infection being common, and

therefore a major issue, in laboratory cell cultures [242].

Because of the difficulty in transfecting sEnd.1 cells, and with mycoplasma infec-

tion being a common problem which inhibits nucleic acid uptake, I checked for

its presence in this sEnd.1 cell culture. One of the recommended techniques for

mycoplasma detection is staining with the fluroescent DNA dye 4’,6-diamidino-2-

phenylindole (DAPI), which binds to A-T rich regions of DNA [242]. DAPI stain-

ing will detect any DNA present within the culture, identifying eukaryotic nuclei

and free DNA present in prokaryotes, such as mycoplasma. The mycoplasma is

identifiable as an extracellular blue fluorescence, at the edges of a cell, or occurs

freely in aggregates [340]. The staining of sEnd.1 cell cultures with DAPI did not

show either of these hallmarks of mycoplasma infection. This demonstrates that

difficulty in sEnd.1 transfection is not due to an underlying infection, and instead

shows sEnd.1 cells as being a hard-to-transfect cell line.

Poor transfection efficiency is not uncommon in endothelial cells, and has been

repeatedly reported [150,178]. One potential reason for this may be the propensity

for endothelial cells to form a monolayer, increasing cell-cell contacts even at a

low confluency. Cell-cell interaction is known to be inhibitory to nucleic acid
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uptake. Electroporation methods were therefore investigated next, as they require

suspensions of cells and thus reduces cell-cell interactions.

Electroporation methods with sEnd.1 caused substantial cell death, immediately

after transfection. The remaining surviving cells often showed altered morphology,

and eGFP expression within such a cell was very high, which likely contributed to

poor cell health. Electroporation was first approached using the Amaxa (Lonza)

technique, which is well-established within the lab. Poor cell survival immedi-

ately after transfection, resulted in fewer sEnd.1 cells remaining post transfection.

sEnd.1 cells, as with endothelial cells in general, show decreased proliferation when

present at low cell density. This therefore exacerbated the low cell count post-

transfection.

The Neon transfection technique (Invitrogen) is a newer method of electroporation

which allows better optimisation of electroporation parameters, and creates a more

even electrical field than a standard cuvette-based approach. The system consists

of a specialised pipette tip containing a central wire electrode. A cell suspension

is taken up into the tip for electroporation. A single wire electrode improves

transfection efficiency by minimising the surface area of the electrode in contact

with cell suspension [170].

Neon transfection showed a high efficiency of transfection with >85% cells ex-

pressing eGFP after 24hrs, when between 1x105 cells are electroporated with 3

pulses of 1500V at 10ms intervals (data not shown). Although transfection was

very successful, cell viability was severely diminished with a surviving cell count

between 20% and 50% of control. Furthermore, the morphology of surviving cells

was different from untransfected control cells. This indicates that electroporation
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is not appropriate for sEnd.1 transfection. A high level of cell death and changes

in cell morphology may imply a fragile cell membrane in sEnd.1 cells, which is

easily perturbed by electroporation. Unusual cell morphology led to concerns that

transfection itself may alter the physiology of sEnd.1 cells; I therefore investigated

chemical techniques of transfection.

Four widely employed methods were considered: Lipofectamine 2000, FuGene 6,

FuGene HD and NanoJuice. Lipofectamine was selected as it was previously used

to establish a stable transfection in sEnd.1 [108]. Chemical methods of transfec-

tion have been reported to have relatively low transfection efficiencies in endothelial

cells, with reports between 20%-40% [150]. This was confirmed in sEnd.1 where

transfection efficiencies <50% for all four reagents were routinely observed. Cell

counts were additionally reduced with all four transfections. It was not determined

whether a diminished cell population was due to cell death or growth inhibition

by transfection.
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Table 4.1 Comparison of transfection methods in sEnd.1

Transfection method Transfection type Transfection outcome

Amaxa Electroporation Low cell viability

Neon Electroporation Low cell viability

FuGene 6 Non-liposomal Poor transfection efficiency

FuGene HD Non-liposomal Poor transfection efficiency

Lipofectamine Liposomal Variable transfection efficiency

NanoJuice Liposomal Successful transfection

NanoJuice gave the best and most consistent transfection out of the three chemical

reagents trialled (Table.4.1). Transfection efficiency of sEnd.1 with Lipofectamine

and FuGene 6 and FuGene HD was assessed by GFP transfection, and was cal-

culated as 23%±7%, 25%±12%, and 24%±2% respectively. Furthermore, trans-

fection with Lipofectamine efficiency was tested on multiple occassions, showing a

variable transfection efficiency, ranging between 7% and 42%.

Optimisation of NanoJuice was therefore undertaken. NanoJuice consists of a

core transfection reagent, and a booster reagent. The ratio of these reagents is

reported by the manufaturer as a key factor in determining the success of the

transfection. The cell count 48hrs post-transfection ranged between 41% and 58%

cell survival with the exception of a 2:3 ratio, which showed markedly reduced cell

survival or proliferation with a cell count 26%±11% of untreated control (Fig.4.1

A). Transfection efficiency ranged between 30% and 46% (Fig.4.1 B). The 2:3 ratio
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of core reagent to booster reagent also resulted in the highest transfection efficiency

at 46%±16%. Due to the low viability and large variation in transfection efficiency

with this ratio, this protocol was not selected. A 2:4 ratio of core:booster gave

the best overall outcome in cell count, and transfection efficiency after 48hrs with

45%±3% and 37%±11% respectively.

A B

Figure 4.1 Nanojuice transfection method optimisation

(A) Neon reduces cell viability to an average of 45%±3%. All transfection protocols
reduce cell viability to similar extents. (B) Transfection efficiency ranged from 30%
to 45%.

4.2.2 Knock-down of STIM-1

The establishment of a transfection method for sEnd.1 allowed both the knock-

down of Orai-1 and STIM-1 to be addressed. It should be considered that CRAC

channels are known to be important in endothelial cell proliferation, which may

further exacerbate difficulties in obtaining a high transfection efficiency and ade-

quate cell count in sEnd.1 [1].

Orai-1 expression in sEnd.1 cells is comparable to that in RBL-1, however STIM-1

cells is markedly reduced in comparison (see Fig.3.2). It is therefore likely that
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STIM-1 is a limiting factor to the formation of CRAC channels, as is seen in other

endothelial cell types [1]. A larger reduction in protein levels is therefore likely to

be required in order to view a functional difference in Ca2+ entry. Such a large

knock-down would be difficult in sEnd.1 cells where transfection efficiency was

<50%. STIM-1, as the limiting factor in endothelial SOCE, is, on the other hand,

an ideal target for a reduction in CRAC channels, and the associated Ca2+ entry.

STIM-1 knock-down was achieved with transfection of 30nM STIM-1 siRNA, and

use of cells around 48-72hrs, post-transfection dependent on cell confluency after

transfection.

Although RNAi targets mRNA levels, overall protein content is a more appropri-

ate read-out of STIM-1 knockdown, for functional studies. Detection of mRNA

considers only the potential for protein production, but does not consider the ex-

isting pool of protein. The size of the existing pool is determined by the protein’s

half-life. The half-life of STIM-1 is 19hrs, considerably shorter than the average

protein at 46hrs [291,299]. Successful knockdown of STIM-1 using the NanoJuice

transfection reagent in sEnd.1 was therefore assessed by Western blot (Fig.4.2).

STIM-1 expression was reduced to 64%±8% of untransfected control. Expression

of STIM-1 in cells transfected with scrambled siRNA did not differ from untreated

controls, demonstrating that STIM-1 expression is unaffected by the transfection

process itself.

This knockdown considers the reduction of protein over the whole cell population.

With a transfection efficiency of 37%±11%, it can be assumed that knockdown of

STIM-1 expression in successfully transfected cells will be be significantly higher

than that predicted by Western blot. Western blot is a useful indicator for a semi-
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quantitative assessment of protein levels in a population of cells. However work

within this thesis primarily utilises single-cell measurements. Single cell Western

blot has recently been reported [149]. This could provide an exciting new approach

to quantify individual cell protein levels, although the technology will need to be

further developed to make it available for diagnostics and use in basic science, and

will likely highlight heterogeneity within cells.

A B

Figure 4.2 Expression of STIM-1 can be reduced following RNAi knockdown

(A) A representative Western blot. (B) 30nM STIM-1 siRNA reduces protein
expression to 64%±8% of control. Scrambled siRNA has no effect on protein
expression (91%±9%).

After establishing that STIM-1 knock-down reduced protein levels, the functional

effect on Ca2+ signals in sEnd.1 was investigated (Fig.4.3 and 4.4). Cells were

exposed to TG (2μM) or ATP (5μM) in the presence of external Ca2+. Following
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an initial rise in Ca2+, intracellular Ca2+ returned to basal levels quicker than

that seen in untreated control cells, and cell transfected with a scrambled siRNA

(Fig.4.3A and 4.4A). In order to confirm that the reduced time of Ca2+ entry

was due to a reduction in STIM-1, Ca2+ store-release and entry were dissected, as

previously described in this thesis (Fig.4.3B and 4.4B), by stimulating in Ca2+-free

solution and then readmitting 2mM external Ca2+. STIM-1 knockdown reduced

Ca2+ entry to 35%±5% and 47%±9% of untreated control with TG and ATP

respectively (Fig.4.3D and 4.4D). This level of functional knock-down corresponds

with previous knock-downs of STIM-1 in endothelia [4]. Treatment with scrambled

siRNA did not significantly alter the rate of Ca2+ entry in either ATP or TG

stimulated cells (Fig.4.3D and 4.4D). Neither transfection of scrambled siRNA nor

STIM-1 siRNA altered the amplitude of store depletion with TG or ATP (Fig.4.3C

and 4.4C). The amplitude was calculated by change in fluorescence from point of

stimulation to maximum peak height.
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A B

C D

Figure 4.3 STIM-1 RNAi knockdown reduces SOCE in sEnd.1

(A) Stimulation with TG in the presence of external Ca2+shows loss of classic
biphasic Ca2+ signal. (B) Dissection of Ca2+ signals with Ca2+ add-back protocol
demonstrates reduced rate of Ca2+ entry but no change in store-release. (C) Store
depletion by TG is unaffected by transfection, with no significant differences being
observed. (D) Rate of TG-induced Ca2+ entry reduced to 35%±5% of control by
STIM-1 KD. Rate of Ca2+ entry is not significantly altered by transfection of a
scrambled siRNA (P<0.05).
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A B

C D

Figure 4.4 STIM-1 RNAi knockdown reduces SOCE in sEnd.1

(A) Stimulation with ATP in the presence of external Ca2+shows loss of classic
biphasic Ca2+ signal. (B) Dissection of Ca2+ signals, with readmission of Ca2+

after ATP stimulation, demonstrates reduced rate of Ca2+ entry but no change in
store-release. (C) Amplitude of store depletion by ATP is unaffected by transfec-
tion, with no significant differences being observed. (D) Rate of TG-induced Ca2+

entry reduced to 35%±5% of control by STIM-1 KD. The rate of Ca2+ entry is
not significantly altered by transfection of a scrambled siRNA (P<0.05).
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4.3 Key findings of this chapter

• Protein knock-down in sEnd.1 cells can be achieved with NanoJuice

• STIM-1 knock-down reduces Ca2+ entry in response to both TG and ATP,

but does not affect Ca2+ store release

4.4 Discussion

The knockdown of STIM-1 and concurrent reduction in Ca2+ entry demonstrates a

major role in mediating sEnd.1 SOCE. This adds to the previous pharmacoloigcal

evidence that CRAC channels are required for SOCE in sEnd.1 . Orai-1 knock-

down would further support this, but requires much improved knock-down effi-

ciency as Orai-1 is present in excess.

Co-knock-down of STIM-1 and Orai-1 in endothelial cells has previously been re-

ported in the literature [4]. The Frieden group demonstrated an 80% reduction

in Orai-1 protein levels which, when knocked down alone, yielded a 40% decrease

in Ca2+ entry. A 67% reduction in STIM-1 protein in contrast resulted in a 60%

decrease in Ca2+ entry. When STIM-1 and Orai-1 were knocked down together, no

further decrease in Ca2+ entry was seen [4]. This strongly corroborates the find-

ing by Trebak’s group, that STIM-1 is the limiting component in the endothelial

CRAC channel [1]. Expression data of Orai and STIM proteins in sEnd.1 com-

pared to RBL-1 (see Fig.3.2) showed similar expression of Orai-1 in sEnd.1 and

RBL-1, but a reduction in STIM-1 expression level in sEnd.1 . This indicates that

STIM-1 is limiting in sEnd.1 , as in other endothelial cells. It is likely therefore,
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that co-knock-down of STIM-1 and Orai-1 in sEnd.1 would not further reduce the

Ca2+ entry, with the reduction dependent on levels of STIM-1 knock-down.

There have been suggestions that Orai-1 and in particular STIM-1 interacts with

TRPC channels, thus mediating Ca2+ entry by non-store-operated mechanisms.

Additionally TG has been reported to activate TRPC channels in a manner de-

pendent on STIM-1 [4, 368]. Reports began to emerge shortly after the discovery

of STIM and Orai, that TRPC interacted with these proteins, and are still being

published, with a recent report determining that TRPC-1,-4, and -5 interact with

STIM-1 via the STIM-1 Orai activating domain (SOAR) [187]. However, others

find no role for STIM-1 or store depletion in TRPC gating [70].

TRPC-1, -4 and -5 have been suggested to associate with STIM-1 through elec-

trostatic interaction, and furthermore TRPC-1 interaction with other TRPCs, in-

cluding TRPC-3, has been proposed to infer store-dependency on otherwise store-

independent TRPCs [187, 368,369]. The TRPC-1 channel has been largely at the

centre of discussions involving TRPC interaction with the CRAC channel. A re-

cent review has suggested that TRPC-1 may act as a channel regulator, rather

than permeating Ca2+ itself [79]. Indeed, TRPC-1 has also been reported to in-

teract with a wide variety of other TRP channels, and additionally introduction of

TRPC-1 homotetramers shows no increase in Ca2+ entry above control. TRPC-1

as a regulator of Ca2+ entry is possible, nonetheless two key studies published by

prominent groups within the field have collectively discounted the contribution of

all TRPCs in CRAC channel conductance [1, 70].

Work by the Putney and Trebak groups in HUVECs, HPAECs, and HEK293

cells, demonstrate that TRPC function is independent of the presence of Orai-1
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and STIM-1 [1, 70]. The Trebak group, who worked with endothelia, approached

the conundrum of STIM-Orai-TRPC interactions by considering TRPC-1 and -4

requirement for maintaining ICRAC [1]. Knock-down by siRNA of both TRPCs

showed no effect on electrophysiological measurement of ICRAC nor on Ca2+ entry

assessed by Ca2+ imaging. Furthermore, knock-down of both STIM-1 and Orai-

1 nearly abolished ICRAC. Putney took this further by investigating TRPC-3,

-5, -6, and -7 with STIM-1, whereby co-expression did not alter Gd3+-insensitive

carbochol-induced Ca2+ entry [70]. TRPC-1 was additionally investigated in this

work, however overexpression failed to generate a Gd3+-insensitive Ca2+ entry [70].

These reports convincingly contend suggestions of TRPC involvement. However,

it is possible that TRPCs contribute to Ca2+ entry perhaps as regulators, and

their involvement could be more prominent following receptor stimulation.

Nevertheless, the cumulative evidence reported in this thesis with the use of CRAC

channel inhibitors and STIM-1 knock-down shows the role of CRAC channels in

supporting endothelial SOCE. Further to this, it provides a wide range of tools

for probing one of the critical SOCE-driven endothelial functions: NO production.

Similar pharmacology of Ca2+ influx to TG and ATP acting on P2Y receptors,

suggests both use the STIM-Orai pathway. Unpublished data in the lab and

elsewhere shows Synta-66 does not block TRPCs at concentrations over 10μM,

further arguing against a contribution from TRPC channels under our conditions.

Due to difficulties in transient transfection of sEnd.1 cells, the establishment of

stable cell lines for future work would be preferable. Stable knock-downs can be

achieved through the use of shRNA as previously discussed in the introduction of

this chapter. A further alternative to the knock-down of Orai-1, considering the
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difficulties faced in use of RNAi in this model, would be transfection of a dominant

negative Orai-1 protein [146]. Establishment of stable sEnd.1 cell lines, expressing

either mutant channels or stable knock-down in the future, could help to elucidate

further downstream functions of CRAC channels in endothelia.
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Chapter 5

Calcium entry through the CRAC

channel increases production of

nitric oxide in sEnd.1

5.1 Introduction

The field of nitric oxide is dense with publications. A PubMed search for nitric

oxide raises over 130,000 results and for endothelial nitric oxide synthase specif-

ically over 20,000 papers are available. It has been known since 1987 that Ca2+

is required for the activation of endothelial NO production, and further to this

there is a requirement of SOCE [31, 109, 197, 234, 252]. Although there has been

no direct evidence of Orai-STIM requirement in eNOS activation, in recent years

some circumstantial evidence has arisen.
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VEGF-induced Ca2+ fluxes in endothelia have been shown to be CRAC channel-

dependent and important in endothelial cell proliferation and angiogenesis [83,

192, 202]. In turn, VEGF signalling promotes endothelial migration, which is

inhibitable by blocking NOS [89]. VEGF is a known NOS activator and has been

extensively used to investigate eNOS [110,111,254].

Extracellular ATP was one of the first recognised agonists of endothelial pro-

duction of NO and vasodilation [123]. Stimulation of isolated vessels with ATP

demonstrated a relaxation in vessel tension, which was abrogated by vessel de-

nudation [67]. Within this thesis I have demonstrated that ATP-induced SOCE in

endothelia is dependent on CRAC channels (Fig.3.7,4.3 and 4.4), implying ATP-

induced NO production may be reliant on CRAC channel activity. This is corrob-

orated in the literature [172].

Evidence of altered CRAC channel presence and activity in endothelial disease

models is increasing. Diabetic mouse vasculature exhibit reduced ACh-induced

vasorelaxation and are reported to have diminished expression of STIM-1 and

SERCA-3 [88, 210]. The overexpression of STIM-1 in the vascular endothelium

rescued vasodilation in diabetic vessels. This work demonstrates that STIM-1

is key in maintaining normal resting ER Ca2+ levels, however, confusingly, that

reduced ER Ca2+ store release in diabetic endothelia is responsible for diminished

NO production and thus vasodilation [88]. This contradicts the widely accepted

work by the Rodman group, which shows Ca2+ entry rather than release is crucial

for eNOS activity [197]. Although DAF imaging of NO production is shown to

be stimulated by store depletion in the absence of extracellular Ca2+, it is unclear

whether vessel tension experiments were performed in the presence or absence
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of extracellular Ca2+. This therefore makes the overall conclusions of the paper

unclear [88].

Robust identification of NO production is required in order to address the mecha-

nism behind eNOS activation. It is clear that the mechanism of Ca2+ activation of

eNOS must be better defined. However, NO is arguably one of the most difficult

second messengers to reliably detect. This chapter will consider the difficulties in

NO detection and utilise two distinct methods to investigate production of NO in

sEnd.1 cells, using SERCA blocker TG and physiological agonist ATP.
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5.2 Results

5.2.1 Detecting NO

Detecting NO is largely complicated by its low physiological concentrations and

short half life in biological systems, with NO quickly oxidised to form nitrites

and nitrates [40]. Detection methods (as outlined in Fig.5.1) often utilise indirect

detection to determine intracellular NO levels. Early detection of NO synthesis

relied on measurements of downstream consequences such as cGMP production,

however detection methods have improved since this time [104]. Mechanisms of

detection commonly used at present vary from measurement of only nitrites (Griess

reaction), and use of the conversion of L-arginine to L-citrulline as a read-out of

NO production (radioactive L-arginine to citrulline assay), to direct detection of

NO (electron paramagnetic resonance and amperometry).

No NO detection method is perfect or even preferred, with different methods ad-

vantageous in different situations. Specificity of detection for NO production,

sensitivity of detection, possibility of real-time measurements, whether single cells

or populations are measured, and equipment availability within a laboratory are

all considerations when selecting a detection method. The requirements of the

experiment should be closely considered too. Detection of NO production in non-

cultured tissue samples is more suited to a population-focused approach, in order

to detect overall changes in the material and improve sensitivity of detection. Dis-

eased tissues typically display reduced NO production, especially in the presence

of high levels of oxidative stress. In these cases detection sensitivity is the key

consideration, as well as specificity for NO. Detection methods such as the fluo-
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rescence of the NO dye DAF-2 would overestimate the production of NO in such

models. This is because reaction of O2
- and NO forms ONOO-, which reacts more

efficiently with the DAF family of dyes, increasing their fluorescence, and thus

overestimating available cellular NO [87, 161, 289]. It should also be considered

whether the amount of NO produced, the quantity of biologically available NO,

or NOS activity is the desired variable to be measured. Indirect methods, such

as cGMP activity, are able to demonstrate the amount of available NO for down-

stream signalling. Detection of conversion of L-arginine to L-citrulline on the other

hand can determine the level of NOS activity. When considering disease mod-

els, small considerations such as these can elicit huge changes in the conclusions

drawn from experimental work. The investigation of the signalling mechanisms

and regulation of NOS activity is most accurately dissected using single-cell real-

time detection methods. Fortunately, despite the constraints of NO detection, two

methods are readily available: NO dyes, such as the DAF family developed in 1998

by the Nagano lab; and amperometry, which utilises NO reactivity to transfer an

electron from NO to an electrode, producing a detectable current [176,211,329].

Here, I aim to test the hypothesis that induction of NO production via eNOS

is dependent physiologically on CRAC channels. Furthermore, I will address the

mechanism behind this activation. Use of amperometry and NO dyes were there-

fore primarily considered. The use of NO dye, such as DAF-2, has been shown to

be marginally more sensitive than amperometry and additionally has the advan-

tages of higher throughput, and the possibility of co-imaging with Ca2+-sensitive

dyes [211,325,366]. DAF-2 imaging, although a recognised and valid NO detection

method, has limitations. In order to confirm that detected rises in DAF fluores-
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cence are truly due to increase in intracellular NO, it is prudent to adopt a second,

distinct, method of detection. The L-arginine to L-citrulline assay provides a com-

pletely distinct method of measuring NO production by virtue of the equimolar

production of L-citrulline and NO in the NOS reaction [65]. The advantages and

disadvantages of both of these NO detection methods will be discussed later in

this chapter.
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5.2.2 DAF-2 detection of NO

4,5-dimaminofluroscein (DAF-2) is a non-ratiometric fluorescent indicator which

binds NO and NO derivatives irreversibly. DAF-2 was developed in order to mea-

sure the production of NO with the spatial and temporal resolution, and sensitivity

that is lacking in many other NO detection methods. Its design allows direct real-

time bio-imaging of the production of NO [176,177].

The specificity of DAF-2 has previously been called into question by the Chat-

ton group, with indications of photoactivation and dependency of the fluores-

cent response on divalent cation concentration. Work utilising the NO donors

s-nitrosocysteine, DETA NONOate, and SNP showed large increases in DAF-2

fluorescence only in the presence of NO donor and mM concentrations of divalent

ion. Chatton deduced that DAF-2 sensitivity to NO was increased in the presence

of Mg+ and Ca2+ [37]. However, increase in DAF-2 fluorescence in presence of

divalent ions did not correlate with the quantity of nitrites produced by the NO

donors as determined by the Griess reaction. Further to this, the Nagano group

refuted this conjecture by demonstrating that use of solutions bubbled with NO

gas resulted in Ca2+ and Mg+ independent detection of NO. This work indicated

that the observed effect of Ca2+ and Mg+ on fluorescence intensity was due to an

increase in NO donor instability, resulting in greater release of NO [325].

Light sensitivity of DAF-2 was also proposed by Chatton, with enduring high-

intensity light pulses of up to 25secs resulting in increased DAF fluorescence in

the presence of Ca2+ and NO donor [37]. However, the work failed to address the

potential for photodecomposition of NO donors and increased fluorescence cannot
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be affirmatively attributed to a sensitivity in DAF-2. Although the potential for

photoactivation of DAF-2 should still be a concern to some protocols utilising

higher light intensity such as confocal imaging, the duration and light intensity of

pulses used within these experiments would have no effect on experimental data

obtained during a normal bio-imaging experiment. Light activtion of DAF-2 can

therefore be disregarded in respect to the work within this thesis. DAF-2-DA is

still regularly used to detect NO within the field and is considered to be reliable

in measuring increased NO and nitrosating products [189,268,283].

With the advantages of DAF-2 in addressing the production of NO in a single cell

on a real-time basis, I aimed to use this NO-sensitive dye to further establish the

involvement of SOCE in eNOS activation. Previously in this thesis it has been

established that both SERCA inhibitor TG and physiological SOCE agonist ATP

require CRAC channels to mediate Ca2+ entry in sEnd.1 cells; this model was

therefore used to address the hypothesis that SOCE can activate eNOS.

DAF-2 was loaded into sEnd.1 at 37oC for 30mins in standard external solution

containing 2mM Ca2+ and additionally 100μM L-arginine. This solution was used

for all further NO experiments. Neither the presence of L-arginine in imaging

solution or NOS inhibitor N-nitro L-arginine methyl ester (L-NAME), had an ef-

fect on Ca2+ signals, either by amplitude or rate of Ca2+ entry (data not shown)

(L-arginine n=53, L-NAME n=48). Cells were imaged at room temperature as

per the protocol used for previous Ca2+ imaging experiments, with stimulations

performed at 100secs to ensure a sufficient F/F0 baseline was established. Stimula-

tions with both TG (2μM) and known NO agonist ATP (5μM) failed to induce any

increase in DAF-2 fluorescence (Fig.5.1A. ATP data not shown (n=39)). This lack

124



CHAPTER 5. CALCIUM ENTRY THROUGH THE CRAC CHANNEL
INCREASES PRODUCTION OF NITRIC OXIDE IN SEND.1

of response was surprising considering the previous reports of robust NO produc-

tion upon ATP stimulation and, additionally, the evidence presented by Lin et al

regarding the role of SOCE in eNOS activation [67,197]. It would have been easy

to assume that SOCE was not playing a role in NO production and that ATP was

contributing to eNOS activation through an alternative pathway independent of

Ca2+ entry. However, these suppositions do not stand up to the existing evidence

and fail to solve why I saw no response. NO detection experiments, in contrast to

Ca2+ experiments, are typically carried out at physiological temperature, which

led us to question whether this was due to ambient temperature not being suf-

ficient to support NO activation. To address whether ambient temperature was

affecting NO production, experiments were repeated at 37oC. Interestingly, the

increase in temperature to physiological levels resulted in an increase in DAF-2

fluorescence with both TG and ATP stimulation (Fig.5.1A). However, a response

was seen in both cases only after significant time delay- typically up to 10mins

(Fig.5.1A). The increase in DAF-2 fluorescence only at 37oC was intriguing. To

determine that the signal was dependent on NO production by NOS and not due

to an effect on NO itself, cells loaded with DAF-2 were imaged in the absence

of stimulation (Fig.5.1B). No signal was observed, indicating that the mobilisa-

tion of Ca2+ stores and subsequent Ca2+ influx were responsible for the increase

in fluorescence. To further establish that these signals were dependent on NO

production by eNOS, I pre-incubated DAF-2 loaded sEnd.1 cells with the NOS

inhibitor L-NAME (100μM) for 5mins. Presence of L-NAME inhibited both ATP

and TG-induced DAF-2 signals. It can therefore be concluded that TG and ATP

are able to induce NO production in sEnd.1 cells.
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A B

DC

Figure 5.1 An L-NAME inhibitable increase in NO production can be in-
duced with TG and ATP at physiological temperature

(A) Addition of TG (2μM) to DAF-2-DA loaded sEnd.1 cells, in the presence of
2mM external Ca2+ and 100μM L-arginine, induced increased NO production at
37oC (room temperature (RT) n=17; 37oC n=16) (B) Absence of TG stimula-
tion at physiological temperature failed to increase DAF-2 fluorescence, indicating
response is due to increase in cytosolic NO and NO derivative levels rather than
light activation of DAF-2 (unstimulated n=58; TG stimulated n=55 ) (C) Compet-
itive antagonist of eNOS L-NAME (100μM) abrogated TG-induced NO response
(control n=26; L-NAME n=65 ) (D) Physiological activator of CRAC channels
ATP (5μM) induced increased eNOS activity, which was inhibitable by L-NAME
(control n=27; L-NAME n=39 ).

The signals observed are themselves interesting, with a sigmoidal shape, consisting

of a slow increase from time of activation, followed by rapid production of NO,
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and eNOS inactivation when fluorescence reaches a maximum amplitude. The

maximum peak response was determined to be dependent on the amount of NO

produced and not saturation of the dye. The NO donor SNP was applied to DAF-

2 loaded cells, and reached levels of fluorescence 4 times greater than that seen

upon agonist stimulation (data not shown). Activation of NO synthesis has been

shown here to take minutes, and it should be noted that the taken to stimulate

the fast rise in NO is variable. eNOS activation is a complex process as previously

discussed in chapter 1. Variability in time taken to induce rapid NO production

is not necessarily surprising as a multitude of intracellular activities are required

in order to achieve efficient NO production by eNOS, including release of caveolin

inhibition, Ca2+-CaM binding, and phosphorylation and de-phosphorylation of

specific eNOS residues among other processes [50, 103,114,216].

The distinctive lag time taken to induce rapid NO production is of interest. Treat-

ment of endothelia with Ca2+ ionophores (commonly A23817) shows NO produc-

tion, through detection with amperometry, within seconds [38,39,41]. Ionophores,

however, allow excess Ca2+ entry into cells; eNOS activation under these condi-

tions would be significantly quicker than activation of physiological Ca2+ entry pro-

cesses, creating a surplus of Ca2+-CaM. Manipulation of eNOS Ca2+-dependency

through slow processes such as phosphorylation would not be required under these

high Ca2+ conditions [50, 103, 216]. A time delay prior to full eNOS activation,

when induced by physiological Ca2+ entry pathways, has not to our knowledge

been commented on in the literature. Real-time detection of NO in the literature

frequently uses time courses with poor resolution, showing measurements every

∼5mins, or alternatively reporting total NO production within a denoted time pe-
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riod [197,239]. Representation of data in this manner may overlook both variation

in time to activation and a time lag itself. Kimura et al, however, treated bovine

aortic endothelial cells with ATP (1μM) in the presence of 1.5 mM external Ca2+,

demonstrating an increase in NO production which occurred with a similar profile

to that observed in sEnd.1 [172]. Observed rate of NO production in sEnd.1 how-

ever, appears to be quicker; this could be explained by the high eNOS production

in sEnd.1 cells, and/or higher ATP concentration used within this work. Crucially,

Kimura et al observed a time delay before NO production was detectable. This

time delay was shorter at around 200-300secs, than often observed in sEnd.1 cells,

however, I notice a variation in activation time, with 200-300secs well within our

observed range. A variation in response times was not reported by Kimura.

The Bird group has demonstrated simultaneous imaging of NO and Ca2+ using the

dyes Fura-2 and DAF-FM in uterine endothelial cells, and showed representative

traces [366]. They demonstrate NO production as being detectable from the point

of activation, with a rapid spike in the rate of NO production which declines

quickly at first, and then slowly returns to an inactive state, with NO response

ceasing in some cell types within 200secs. This is in surprising contrast to our

data, and time courses of alterations in protein recruitment and post-translational

modifications on eNOS, which will be discussed later in this thesis. Interestingly,

the Fura signals shown were also starkly different from those obtained in this thesis,

with TG inducing sustained Ca2+ increases in the presence of 2mM external Ca2+

for 1000secs with no indication of CRAC channel inactivation. Ca2+ increases were

additionally around 5 times greater than those observed in this thesis, and in other

reports of endothelial cell CRAC channel activity [1]. Furthermore, simultaneous
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imaging of Ca2+ and NO may alter NO production, as Fura-2 acts as a Ca2+

chelator, and therefore may alter the internal Ca2+ profile. This study therefore

may not be a useful comparison to the work within this thesis.

When considering mechanisms of NOS activation, and additional evidence in terms

of physiological effects of NO, an activation period of low NO production is not

unexpected. NO-dependent vasorelaxation in response to ACh, which generates

NOS-activating Ca2+ fluxes, occurs slowly over 5mins [112]. Further to this,

modifications of eNOS, which increase eNOS activity are slow, with phospho-

rylation, de-phosphorylation, and binding of Hsp90 all occuring over time periods

of ∼5mins [50, 103, 114, 216]. These time frames are consistent with the time lag

observed within this work, with activation usually occuring, upon ATP or TG stim-

ulation in the presence of 2mM external Ca2+, within 500secs. The time frame

to activation will be more extensively investigated in chapter 6, as a potential

hallmark of eNOS regulation.

5.2.3 L-arginine to L-citrulline assay detects two-fold in-

crease in NO production

With the previously discussed limitations of DAF-2 NO detection, it is prudent to

demonstrate the activation of eNOS by a second method. For this reason, I again

addressed the question of SOCE activation of eNOS using an alternative technique

of 14C-L-arginine to L-citrulline conversion.

All NOS enzymes catalyse a reaction between L-arginine and 2 molecules of O2

to form NO and the amino acid L-citrulline in an equimolar ratio. The produc-
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tion of L-citrulline can therefore be used as an indirect but accurate measure of

total NO production by NOS. The replacement of external L-arginine with a ra-

dioactive form (14C-L-arginine) allows detection of the production of a radioactive

L-citrulline product, thus differentiating between basal cellular L-citrulline and

that produced subsequent to NOS activation. Ca2+ mobilising agents, commonly

Ca2+ ionophores, are used to activate the enzyme eNOS. HPLC separation is then

used to distinguish reaction products based on elution times from the column,

which is dependent on product interaction with the sorbent. A scintillation de-

tector reveals quantity of radioactivity detected over time. Here I normalise the

level of radioactivity at each peak to the total radioactivity, thus calculating %

conversion of 14C-L-arginine [65].

Detection of L-citrulline over NO is advantageous as it is able to circumvent the

difficulties presented with the high reactivity of NO, therefore measuring NOS

activity over available NO or NO derivatives. However, the detection sensitivity

of this method is not reported in literature as it relies on the % conversion of

radioactive product. Defining exact quantities of radioactivity in the samples is

difficult, as protein quantification cannot be easily determined with these samples.

Variances in total radioactivity in each sample cannot therefore be defined. %

conversion can therefore be considered more accurate than calculation of total L-

citrulline. I can determine, however, that detection sensitivity is limited as the

technique relies on cell populations and the use of Ca2+ ionophores, commonly

A23817, to detect conversion. However, this method is commonly used to detect

changes in diseased vascular tissue, which classically display low production of

NO [5, 82]. This implies that this technique will be sensitive enough to detect
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NO production induced by physiologically relevant Ca2+ entry i.e. SOCE, in a

endothelial cell line model.

Along with the requirement of a population of cells and unknown detection lim-

its, the 14C-L-arginine conversion assay cannot be used for real-time detection

of NO production. Real-time measurements are not possible, as samples require

de-proteination prior to HPLC separation. It is therefore less well suited to inves-

tigations of signalling mechanisms where real-time single cell detection is clearly

advantageous. In combination, however, 14C-L-arginine conversion and DAF-2

would provide a strong evidence base for increased eNOS activity post-CRAC

channel activation.

sEnd.1 cells were pre-treated with arginase inhibitor Nor-NOHA (100μM), and

14C-L-arginine for 5mins at room temperature, prior to stimulation with TG, or a

positive control of Ca2+ ionophore ionomycin (2μM). Cells were incubated for 2hrs

at 37oC. Cell lysates were de-proteinated prior to HPLC separation. Radioactive

products were resolved on HPLC, detected via a scintillation counter, and differen-

tiated based on elution times compared to radioactively-labelled controls for urea,

ornithine, arginine, and citrulline [65]. The increased conversion of 14C-L-arginine

to citrulline was readily observable in sEnd.1 cells with a 242%±9% increase above

basal conversion with ionomycin treatment. Induction of SOCE with TG addition-

ally showed a detectable increase in L-citrulline, reaching 183%±10% of untreated

(UT) control (Fig.5.2). Treatment of all conditions with L-NAME reduced 14C-

L-arginine conversion by almost two-thirds from basal level (UT 37%±13%; TG

33%±6%; Ionomycin 29%±3%) confirming eNOS activity is responsible for in-

creased conversion. The reduction of detectable L-citrulline in untreated samples
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demonstrates the constitutive activity of eNOS in sEnd.1 cells and was expected.

The increase of detectable L-citrulline after TG treatment and increase in fluo-

rescence of DAF-2 were both found to be within the same range of 1.5-2 fold,

which gives additional confidence to the reliability of both methods of detection.

It can therefore be concluded that SOCE increases NOS activity to produce NO,

confirming the findings of Lin et al [197].
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A B

C

Figure 5.2 SOCE increases conversion of 14C-L-arginine to L-citrulline

(A-B) Representative HPLC traces. 14C-labelled products of intracellular
metabolism of 14C-L-arginine elute at different times. The elution times of de-
tectable products are: urea (5mins), ornithine (19mins), citrulline (15.5mins) and
remaining arginine (21mins). (C) Treatment of sEnd.1 cells increase conversion of
14C-L-arginine to L-citrulline almost two-fold compared to basal. Treatment with
NOS inhibitor L-NAME abrogates this increase and reduces basal NO production.
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5.2.4 Induction of SOCE increases O2
- production, but

doesn’t fully ‘uncouple’ eNOS

DAF-2 reacts with biologically relevant nitrates, nitrites, and reactive nitrogen ox-

ide species, including ONOO-. It is well defined that in the presence of oxidative

stress, the ratio of essential eNOS cofactor BH4 to its inactive oxidised counterpart

BH2 is reduced. BH4 and BH2 both bind eNOS at the same site with the same

affinity; however, only BH4 is catalytically active and able to couple electron trans-

fer between the reductase and oxygenase domains of NOS. Binding of BH2 results

in ‘uncoupling’ of the the two NOS domains. The electron is no longer passed

between domains, but is instead transferred directly to the O2 bound in the NOS

catalytic site forming O2
- [343]. The ratio of BH4 to BH2 therefore determines the

‘coupled’ state of eNOS [58, 60]. BH2 is converted back to BH4 by DHFR, which

maintains the ratio in favour of NO production [60]. sEnd.1 cells have previously

been reported to express high levels of DHFR and eNOS is considered ‘coupled’

within these cells [59].

Production of O2
- by eNOS is of concern both physiologically and when assessing

NO production using DAF-2 DA. The equimolar reaction of NO and O2
- produces

ONOO-. DAF-2 has previously been reported as being more sensitive to ONOO-;

its presence results in a 7 times greater increase in the formation of the detectable

fluorescent product: DAF-2-triazole (DAF-2-T). ONOO- oxidises DAF-2, forming

a non-fluorescent intermediate, which allows a more rapid reaction with the NO

free radical to form DAF-2T [87,161,289]. An increased presence of O2
- could alter

the amplitude of detected fluorescence and it is therefore prudent to ascertain that
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eNOS remains ‘coupled’ after stimulation of SOCE.

The conversion of dihydroethidium (DHE) to ethidium and 2-hydroxyethidium

is used as a measure of superoxide production in cells. The production of 2-

hydroxyethidium is directly dependent on oxidation of DHE by O2
- and presents

a specific measure of intracellular O2
- levels [98]. Separation of reaction products

by HPLC allows quantification of ethidium produced.

sEnd.1 cells were pre-incubated in presence or absence of NOS inhibitor L-NAME

(1mM) in standard NO solution for 5 mins at room temperature prior to stimula-

tion with TG (2μM). Cells were incubated at 37oC for 15mins before addition of

DHE (50μM) and a further 20mins incubation protected from light at 37oC. Cell

lysates were de-proteinated prior to separation of HPLC utilising electrochemical

detection. TG increased detectable O2
- to 139%±5% compared to UT; an increase

which was abrogated with pre-incubation La3+ (50μM). Pre-incubation with 1mM

L-NAME increased superoxide production almost two-fold under all conditions

(UT 184%±10%; TG 190%±7%; TG+La3+ 172%±7%) (Fig.5.3).

L-NAME inhibits NO synthesis. The presence of intracellular NO reduces de-

tectable O2
- due to NO scavenging. The increase in ethidium detected with L-

NAME is due to a lack of eNOS activity and therefore diminished availability

of cellular NO. This is indicative of ‘coupled’ eNOS. It appears basal levels of

NO production are able to compensate for cellular O2
- production. Although

TG demonstrated a detectable increase in O2
-, use of L-NAME indicated NOS

is still largely ‘coupled’ in sEnd.1 cells; however, ONOO- will be increased post-

stimulation. The contribution of ONOO- presence in increased DAF-2 fluorescence

should be considered in interpretation of DAF-2 data.
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The similar fold-change measured by both methods of NO detection may help

to give more confidence to interpretation of the amplitude of DAF-2 fluorescence

increase. Considering that ONOO- was reported to increase DAF fluorescence

7 times more effectively than NO alone, if the increase in O2
- was significantly

affecting overall fluorescence in this system, then one would expect a much higher

fold increase in DAF-2 when compared to L-citrulline production.
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A B

C

B

Figure 5.3 TG-treatment increases oxidative stress in sEnd.1

(A-B) Representative HPLC traces. Three peaks are visible in the chromatographs
separated by elution times: DHE (4mins), 2-hydroxyehtidium (13mins) and ethid-
ium (16mins). 2-hydroxyehtidium is considered specific for increased O2

- over other
oxidative species. (C) Treatment with TG increased O2

- production by 39%±5%,
whereas TG with La3+ do not significantly alter O2

- production in sEnd.1 . Treat-
ment with L-NAME inhibits eNOS. O2

- production is significantly increased com-
pared to UT control in absence of L-NAME (UT L-NAME 185%±10%; TG L-
NAME 190%±7%; TG La3+ L-NAME 172%±7%) n=7 for all treatments.
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5.2.5 Effect of physiological temperature on Ca2+ signals

Temperature dependence of NO production in sEnd.1 indicated that CRAC chan-

nels may also show temperature dependent changes in Ca2+ conductance. His-

torically there have been no major indications of the requirement of physiological

temperature for the development of ICRAC. The CRAC channel and ICRAC were

extensively profiled prior to the discovery of Orai/STIM. The distinctive ICRAC

current was noted for low conductance and high selectivity, but temperature-

sensitivity was never reported [142, 143, 272, 274, 379]. Patch-clamp and Ca2+

imaging experiments are conducted within the field at ambient temperature and

Ca2+ influx is prominent [10,96,163,192,379]. STIM-1 has been reported to be sen-

sitive to changes in temperature environment, and at hyperthermic temperatures

can activate ICRAC independently of store-depletion. STIM temperature sensi-

tivity is considered an adaptation to environmental stress [212, 361]. I therefore

investigated whether temperature altered CRAC channel activity in sEnd.1 cells

to see if this explained the striking temperature-dependence of NO production.

Temperature was maintained on a heated chamber between 36oC and 37.9oC.

The characterisation of CRAC channels was re-addressed at physiological tem-

perature. The rate of Ca2+ entry after store depletion with TG (2μM) and ATP

(5μM) was compared between the temperatures. Physiological temperature in-

creased both the rate of Ca2+ entry and the rate of Ca2+ extrusion in response

to TG (Fig.5.4A-C). Rate of Ca2+ entry was increased by 50%±6%, a substan-

tial increase. However, bulk rise was less sustained. La3+ (1mM) block of PMCA

largely abrogated this increased Ca2+ extrusion (Fig.5.4D). Ca2+ entry in response

to ATP was also increased at 37oC. Increased temperature had a strikingly smaller
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effect on ATP SOCE, increasing the rate of entry by only 20%±5% (Fig.5.5). The

temperature coefficient (Q10) for rate of Ca2+ entry between room and physiolog-

ical temperature in this system is therefore low, with TG and ATP having values

of 1.36 and 1.15 respectively. The smaller increase seen with ATP compared to

TG may be due to the increased rates of Ca2+ re-uptake into ER Ca2+ stores,

and Ca2+ extrusion masking the increase in rate. Rate of Ca2+ entry was con-

sistently increased at physiological temperature, implying increased conductance.

This would result in enhanced Ca2+ microdomains. Although increased conduc-

tance would play a role in ability of eNOS to activate at physiological temperature,

the overall increases of only 20 and 50% are relatively small, especially taking into

account the enhanced Ca2+ removal, which affects overall bulk Ca2+ rise. It is

therefore likely that other mechanisms are also having an effect, and eNOS acti-

vation at physiological temperature is not solely dependent on increased cytosolic

Ca2+.

The enhanced removal of Ca2+ being largely abrogated by PMCA inhibition may

be indicative of increased Ca2+-CaM activity [35]. Indeed, this could be a contrib-

utory factor in eNOS activation at physiological temperature. Potential reasons

for presence of activation at 37oC only will be discussed later within this chapter.
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Figure 5.4 Physiological temperature increases the rate of Ca2+ entry after
store-release triggered by TG stimulation, but reduces the duration of the
Ca2+ rise.

(A) (A) A representative experiment. (A-B) Cells were stimulated with TG in the
absence of Ca2+ (not shown). 2mM Ca2+ was added at 60secs at room temper-
ature (RT) (20-25oC) or 37oC. Cells demonstrated a 50% increase in the rate of
Ca2+ entry. Ca2+ removal appeared increased at physiological temperature. (C)
A representative experiment. TG stimulation in the presence of external Ca2+.
Increased Ca2+ removal appears more apparent in the continual presence of ex-
tracellular Ca2+. (D) Inhibition of PMCA with 1mM La3+ reduced the increased
extrusion seen at physiological temperature in TG-treated cells after addition of
external Ca2+.
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C

Figure 5.5 Increased temperature increases the rate of Ca2+ entry after
store-release by ATP stimulation, but response is less sustained due to in-
creased Ca2+ removal

(A) A representative experiment. Cells were stimulated with ATP in the absence
of Ca2+ (not shown). 2mM Ca2+ was added at 60secs at RT or 37oC. Cells demon-
strated an increased rate of Ca2+ entry as well as increased Ca2+ removal. Bulk
rise was less sustained at physiological temperature. (B) Rate of Ca2+ entry was
increased by 20% compared to RT. (C) A representative experiment of ATP stim-
ulation in presence of extracellular Ca2+. Increased Ca2+ removal results in a
shorter and more transient rise in bulk Ca2+.
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Higher temperature increases conductance of CRAC channels in sEnd.1 cells, but

does not alter selectivity of the channel; Sr2+ and Ba2+ rate of entry are 44%±10%

and 33%±7% respectively of Ca2+ control (Fig.5.6). These rates of entry are

comparable, when normalised to Ca2+ entry, to those seen at room temperature

(Sr2+ 43%±4% and Ba2+ 43%±8%). However, it should be noted that there is

a trend towards slower Ba2+ entry. Increased selectivity may be masked by the

increased rate of PMCA activity at higher temperatures. PMCA extrudes both

Ca2+ and Sr2+, but is impermeable to Ba2+. Increased removal of Sr2+ and Ca2+

may be underestimating their rates of entry, and thus hiding enhanced selectivity.

A B

Figure 5.6 Physiological temperature does not alter the Ca2+ selectivity of
the CRAC channel in sEnd.1

(A) A representative experiment. Cells were stimulated with TG in the absence of
Ca2+ (not shown). Add-back of 2mM Ca2+, Sr2+, and Ba2+ is shown. (B) Rate of
entry of Sr2+ and Ba2+ are reduced to 44% and 33% of Ca2+ respectively. The rate
of Ba2+ appears reduced compared to Sr2+ at increased temperature but doesn’t
reach significance at P<0.05.
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Ensuring CRAC channel inhibitors are still effective at reducing Ca2+ entry at

physiological temperature is important for future experiments to determine CRAC

channel role in NO production. All inhibitors remained effective against the ele-

vated rate of Ca2+ entry at 37oC. La3+ (50μM) blocked TG and ATP SOCE, reduc-

ing it by 67%±10% and 63%±6% of control respectively (Fig.5.7E-F and 5.8E-F).

2-APB (20μM) reduced Ca2+ entry in response to TG to 50%±10% of control,

and completely abolished ATP-induced SOCE (Fig.5.7C-D and 5.8C-D). FCCP

(5μM) treatment of ATP and TG treated cells reduced Ca2+ entry to 33%±4%

and 28%±5% of control entry respectively (Fig.5.8A-B and 5.7A-B). Although

not directly comparable, CRAC channel inhibitors, therefore, appear to work with

similar efficiency at physiological temperatures, as at room temperature (Fig.3.3

and 3.7). 2-APB again is particularly effective at inhibiting ATP-induced Ca2+

influx, completely abolishing entry.
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A B

C D

FE

Figure 5.7 CRAC channel inhibitors are effective at physiological tempera-
tures

(A-E) Cells were treated with TG in the absence of external Ca2+ after pre-
incubation with respective CRAC channel inhibitors at 37oC (not shown). Ca2+

was administered at 30secs. (A-B)Pre-incubation with La3+ (50μM) reduced rate
of entry to 33%±10% compared to untreated control. (C-D) Administration of 2-
APB (20μM) reduced entry by 50%±10%. (E-F) Depolarisation of mitochondria
with FCCP (5μM) reduces Ca2+ entry through CRAC channels to 28%±5%.
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A B

C

E F

D

Figure 5.8 CRAC channel inhibitors reduce Ca2+ entry after treatment with
physiological SOCE agonist ATP at 37oC

(A-B) 5min pre-incubation with 50μM La3+ (5min) decreased ATP-induced (5μM)
SOCE to 37%±6%. (C-D) 20μM 2-APB administered completely abrogated Ca2+

entry. (E-F) FCCP (5μM) applied at 150secs reduced the rate of external Ca2+

entry by 67%±4%.

145



CHAPTER 5. CALCIUM ENTRY THROUGH THE CRAC CHANNEL
INCREASES PRODUCTION OF NITRIC OXIDE IN SEND.1

5.3 Key findings of this chapter

• TG and ATP can stimulate production of NO in sEnd.1 at physiological

temperature

• TG increases O2
- production in sEnd.1

• Physiological temperature increases both the rate of store-operated Ca2+

entry and increases PMCA-dependent Ca2+ removal

• CRAC channel inhibitors are effective in reducing Ca2+ entry at 37oC

5.4 Discussion

Within this chapter, I have demonstrated the activation of NOS-dependent NO

synthesis at physiological temperature, as determined by DAF-2 fluorescence and

conversion of 14C-L-arginine to L-citrulline. Use of the specific NOS-inhibitor L-

NAME completely abrogated responses to both ATP and TG. Establishment of

robust detection of NO production will allow clarification of the role of store release

and Ca2+ entry in NO production [88, 197]. Real-time detection of NO produc-

tion through the use of NO-sensitive dye DAF-2 has revealed interesting, and to

our knowledge previously unreported, kinetics of NO production with a variable

time that precedes a rapid phase NO production. It should be noted though that

small rises in NO production were detectable immediately after stimulation of in-

tracellular Ca2+ fluxes. Activation of NO synthesis is a complex process, involving

numerous post-translational modifications, and protein interactions [281]. A vari-

able time taken to full activation is not necessarily surprising. However, ability
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to manipulate this unexplored variable may help to dissect components of eNOS

activation.

5.4.1 Superoxide production

The identified increase in O2
- production upon TG stimulation should be consid-

ered when interpreting the changes in NO production. Altering kinetics of eNOS

activation as indicated by a temporal shift in detectable NO production is likely

irrespective of O2
- production, and the subsequent formation of ONOO-. Increased

O2
- was perturbed with CRAC channel inhibitors, but was further increased above

TG-stimulated to equal levels by NOS inhibitors. TG treatment did not further

increase O2
- in the presence of L-NAME, compared to unstimulated L-NAME

treated cells. This indicates that TG is acting to increase O2
- via activation of

eNOS. Manipulation of the kinetics of eNOS activation would therefore affect both

NO and O2
- production, making analysis of temporal regulation reliable despite

the unexpected increase in O2
- production upon TG stimulation. Changes in total

NO production, however, should be treated with more caution. Increased ONOO-

would intensify potentially small differences in total NO production. Perceived dif-

ferences in total NO production therefore may be dependent on increased ONOO-.

Further information into ONOO- increase with TG stimulation could be obtained

through an ELISA sensitive for ONOO- [304].

Increased O2
- production with TG stimulation is in itself interesting. sEnd.1 cells

have previously been reported as having ‘coupled’ eNOS due to sufficient DHFR

to maintain BH4>BH2 [330]. Is the increase in O2
- TG specific or are sEnd.1 cells

more liable to eNOS ‘uncoupling’ than previously thought? Although this thesis
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does not address these questions, HPLC detection of BH4 and BH2 levels after

TG treatment in sEnd.1 cells would help clarify their altered levels of BH4 and

BH2 [57]. In addition detection of O2
- and BH4 in sEnd.1 and other endothelial

cell models with both TG and physiological agonists would assess the role of TG

in inducing oxidative stress in endothelial cells. The ability of Ca2+ influx through

CRAC channels to increase endothelial oxidative stress could be interesting in

disease. Consideration of animal models of vascular disease states may reveal a

role for increased CRAC channel dependent O2
- production in the emergence of

endothelial dysfunction.

5.4.2 Temperature dependency of eNOS activation

The presence of NO synthesis at physiological temperature but absence at ambi-

ent temperature is intriguing. Increased Ca2+ conductance was hypothesised to

be responsible for this dichotomy. Investigation of CRAC channel Ca2+ conduc-

tance revealed Ca2+ entry to be increased at 37oC. However, response was less

sustained due to enhanced Ca2+ removal primarily by PMCA. Increased tempera-

ture therefore, amplifies local Ca2+ microdomains, but diminishes bulk Ca2+ rise.

Activation of eNOS through enhancement of Ca2+ microdomains would support

a study by Lin et al which suggested a requirement of local Ca2+ in eNOS ac-

tivation [197]. The rate of Ca2+ entry in response to ATP at 37oC, although

increased, still did not reach that of TG-induced Ca2+ entry at room temperature,

which reflects sub-maximal store depletion by ATP. If, increased Ca2+ entry was

the critical determinant of NO production at physiological temperature then ATP

would only support NO production by enhanced microdomains. However, CRAC
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channel microdomains have been reported to reach low μM concentration at room

temperature [257]. A study has established that Ca2+ concentration above 300nM

provides a close to optimal binding of Ca2+-CaM to eNOS, and the EC50 of eNOS

for Ca2+ is 200nM [34,218]. Local Ca2+ rise would have reached these concentra-

tions at ambient temperature, so increased local Ca2+ alone cannot explain the

temperature-dependence of NO production by eNOS.

To test if increased Ca2+ entry was sufficient to allow NO production at room

temperature, Orai-1 and STIM-1 were overexpressed in sEnd.1 cells. Transfected

cells were stimulated, in the presence of 5mM external Ca2+, with ionomycin

(1μM). Treatment resulted in a small increase in DAF-2 fluorescence with a ΔF

of only 0.06 (data not shown) (n=7), 10-fold lower than that commonly seen at

physiological temperature. Larger rises in Ca2+ in this protocol, still failed to

increase NO production to the levels induced at physiological temperature. This

strongly suggests that increased Ca2+ influxes seen with temperature change are

not solely responsible for temperature-induced changes in NO production.

Both PMCA and eNOS are CaM-dependent [35, 104, 269]. Release of eNOS from

the inhibitory caveolin by binding of Ca2+-CaM activates NO production by facil-

itating electron flow through the homodimer [103]. The widely-expressed PMCAs

1 and 4, have low affinity for CaM, however CaM binding increases PMCA affinity

for Ca2+ by one or two orders of magnitude [35]. I considered whether increased

PMCA activity at 37oC (as shown in Fig.5.4D) may be indicative of increased con-

centrations of Ca2+-CaM, or enhanced diffusion within the cell, at physiological

temperature, and therefore responsible for NO production at higher temperatures.

However, if increased concentrations of Ca2+-CaM were responsible for the pres-
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ence of NO production at physiological temperature, then increased intracellular

Ca2+ with the overexpression of Orai and STIM in sEnd.1 , as previously de-

scribed, should have been sufficient to activate NO production. Furthermore, the

diffusion of Ca2+-CaM to sites of action is unlikely to be significantly enhanced

by the temperature change from ambient to physiological temperature, with the

Q10 of CaM diffusion only ∼1.3. Diffusion of Ca2+-CaM to sites of eNOS is there-

fore unlikely to be significantly enhanced by the temperature increase within these

experiments. It is likely that PMCA conductance itself is also increased at 37,

therefore explaining the dramatically enhanced extrusion, rather than a sole effect

of Ca2+-CaM

With increased rate of Ca2+ entry, and enhanced CaM activity and diffusion, all

unlikely to solely mediate eNOS activation at physiological temperature, the cat-

alytic activity of eNOS itself was considered. Both the flow of electrons through

NOS enzymes, and release of NO after synthesis have been shown to be critical

processes in NOS activity. Inability to release NO results in a futile cycle which

generates nitrate, and binding of BH2 results in O2
- production, due to uncoupling

of electron transfer. Could non-physiological temperatures uncouple the flow of

electrons or prevent release of NO? Difficulties in eNOS catalysis of NO production

seems unlikely. In the literature, NOS biosynthetic mechanism, and calculation of

NOS rate constants, are investigated at temperatures ranging between 10oC and

25oC [3, 296]. With complete synthesis and release of NO at these temperatures

NOS remains coupled in the presence of sufficient co-factors, and substrate. Fur-

ther to this, a study demonstrated that both iNOS and nNOS were sensitive to

temperature changes in vitro, increasing Vmax up to 2-fold with a 12oC rise in tem-
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perature. eNOS however was found to be temperature insensitive in the presence

of sufficient L-arginine, which would have been met under the experimental con-

ditions used [345]. Although the direct catalytic activity of eNOS has been shown

to be temperature-independent, this work was carried out on purified enzymes

and may not completely reflect changes in eNOS activity in vivo or even in vitro.

Experimental conditions used to investigate purified enzymes provide co-factors,

binding proteins, substrate and Ca2+ in excess, which do not reconstitute the com-

plexities of the internal cell environment. A study has shown a role for eNOS in

vivo in the vasodilatory response to local temperature increase in skin [166]. The

mechanism for this activation is currently unknown.

It is possible that the increased eNOS activity at higher temperatures may also be

dependent on enhanced activity of kinases and phosphatases, and other regulators

of eNOS post-translational modification. A combination of increased Ca2+ entry,

CaM activity, and, post-translational modifications could cumulatively result in

eNOS temperature-dependent activity. Indeed, small increases in phosphatase

activity could have large effects on eNOS activation. Phosphorylation of eNOS

on Thr495 limits the enzyme’s activity by up to 75%, however saturating levels

of Ca2+ supports full CaM binding even with Thr495 phosphorylation [218, 266].

Slower de-phosphorylation of this residue at room temperature would limit the

ability of eNOS to bind Ca2+-CaM, during non-maximal Ca2+ transients. This

could, in effect, uncouple eNOS from the rise in Ca2+ and formation of Ca2+-

CaM. This model would explain the small increase in NO production observed at

room temperature with ionomycin, which although exhibiting raised Ca2+ levels,

would not reach Ca2+ saturation, as entry is still occuring through a store-operated
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mechanism at a concentration of 1μM ionomycin.

Investigation of the phosphorylation profile of key eNOS residues at ambient and

physiological temperature, in particular the time frame taken to observe changes,

and use of eNOS mutant constructs could dissect out the cause of this temper-

ature dependency. eNOS temperature dependency will not be further addressed

within this thesis. However, the presence of eNOS activity only at physiological

temperature highlights the importance of using biologically relevant temperatures

in experiments. With Ca2+ fluxes largely being measured at room temperature,

consideration should always be taken of the requirement for physiological temper-

atures in activating downstream processes.
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Chapter 6

Temporal control of NO synthesis

by CRAC channels

6.1 Introduction

Store-operated Ca2+ entry was first proposed to activate eNOS in 2000 by the

Rodman group, and that local Ca2+ microdomains around SOC channels were re-

sponsible for activating eNOS activity. External Ca2+ was varied to evoke similar

global Ca2+ rises in TG- and ionomycin-treated cells. Despite similar global Ca2+

rises, TG evoked a much larger increase in eNOS activity than ionomycin, which

led the authors to propose a role for local Ca2+ entry near CRAC channels [197].

However, ionomycin depletes stores and activates CRAC channels in addition to

its direct ionophore action in transporting Ca2+ across the plasma membrane,

and so it is puzzling that Rodman saw a difference between TG and ionomycin.

Nevertheless, the requirement of local Ca2+ microdomains in activating eNOS fits
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with the intracellular distribution of eNOS. Inactive eNOS is tethered to the mem-

brane through a combination of post-translational modifications: palmitoylation

and myristoylation, and interaction with the inhibitory protein caveolin, which

provides tonic inhibition of eNOS under basal conditions [104, 162, 269]. Upon

influx of Ca2+, the Ca2+-CaM complex is formed which competes with caveolin for

binding of eNOS, thus removing inhibition. As a binding partner of both Orai-1

and STIM-1, CaM is located close to the CRAC channel, allowing rapid forma-

tion of Ca2+-CaM upon the formation of Ca2+ microdomains around open CRAC

channels [16,238]. The transmission of local Ca2+ signals in this manner to relieve

tonic inhibition provides a mechanistic explanation for the data presented by the

Rodman group [197]. Furthermore there is precedence for Ca2+-CaM to relay lo-

cal Ca2+ signals to activate a downstream process which is spatially segregated.

The CRAC channel regulation of NFAT translocation to the nucleus is controlled

by CaM-dependent calcineurin dephosphorylation of NFAT. The binding of CaM

to Orai has recently been revealed to facilitate this process [165]. Localisation of

eNOS at the plasma membrane and cis-Golgi bodies is required for normal eNOS

production. Cytosol-localised mutants show reduced NO production, indicating

that eNOS needs to be close to the site of Ca2+ influx to be activated [110].

However, a contribution by bulk Ca2+ rise in eNOS activation would not neces-

sarily be surprising. The regulation of eNOS localisation is dynamic. eNOS is

released from the plasma membrane during activation, allowing inhibitory post-

translational modifications, such as nitrosylation, to be reversed [86]. Changes in

eNOS localisation exposes the enzyme to different Ca2+ environments. Maintain-

ing Ca2+-CaM in the cytosol would be dependent on the bulk Ca2+ rise. A role for
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both local and global Ca2+ may therefore be necessary to sustain eNOS activation.

This chapter aims to confirm the CRAC channel dependency of eNOS activation,

and further to this the role of both local and global Ca2+ in eNOS activation. I

shall also begin to define post-translational modifications of eNOS induced Ca2+

signalling through CRAC channels.
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6.2 Results

6.2.1 Store-operated Ca2+ entry and not Ca2+ store release

activates eNOS

It has previously been shown that Ca2+ store release is not sufficient to induce

NOS-dependent NO production in endothelial cells [197]. To confirm this in sEnd.1

cells, I compared NO production in DAF-2-DA-loaded cells after challenge with TG

(2μM) in either the presence or absence of external Ca2+ (Fig.6.1A). Store-release

in the absence of external Ca2+ entry failed to induce detectable NO production

(blue trace Fig.6.1A).

The dissection of Ca2+ release from Ca2+ entry, as previously described in chapter

3, was performed to determine whether Ca2+ entry could stimulate NO production

after release had terminated. Ca2+ was readmitted 200secs after store depletion by

TG. Addition of external Ca2+ now resulted in NO production (red trace Fig.6.1A).

In the continuous presence of external Ca2+ TG stimulation resulted in an increase

in NO production as previously shown (black trace Fig.6.1A).

DAF-2 reacts irreversibly with NO to form the fluorescent DAF-2-triazole. The

total change in fluorescence from baseline to maximum peak can therefore be taken

as a measure of the total quantity of NO produced within the experiment, and can

be used as a measure of eNOS activity. The total NO production was unchanged by

dissecting Ca2+ store release from Ca2+ entry (Fig. 6.1D). Although, considering

the increase in O2
- upon TG stimulation this should be treated with caution.

In order to determine if dissection of Ca2+ store release and Ca2+ entry affected
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NO production, total NO produced and changes in the time taken to reach fast

production of NO were investigated.

The DAF-2 detected profile of NO production was distinctive, as previously dis-

cussed in chapter 5, showing a sigmoidal shape, consisting of a slow activation

phase, fast production phase, and deactivation of enzyme activity (Fig.6.1A). The

time taken to reach the fast production phase was variable even within experiments

under the same conditions. To quantify this, I measured the time taken to reach

10% of the total NO production with TG application taken as t=0. This can be

considered the onset of the fast production phase, correlating with a rapid increase

in DAF fluorescence. This time will also be referred to as the ‘NO response time’

within this thesis.

In cells stimulated with TG in presence of Ca2+, the NO response time is taken

from the point where both TG and external Ca2+ were present. When Ca2+ entry

was dissected from store release, this was taken as the point of external Ca2+

addition. The NO response time for different cells is compared in Fig.6.1B. There

was a clear tendency for the time to be longer and more variable in experiments

where Ca2+ was readmitted after store depletion, compared with TG stimulation in

the continuous presence of 2mM external Ca2+. This increased time to activation

suggests a requirement for simultaneous store release and entry, which may be

indicative of a requirement for bulk Ca2+ rise in the sustained activation of eNOS.
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Figure 6.1 Ca2+ entry is required to activate eNOS. Simultaneous store
release and Ca2+ entry is necessary to reduce time lag to eNOS activation.

(A) A representative experiment; 2μM TG administered at 100secs in presence
(black) or absence of external Ca2+ (blue and red). External Ca2+ was added
200secs after TG to separate the requirement of external Ca2+ entry from store
release (red). NO production is induced by the addition of external Ca2+, with
store depletion alone being insufficient to activate eNOS (control n=39; absence
of Ca2+n=66). (B) Time taken to reach 10% maximum peak height demonstrated
no correlation within either group. (C) Add-back of Ca2+ post-TG administration
increased time taken to reach 10% maximum peak height (taken from point of Ca2+

add-back). Separation of store release and Ca2+ addback increased the range of
times taken to reach eNOS activation. (D) Distribution of maximum peak height
was not different between control cells treated in 2mM external Ca2+ and cells
where external Ca2+ was readmitted (control n=39; Ca2+add-back n=68).
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6.2.2 Inhibition of the CRAC channel blocks eNOS-dependent

NO production

Store-operated Ca2+ entry clearly activates the production of NO in sEnd.1 cells,

as shown by both NO imaging and a 14C-L-arginine conversion assay (see Fig.5.1

and 5.2). Furthermore, I have previously described in this thesis the effect of known

pharmacological inhibitors of CRAC channels, and used these to help define sEnd.1

SOC channels as CRAC channels. Here, I utilise the inhibitors Synta-66, 2-APB,

and La3+, to demonstrate the CRAC channel-dependency of eNOS production of

NO.

sEnd.1 cells were pre-treated with Synta-66 (10μM), 2-APB (20μM), and La3+

(50μM and 10μM), which reduced Ca2+ entry after TG treatment by 50%, 65%,

72% and 34% respectively. DAF-2 loaded sEnd.1 cells were treated with Synta-66,

2-APB or 50μM La3+ prior to application of TG. All three inhibitors completely

abolished NO production within the imaging time (1400 secs from stimulation)

(Fig.6.2A,C-E). Furthermore, Synta-66 treatment also abolished agonist-induced

NO production (Fig.6.2B). Interestingly, 10μM La3+ had a a variable effect on NO

production, either completely blocking (22/29 cells) or partially reducing the rate

of NO production (7/29 cells) by 56%±3% (Fig.6.2E-F).
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To further confirm that pharmacological inhibition reduces eNOS activity, I ad-

dressed the effect of CRAC channel inhibition with La3+ on the conversion of

14C-L-arginine to L-citrulline. Pre-incubation with La3+ (50μM) for 5mins prior

to TG stimulation reduced conversion of 14C-L-arginine to L-citrulline by 60%±9%

(Fig.6.3). The conversion of 14C-L-arginine to L-citrulline in untreated cells did

not differ from TG-stimulated cells pre-treated with La3+ (data not shown), indi-

cating that Ca2+ increase-dependent portion of NO production was fully inhibited.

This further demonstrates the involvement of CRAC channels in activation of NO

production.
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Figure 6.2 CRAC channel inhibitors abrogate increased NO production.

(A-B) Pre-incubation (8mins) with CRAC channel inhibitor Synta-66 (10μ) in-
hibits eNOS activation elicited by TG (control n=53; Synta n=51) and ATP
(control n=53; Synta n=39). (C) 20μM 2-APB added 50secs post-TG stimulation
blocks increase in eNOS activity (control n=24; 2-APB n=29). (D) Pre-incubation
(5mins) with 50μM La3+ completely blocks NO response in all cells (control n=45;
50μM n=21. (E-F) Administration of 10μM La3+ (5min pre-incubation) com-
pletely blocked (blue) (n=22) or reduced the rate of NO production (red) (n=7)
compared to TG-stimulated control (n=35). The rate of NO production was cal-
culated only from La3+-treated cells, which responded to TG treatment.
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Figure 6.3 Treatment with La3+ reduces TG-induced 14C-L-arginine con-
version to L-citrulline

(A) Representative HPLC traces. 14C-labelled products of intracellular
metabolism of 14C-L-arginine elute at different times. The elution times of de-
tectable products are: urea (5mins), ornithine (19mins), citrulline (15.5mins) and
remaining arginine (21mins). (B) 50μM La3+ treatment reduced 14C-L-arginine
conversion to 40%±9% of TG-treated control cells (n=3).

The effect of STIM-1 knock-down in sEnd.1 cells on NO production was also

investigated using DAF-2. Due to the fluorescence overlap of DAF-2-DA with

commonly used fluorescent proteins, cells were not co-transfected with GFP and

siRNA against STIM-1. It has previously been established in this thesis that the

transfection efficiency of 37%±11%, and that knock-down of STIM-1 (30nM STIM-

1 siRNA) yielded a 67% reduction in Ca2+ entry. The detection of NO production

by DAF-2 in STIM-1 knock-down sEnd.1 cells showed either reduced the rate of

NO production (28/37 cells) or completely abolished the response (9/37) (Fig.6.4).

The time taken to reach response could not be quantified, as some cells had not

reached a plateau by the end of the experimental time frame, however, STIM-1

knock-down had a clear effect on the rate of production.
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Figure 6.4 Knockdown of CRAC channel component STIM-1 limits the abil-
ity of SOCE agonists to increase NO production A representative experiment.
30nM STIM-1 siRNA completely abolished or reduced the rate of NO production in
sEnd.1 (control n=30; STIM-1 KD responded n=28; STIM-1 KD no response n=9).

NO production was more sensitive to CRAC channel inhibitors than Ca2+ entry

itself. This is consistent with a high Ca2+ threshold for eNOS activation [335].

Two interesting results, however, were the effects of knockdown of STIM-1 and

the use of a sub-maximal dose of inhibitor La3+ (10μM). Instead of complete

abrogation of NO production or a shift in the time taken to reach activation of

eNOS, both conditions resulted in a lower rate of NO production. A sub-maximal

level of eNOS activation may be useful in helping to determine a model for the

Ca2+ requirements of eNOS. This will be further discussed later in this chapter.
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6.2.3 ATP is less effective at activating NO production

than TG

TG and ATP stimulation yield distinctly different intracellular Ca2+ signals. In-

complete store depletion by ATP results in a reduced rate of Ca2+ entry, due to

the activation of fewer CRAC channels. Ca2+ transients are therefore smaller,

and additionally have a shorter duration due to re-uptake of incoming Ca2+ into

ER Ca2+ stores (Fig.3.6 and 5.5). Differences in Ca2+ signals have a modest but

significant effect on the extent of NO production both in terms of temporal acti-

vation and amplitude. The smaller rise in internal Ca2+ induced by ATP results

in delayed response to activation by ∼43secs (calculated from differences in me-

dians) (Fig.6.5C). Furthermore stimulation of NO production with ATP reduced

the variability in total NO production and results in a smaller total NO produc-

tion (Fig.6.5D). There was no correlation between maximum peak height and NO

response time after either ATP or TG stimulation (Fig.6.5B).
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Figure 6.5 Activation of eNOS is affected by method of store depletion

(A) A representative experiment; TG (2μM) (black) or ATP (5μM) (red) was ad-
ministered at 100secs in presence of external Ca2+. (B) A weak negative correlation
between maximum peak height and time taken to reach 10% maximum peak was
seen with ATP stimulation (R=-0.47; P=0.004) (B-D) Distribution of maximum
peak heights and time taken to reach 10% maximum peak height was significantly
altered between stimulation types. (TG n=54; ATP n=36)

6.2.4 Does local or global Ca2+ control eNOS activation?

Despite both direct and circumstantial evidence which implicates local Ca2+ sig-

nals in eNOS regulation I have demonstrated that the time taken to activate the
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enzyme is affected by whether or not store release and Ca2+ entry occur con-

temporaneously. The significant delay in NO response time when external Ca2+ is

reapplied after store depletion by TG indicates a potential role for either bulk Ca2+

rise or store release itself in the fine regulation of eNOS activity. I have therefore

used a variety of methods to manipulate the bulk Ca2+ rise to distinguish it from

local Ca2+ microdomains.

It has previously been shown in this thesis that reduction of external Ca2+ to

0.5mM reduced the rate of Ca2+ entry by 40%, and this was associated with a

smaller bulk Ca2+ rise (see Fig.3.9). Maximum peak amplitude of Ca2+ entry was

compared as a measure of bulk rise. 0.5mM external Ca2+ showed a 43%±10%

reduction in amplitude of Ca2+ entry compared to 2mM Ca2+. Reduced total rise

in cytosolic Ca2+ results in quicker return to basal Ca2+ levels, due to extrusion

by the PMCA. It is known that reducing external Ca2+ also reduces the spatial

extent of local Ca2+ microdomains [257]. Lower external Ca2+ therefore limits

both bulk and local Ca2+ rises. Stimulation of DAF-2 loaded sEnd.1 with TG in

0.5mM extracellular Ca2+ increased the spread of NO response time, compared to

control replicates in 2mM Ca2+. Although time taken to reach the fast phase of

NO production was increased, it should be noted that some cells still responded

within a similar time frame to control cells, and reducing external Ca2+, therefore

did not strongly shift the time taken to reach the fast stage of activation (Fig.6.6A-

C). Interestingly, the range of peak sizes, used to assess total NO production was

increased with reduced external Ca2+ (Fig.6.6D). With some cells showing large

responses in 0.5mM Ca2+ that were similar in amplitude to those seen in 2mM

Ca2+. A few cells in 0.5mM Ca2+ showed very large response, although it is not
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clear why. The effect of low extracellular Ca2+ should be further investigated in

future work.

I noted a weak negative correlation between maximum peak height and time taken

to reach 10% maximum peak height with both ATP treatment, and TG treatment

in presence of 0.5mM Ca2+. Both of these conditions have lower bulk Ca2+ rises. If

time to activation is longer then bulk Ca will be lower during rapid NO production

and is likely to cease earlier, thus a lower total NO production would correlate with

a longer NO response time.

167



CHAPTER 6. TEMPORAL CONTROL OF NO SYNTHESIS BY CRAC
CHANNELS

A B

C D

1

.8

.6

.4

.2

0

40 60 80 100

Maximum peak height

(a.f.u)

C
u
m

u
la

ti
v
e
 P

e
rc

e
n
ti
le

2mM Ca2+

0.5mM Ca2+

D=0.4272
P<0.001

1.0

0.8

0.6

0.4

0.2

0

1.0

.8

.6

.4

.2

0

200 400 600 800 1000 1200

Time taken to reach 10% maximum peak height
(secs)

2mM Ca2+

0.5mM Ca2+

D=0.3605
P<0.001

1.0

0.8

0.6

0.4

0.2

0

C
u
m

u
la

ti
v
e
 P

e
rc

e
n
ti
le

Figure 6.6 Low extracellular Ca2+ increases spread of time taken to reach
10% of total NO production.

(A) A representative experiment. (B) Time taken to reach 10% maximum peak
height and the maximum peak height demonstrated a weak correlation upon stim-
ulation in presence of 0.5mM external Ca2+(R=-0.49; P¡0.01) (C) Low (0.5mM)
extracellular Ca2+ increases the range of activation times, but crucially does not
limit the ability of eNOS to activate or reduce the rate of NO production. Dif-
ferences between medians is 29secs. (D) Lower external Ca2+ increases total NO
production as indicated by maximum peak height (2mM Ca2+ n=68; 0.5mM Ca2+

n=86).
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Elevated external Ca2+ (5mM) increased the rate of Ca2+ entry by 25% (see

Fig.3.9). High external Ca2+ will additionally increase the size of lateral spread

of Ca2+ microdomains near open CRAC channels. In contrast to low extracellular

Ca2+, 5mM Ca2+ increases both bulk and local Ca2+ rises. The presence of high

extracellular Ca2+ decreased the time taken to activate eNOS by 175secs (calcu-

lated by the difference in medians) (Fig.6.7C). Although the spread of maximum

peak heights appears increased in 5mM external Ca2+ (Fig.6.7D), this does not

reach significance. Total NO production was therefore unaffected by an increase

in local and bulk Ca2+ rises, but eNOS activation rates were increased.
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Figure 6.7 Increased extracellular Ca2+ decreases time taken to reach 10%
total NO production.

(A) A representative experiment. (B) Time taken to reach 10% maximum peak
height and the maximum peak height demonstrated no correlation in either group.
(C) Increased extracellular Ca2+ (5mM Ca2+), and therefore increased entry and
global Ca2+, reduces time taken to reach 10% total NO production by 175secs
(calculated from differences in median) (D) Supra-normal extracellular has no
significant effect on total NO production (2mM Ca2+ n=57; 5mM Ca2+ n=50)

170



CHAPTER 6. TEMPORAL CONTROL OF NO SYNTHESIS BY CRAC
CHANNELS

EGTA-AM is a slow Ca2+ chelator, which is passively taken up by cells. The

removal of the -AM group by intracellular esterases ensures that EGTA remains

intracellularly loaded, in a similar mechanism to Fura-2-AM and DAF-2-DA load-

ing. Intracellular EGTA chelation is too slow to effectively buffer incoming Ca2+

near an open channel, allowing the formation of normal local Ca2+ microdomains

around open CRAC channels. Crucially however EGTA limits the bulk rise of

Ca2+, until entering Ca2+ saturates the pool of chelator [257]. Cells co-loaded

with 25μM EGTA-AM and Fura-2-AM exhibited a slow increase in intracellular

Ca2+ when stimulated with TG (2μM) in the presence of 2mM extracellular Ca2+

(data not shown). Bulk rise reached a maximum amplitude, which was similar

to that of EGTA-free control. The time taken to reach a maximum Ca2+ rise,

however, was delayed by ∼200secs in EGTA-AM loaded cells. Intracellular Ca2+

buffering by EGTA did not abolish NO production (Fig.6.8). However, the time

taken to reach the fast phase of NO production was delayed consistent to the de-

layed bulk rise seen in Ca2+ (Fig.6.8C). EGTA-AM increased time taken to reach

NO production by 124secs (difference between medians). A small but significant

decrease in maximum peak height was also observed with EGTA. This may indi-

cate a decrease in total NO production (Fig.6.8D).

Cumulatively, the evidence presented in this chapter strongly indicates that bulk

Ca2+ rise contributes to the temporal regulation of the activation of eNOS and

NO synthesis. A reduced bulk rise, whilst maintaining normal local Ca2+ mi-

crodomains near the CRAC channels was attained with either EGTA-AM loading,

or dissection of store-release from Ca2+ entry. Although both conditions supported

NO production, responses were temporally shifted compared to control. Manip-
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ulation of Ca2+ influx through altering external Ca2+ with increased (5mM) and

decreased (0.5mM) Ca2+ concentrations, decreased and increased the time taken

to reach full eNOS activation respectively. Despite changes in extracellular Ca2+

affecting both the local Ca2+ microdomains and bulk Ca2+ rise, this data continues

to support the evidence from EGTA and release-entry dissection data for a role of

bulk Ca2+ rise in the sustained activation of eNOS. Although this work identifies

bulk Ca2+ rise as contributing to eNOS activation particularly the kinetics, it does

not contradict the previously reported role for local Ca2+ [197]. Instead the data

may indicate a dual requirement for both bulk and local Ca2+. A model for the

involvement of both local and global Ca2+ will be discussed later in this chapter.
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Figure 6.8 Internal Ca2+ buffering with slow Ca2+ chelator EGTA increases
the time taken to reach an NO response and amplitude of NO production

(A-D) 25μM EGTA-AM co-loaded with DAF-2-DA (30mins, 37oC), increased the
spread of time taken to reach 10% maximum peak height, altered the overall level
of response with no significant differences in the spread of maximum peak height.
Increased spread of lag time is indicative that a global Ca2+ rise, rather than local
Ca2+ microdomains, is required for eNOS activation (control n=73; EGTA n=99).
This is supported by the effects of 0.5mM and 5mM external Ca2+ on time taken
to reach 10% of the maximum peak height.
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6.2.5 Phosphorylation of Ser1177 regulates the kinetics of

eNOS activation

The preceeding results show the time taken to initiate NO production, but not

the overall amplitude attained can be altered by manipulation of global Ca2+.

Detection of NO synthesis is temporally dissociated from the Ca2+ rise in these

experiments. Ca2+ transients at physiological temperature last <10mins (see

Fig.5.4), whereas NO production can be observed over 10mins post-stimulation,

consistent with the time frame of tens of minutes to hours used to detect NO

in the literature [65, 197]. eNOS can therefore retain activity after the increase

in Ca2+ has terminated. eNOS sensitivity and activation is modulated not only

by Ca2+-CaM, but also by a wide range of additional protein-protein interactions

and post-translational modifications, including denitrosylation and phosphoryla-

tion [85,216,335]. Return to basal Ca2+ therefore does not provide a simple on-off

regulation to NO production by Ca2+-CaM. Phosphorylation is critical in this pro-

cess, modulating eNOS sensitivity to Ca2+-CaM (as previously discussed in section

1.4.6).

Phosphorylation of residue Ser1177 on eNOS lowers the Ca2+ dependency of the

enzyme, increasing the level of eNOS activation [216]. Various stimulants rang-

ing from BK to shear stress have been shown to increase phosphorylation over a

timecourse of 5-10mins, returning to basal levels after 30mins [128]. The reported

increase in phosphorylation over this time period correlates well with the time

course of NO detection in my experiments. To determine whether eNOS phospho-

rylation of Ser1177 can affect NO response time, I stimulated sEnd.1 cells with TG
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and BK over a 5mins time course and measured phosphorylation. Phosphorylation

was determined by Western blot, utilising a phospho-Ser-1177 specific antibody.

An increase in phosphorylated eNOS was determined by normalisation to total

eNOS. BK has previously been established to increase Ser1177 phosphorylation,

and shall be used within these experiments as a positive control for phosphory-

lation [128]. Although, basal phosphorylation in these cells appeared elevated

compared to previous studies in the literature [128], BK (10μM) stimulation of

sEnd.1 cells resulted in a 24% increase in phospho-Ser1177 within 5mins (Fig.6.9A-

B). Furthermore, stimulation with TG also increased Ser1177 phosphorylation by

35% over 5mins (Fig.6.9C-D).

Multiple kinases have been shown to increase Ser1177 phosphorylation includ-

ing Akt, AMPK, PKA and CaM kinase II (CaMKII) [50, 102, 103, 111]. There

is evidence that different kinases target differentially localised eNOS populations,

with Akt primarily targeting Golgi-localised eNOS [109]. Akt phosphorylation

of Ser1177 is the best characterised, and is readily activated by a multitude of

signals from shear stress to VEGF, some of which have been proposed to be Ca2+-

independent [80, 81]. CaM kinase II is regulated by Ca2+-CaM, and its activity

is thus regulated by Ca2+ signalling. To investigate whether Ca2+ influx through

CRAC channels could effect eNOS phosphorylation, the effect of 1-[N,O-bis(1,5-

isoquinolinesulphonyl)-N-methyl-L-tyrosyl]-4-phenyl-piperazine (KN-62), a known

selective CaM kinase II inhibitor, was investigated [136]. Pre-incubation with

KN-62 (3μM) inhibited both agonist and TG-induced increase in Ser1177 phos-

phorylation. Basal levels of phosphorylation were unaffected by KN-62 treatment

(Fig.6.9A-D).
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In the presence of KN-62, sEnd.1 still showed eNOS activity, but an increased

spread of NO response time was noted (Fig.6.10). The increase of spread demon-

strates a role for eNOS phosphorylation by CaMKII in regulating kinetics but not

overall extent of the NO response.
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A

B

C

D

Figure 6.9 KN-62 suppresses increased phosphorylation of eNOS Ser1177
in presence of BK and TG

(A-B) BK (10μM) increases phosphorylation of Ser1177 (1min 20%±4% increase,
5mins 24%±4% increase) (C-D) TG (2μM) increases phosphorylation of Ser1177
(1min 20%±4% increase, 5mins 35%±4% increase) (A-D) Pre-incubation with
KN-62 (3μM) inhibits agonist- and TG-induced phsophorylation of eNOS Ser1177.
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Figure 6.10 CaM kinase II inhibitor KN-62 increases the delay before onset
of NO production

(A-C) Pre-incubation of KN-62 (3μM) increases the time taken to reach 10% max-
imum peak height by 237secs (difference between medians). (A) A representative
experiment. (B) No significant correlation exists between the maximum peak
height and NO response time in either control cells or cells pre-treated with KN-
62 (control r=0.1493, p=0.23; KN-62 r=0.1419, p=0.22) (C) Spread of time taken
to reach 10% is increased. (D) The spread of total NO production is increased in
presence of inhibitor (control n=68; KN-62 n=75).

178



CHAPTER 6. TEMPORAL CONTROL OF NO SYNTHESIS BY CRAC
CHANNELS

6.3 Key findings of this chapter

• Ca2+ entry through CRAC channels is sufficient to activate eNOS

• Temporal regulation of eNOS is dependent on bulk Ca2+ rise

• Phosphorylation of Ser1177 reduces time lag to eNOS activation

6.4 Discussion

Historically, store-operated Ca2+ entry has been shown to activate NOS-dependent

NO production [197]. Subsequent to the discovery of the CRAC channel compo-

nents, the molecular identity of NOS-activating SOCE was never addressed. Phar-

macological inhibition and STIM-1 knockdown with siRNA reduced Ca2+ entry

through CRAC channels and altered NOS activation by TG and ATP. NO produc-

tion was significantly reduced, demonstrating that CRAC channels are required

for eNOS activation.

In this chapter I establish that eNOS is activated by the store-operated CRAC

channel, and that Ca2+ entry is more effective than store release in stimulating

NO production [88, 197]. Contrary to previous reports, however, this work has

identified a contributing role for bulk Ca2+ rise in the time course of eNOS acti-

vation [197].

Roles of local and global Ca2+ rises are not mutually exclusive. One can imagine a

model in which rises in bulk and local Ca2+ act in concert to activate eNOS. It is

known that CaM can bind both Orai-1 and STIM-1 resulting in fast inactivation
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of the CRAC channel [238]. Close localisation of CaM to CRAC channels would

facilitate the formation Ca2+-CaM upon development of local Ca2+ microdomains.

Subsequently, Ca2+-CaM diffusion from the microdomain to sites of action where

eNOS is located, would remove CaM from the effects of local Ca2+ immediately

around the CRAC channel. It is known that active eNOS can exist in both the

caveolae and in the Golgi [93]. Maintenance of Ca2+-CaM is therefore dependent

on the Ca2+ concentration at the sites of CaM action and thus, global intracellular

Ca2+ rise would play a supporting role in Ca2+-CaM activated processes which are

distant from the Ca2+ channel. This could therefore explain the requirement of

bulk Ca2+ rise in eNOS activation.

Resting Ca2+ levels in endothelial cells are 30-100nM, and eNOS activation has pre-

viously been shown to have a minimum threshold for Ca2+ of ∼300nM [6,335,341].

Increase of intracellular Ca2+ above this threshold would result in a quicker ac-

tivation of eNOS, with the level of activation dependent on the extent of Ca2+

rise. The higher the concentration of intracellular Ca2+, the lower the requirement

for post-translational modifications, which act to reduce the Ca2+ threshold of

eNOS. Although CRAC channel Ca2+ microdomains have been reported to reach

as high as 5μM around CRAC channels, intracellular Ca2+ buffering rapidly re-

duces Ca2+ concentration further into the cytosol [257]. Ca2+ concentrations lower

than 300nM would fail to activate eNOS in the absence of post-translational modi-

fications such as phosphorylation. Phosphorylation and de-phosphorylation of cer-

tain eNOS residues are known to remove auto-inhibition and often act to increase

eNOS binding to Ca2+-CaM. This principal is supported by my work, which shows

that variations in external Ca2+ concentrations alter the delay seen before rapid NO
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production. Increased external Ca2+ reduces eNOS response time, potentially cir-

cumventing the requirement of post-translational modifications by increasing both

bulk and local Ca2+, or increasing the rate of phosphorylation/dephosphorylation.

Concurrent with this, lower external Ca2+ increased spread of time taken to reach

rapid NO production. It could be argued that lower external Ca2+ is affecting time

taken to reach NO production by multiple mechanisms. Ca2+ microdomains are

reduced, which would limit the formation of Ca2+-CaM itself, thereby reducing

eNOS activity. Diminished Ca2+-CaM formation would also delay processes which

reduce the Ca2+-sensitivity of eNOS, such as phosphorylation. A smaller bulk

rise would not be sufficient to activate eNOS in the absence of post-translational

modifications.

The binding of Ca2+-CaM to eNOS is complex, not only because of numerous post-

translational modifications which alter binding, but additionally for the role eNOS

itself plays in formation of Ca2+-CaM. CaM binds a total of 4 Ca2+ ions, which

results in a replete Ca2+-CaM, that is able to facilitate eNOS activity. Partially

replete Ca2+-CaM does not induce NO synthesis, however is capable of binding to

eNOS. The affinity of partially replete CaM for Ca2+ is increased upon binding

to eNOS [218]. This further demonstrates the importance of a bulk rise in Ca2+

in eNOS activation. Not only is bulk rise important for maintaining Ca2+-CaM,

but may be important in its formation as well. Crucially, eNOS affinity for CaM

is increased with every bound Ca2+ ion [218]. Release of partially replete Ca2+-

CaM is therefore quicker than replete. Diminished global Ca2+ rise and local

Ca2+ microdomains would further perturb this process and result in delayed NO

production, as seen with low external Ca2+.
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It has previously been shown that phosphorylation of multiple residues of eNOS

act in concert to alter activity [335]. Post-translational modifications such as the

de-phosphorylation of Thr495 aid Ca2+-CaM binding at lower Ca2+ concentra-

tions [50, 103, 266]. These processes are kinetically slow, occuring over a few min-

utes [81, 102, 103]. Dependency on post-translational modifications for activation

would temporally delay eNOS activation, as I observed experimentally. During

this period however, small amounts of Ca2+-CaM would be able to bind some

eNOS transiently, resulting in slow NO production and a lag phase until sufficient

activation of the eNOS population is achieved to result in rapid NO production.

Phosphorylation of Ser1177 on eNOS is known to increase activity of eNOS two-

fold and reduce the Ca2+ requirements for CaM binding [216, 335] Indeed, here it

has been shown that TG is capable of increasing eNOS residue Ser1177 phosphory-

lation. Furthermore, inhibition of CaMKII limited phosphorylation of Ser1177 to

basal levels, and delayed the onset of a rapid increase in NO production. Interest-

ingly, I noted that basal levels of Ser1177 phosphorylation was high in sEnd.1 cells.

The presence of phosphorylation may be involved in the basal production of NO

by eNOS in this cell type (see Fig.5.2). The high phosphorylation at rest may be

indicative of a non-linear dependence of phosphorylation on activity. Reduction of

basal phosphorylation through inhibition of other kinases known to target Ser1177,

such as Akt [111], may further perturb activation time, or indeed completely in-

hibit eNOS activation by TG. Reduction of basal Ser1177 phosphorylation could

uncouple Ca2+ entry from eNOS. The activity of Akt after TG stimulation should

be further addressed, as although not directly Ca2+-dependent, it has been sug-

gested that CaM-dependent protein kinase kinase can induce Akt activity [111].

If SOCE was further activating Akt activity this would provide even greater reg-
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ulation of eNOS activity by CRAC channels. Further work is required to address

this.

The involvement of phosphorylation of other eNOS residues has not been addressed

in this thesis. A full analysis of TG-induced changes in the eNOS phosphoryla-

tion profile is required to completely elucidate the contribution of phosphorylation

to CRAC channel-dependent eNOS activation. Phopshomimetics have previously

been used in the literature to confirm the effect of phosphorylations on eNOS

activity. Mutation of a threonine or serine residue to an aspartate often mim-

ics the effect of phosphorylation, due to the sterically similar structures formed,

and the negative charge of aspartate mimicking that of a phosphate group. Con-

versely, conversion to alanine results in no phosphorylation. Both aspartate and

alanine mutants have previously been used to determine a role for eNOS residues

Ser1177 and Thr495, establishing them to be critical in modulating Ca2+-CaM

binding to eNOS [80, 103]. Furthermore, phosphomimetics have been used to

investigate downstream processes of eNOS. Endothelial cell migration can be in-

duced by VEGF, and is dependent upon phosphorylation of Ser1177. Use of the

Ser1177Asp phosphomimetic rendered migration constitutive rather than induced,

and was unchanged by further stimulation of VEGF [80]. Phosphomimetics would

further help to define the role of phosphorylation in the time course of eNOS acti-

vation. I would expect that inhibitory modifications on all known phosphorylated

residues would ablate fast phase NO production.
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Experimental results after STIM-1 knock-down provide a strong argument in

favour of a model where both local and global Ca2+ rises are essential for efficient

NO production (Fig.6.4). It is known that 2 STIM-1 proteins are required per

Orai protein to form a functional CRAC channel; assuming a hexameric structure

for the Orai pore [146], 12 STIM-1 proteins are therefore required [141]. Reduced

STIM-1 expression results in diminished number of functional CRAC channels,

however each functional channel would demonstrate a normal Ca2+ conductance,

and local Ca2+ microdomains surrounding open CRAC channels would be normal.

Both STIM-1 knock-down and EGTA-AM therefore should not reduce local Ca2+

microdomains, but yet still demonstrate changes in the kinetics of NO produc-

tion, supporting a requirement for both local and global Ca2+ rises, which is also

indicated by NO responses in 0.5mM external Ca2+.

How La3+ blocks CRAC channels is unknown, due to the need to measure sin-

gle channel conductance to elucidate the mechanisms of block. With the very

low unitary conductance of CRAC channels, measurement of single channel con-

ductance is not possible [1, 272, 379]. Lansman demonstrated that La3+ block of

voltage-gated L-type channels is mediated by slow permeation [185]. La3+ binds

to the glutamate ring within the pore, and is slowly conducted through the L-

type channel pore, being displaced by in-flowing Ca2+. Free influx of Ca2+ occurs

until another La3+ ion permeates the pore and again temporarily blocks the chan-

nel. Slow permeation and intermittent block limits local Ca2+ microdomains and

the subsequent global rise in Ca2+. Similarities in conduction selectivity between

L-type and CRAC channels make it tempting to assume a similar mechanism oc-

curs during block for CRAC channels [135]. However, mutations of residues in
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the TM1-TM2 loop reduce block by La3+ however E106D which interferes with

the Orai pore glutamate ring fails to alter La3+ block, indicating that La3+ may

inhibit by an alternative mechanism to L-type channels [219]. This work may pro-

vide evidence to support an alternative mechanism of inhibition. STIM-1 KD and

sub-maximal La3+ (10μM) both reduce Ca2+ influx by approximately 50% and dis-

play similar kinetics in respect of Ca2+ entry (Fig.3.3, 4.3 and 4.4). Furthermore,

they both display a distinctive profile with respect to eNOS activation, reducing

rate of production rather than temporally shifting the response (Fig.6.4 and 6.2).

The distinctive profile of both STIM-1 knock-down and La3+ partial block might

indicate a similar mechanism.

STIM-1 knock-down reduces the number of active CRAC channels. Partial inhi-

bition of CRAC channels with La3+ may result in two different outcomes: i) full

block of some CRAC channels ii) partial block of all CRAC channels. A scenario

where a portion of the population of open CRAC channels is completely inhib-

ited by sub-maximal La3+ would result in a similar reduction in total number

of channels as STIM-1. CRAC channels have been reported to have up to 1000x

lower Ca2+ conductance than L-type channels [271]. A flickered block is facilitated

by displacement of La3+ by Ca2+ permeation. Lower channel conductance would

therefore limit the displacement by Ca2+. This is compounded by the presence of

6 glutamates arranged as a ring in the CRAC channel pore [146]. By contrast,

L-type channels have a ring of 4 glutamates, resulting in weaker Ca2+ binding and

a higher conductivity [328]. Such limited displacement in CRAC channels could

result in an almost complete block of the channel, therefore reducing total number

of CRAC channels available, whilst maintaining normal conductance, and local

185



CHAPTER 6. TEMPORAL CONTROL OF NO SYNTHESIS BY CRAC
CHANNELS

microdomains around channels which remain active. This is further supported by

early work, which demonstrate that La3+ does not enter the cell within an exper-

imental time period, when being used to block the channels, as monitored with

fluorescent dyes [181]. With the model of Ca2+ activation of eNOS proposed in

this thesis, and the similar NO production profiles of sub-maximal La3+ (10μM)

and STIM-1 knock-down demonstrated experimentally in this chapter, a complete

block of some CRAC channels by La3+ is likely.
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Chapter 7

General Discussion

7.1 The CRAC channel as an endothelial medi-

ator of SOCE

Within this thesis, I have established that store-operated Ca2+ entry in the en-

dothelial cell line sEnd.1 is mediated by CRAC channels, which is in agreement

with the findings in alternative endothelial models by other groups [1,4,88,192,323].

The amplitude of Ca2+ entry through CRAC channels was small in sEnd.1 cells,

as was also observed in the literature for other endothelial cells. This is consistent

with the fact that endothelial cell ICRAC current is notoriously difficult to detect

with electrophysiology, requiring divalent-free solutions, which allows the conduc-

tance of a fast-inactivating inward Na+ current through the channel to be detected.

The amplitude of this current was reported as ∼6 times smaller than that recorded

in RBL-1 cells, and furthermore, the authors reported leaky currents after treat-
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ment with channel blocker Gd3+ [1]. Due to difficulties in detection of ICRAC in

endothelia, the inability to directly detect Ca2+ currents, and difficulties in patch-

ing cells due to the very flat morphology of the endothelial cell, electrophysiology

was not attempted in sEnd.1 .

However, the CRAC channel has been extensively profiled in the mast cell model

RBL-1 with Ca2+ imaging and patch clamp, and can be used as a comparison of

CRAC channel activity with other cell types. Ca2+ entry in sEnd.1 cells was sen-

sitive to known pharmacological inhibitors of CRAC channels, including Synta-66,

2-APB, La3+, and FCCP, although higher concentrations were generally required

to inhibit CRAC channels in sEnd.1 compared to RBL-1 [9, 74, 77, 240]. FCCP

additionally demonstrated the regulation of this store-operated Ca2+ entry by mi-

tochondrial Ca2+ buffering, indicating that the endothelial SOC channel is sensitive

to Ca2+-dependent slow inactivation like the CRAC channel. Reduction of STIM-

1 protein expression reduced Ca2+ entry, in agreement with the known gating of

the CRAC channel by STIM-1.

Furthermore, CRAC channels in sEnd.1 demonstrate selectivity to Ca2+ over other

divalent ions, including Sr2+ and Ba2+. In RBL-1 cells, CRAC channel permeabil-

ity was reported as Ca2+>Sr2+>Ba2+ [142,379]. sEnd.1 cells showed no difference

between the rate of entry of Ba2+ and Sr2+, which both had significantly diminished

conductance compared to Ca2+. However, Ba2+ is insensitive to Ca2+ extrusion

from cells [207]. Sr2+ on the other hand is sensitive to Ca2+ removal mechanisms,

and it was clearly evident that entering Sr2+ was extruded rapidly. High extrusion

rates of Sr2+ likely limited the perceivable rate of Sr2+ entry. The specificity of

sEnd.1 CRAC channels was therefore similar to that in RBL-1.
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Characterisation of the CRAC channel in sEnd.1 has therefore created a new

endothelial model system in which to investigate downstream functions of CRAC

channel signalling in endothelia. Indeed this thesis has identified one such CRAC

channel-activated process.

7.2 A model of CRAC channel activation of eNOS

CRAC channel-dependent responses described in endothelia have been typically

slow processes occuring over days, such as endothelial cell proliferation [83, 192,

202]. Here I have demonstrated a rapid response to endothelial CRAC channel

opening, namely the production of NO. This rapid response may indeed be involved

in slower processes, such as control of endothelial proliferation, with NO known to

be pro-angiogenic [55].

The regulation of eNOS is intricate and complex, and the remit of this thesis can-

not account for all aspects of regulation and protein-protein interactions. The role

of Ca2+, which exerts control on eNOS regulation at many levels, will be primar-

ily discussed. This thesis has identified a role for both local Ca2+ microdomains

around CRAC channels and a global rise in Ca2+ in stimulating eNOS. With

the primary location of agonist-sensitive eNOS in the plasma membrane, the re-

quirement of both local and global Ca2+ rises could be puzzling, with caveolae-

localised eNOS likely to be within close proximity of local Ca2+ microdomains

around CRAC channels. Indeed targeted eNOS constructs to the caveolae sup-

port higher levels of agonist-stimulated NO production than Golgi-localised or

free cytosolic eNOS [51, 109]. However, it is well defined in the literature that
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eNOS translocates from the caveolae to the Golgi upon agonist-stimulation and

increased shear stress [97, 294]. Investigation of eNOS activity using targeted

constructs may therefore not be appropriate to study eNOS regulation by subcel-

lular localisation, as they do not recapitulate eNOS trafficking during activation.

Release from the caveolae is rapid, occuring within a minute of exposure to Ca2+-

mobilising agonist [294]. This makes translocation unlikely to be an inhibitory

mechanism, as such rapid trafficking would therefore not support sustained NO

production. Activation results in dissociation of caveolin-1 and de-palmitoylation

of eNOS [93]. Inhibition of palmitoylation has been shown to enhance NO pro-

duction [354]. This may be due to the presence of palmitoylation enhancing eNOS

interaction with caveolin-1, due to the modification directing eNOS to the caveo-

lae [93]. The translocation of eNOS therefore may be key in removing eNOS from

inhibitory mechanisms in the membrane such as re-association with the tonic eNOS

inhibitor caveolin-1 [93,126]. Furthermore, it has also been shown that transloca-

tion of eNOS facilitates the removal of further inhibitory modifications including

S-nitrosylation, which acts as a negative feedback mechanism on the eNOS en-

zyme [86]. It has also been found that following BK stimulation the cytosolic and

Golgi fraction shows markedly higher Ser1177-phosphorylated eNOS, compared to

the plasma membrane, which indicates that eNOS is still likely to be active in this

lower Ca2+ environment away from the Ca2+ microdomains [224]. Recent work in

mesenteric arteries further support the requirement for eNOS translocation being

required for sustained NO production. eNOS activation by shear stress increased

intracellular Ca2+ and resulted in a rapid translocation to the Golgi, with con-

comitant increase in phosphorylated eNOS, and sustained NO production, which

persisted until the removal of shear stress [97].
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eNOS translocation during eNOS activation will place eNOS in multiple different

cell environments with varying Ca2+ levels. Active eNOS will therefore be reg-

ulated by both local and global Ca2+ rises, as indicated within this thesis. The

regulation of eNOS by both global and local Ca2+ can be formulated into a model,

as outlined in Fig.7.1.
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Figure 7.1 A model of CRAC channel activation of eNOS The depletion of ER
Ca2+ stores, opens CRAC channels allowing Ca2+ influx into cells. Entering Ca2+ is
subjected to internal Ca2+ buffering, which creates a gradient of intracellular Ca2+, with
high local Ca2+ concentrations near the CRAC channels and lower global Ca2+ within
the cytosol [257]. With CaM localised close to CRAC channels [16,238], high local Ca2+

concentrations instigate the formation of the diffusible Ca2+-CaM complex. Ca2+-CaM
is essential to the activity of eNOS: 1) Ca2+-CaM influences the release of eNOS from
membrane tethering, by potentiating APT-1, which de-palmitoylates eNOS. Further-
more Ca2+-CaM directly competes with the inhibitory protein caveolin-1, displacing it
from its association with eNOS. 2) Ca2+-CaM can influence the phosphorylation state of
eNOS through increasing the activity of Ca2+-dependent kinases, such as CaMKII [103].
The phosphorylation state of eNOS in part determines the binding of Ca2+-CaM, and
lowers the Ca2+-dependency of eNOS. Lowering Ca2+-dependency of eNOS is critical
to maintain eNOS function away from saturating Ca2+ levels in the microdomains. 3)
The binding of replete Ca2+-CaM to eNOS facilitates the production of NO, and is
the principle activating mechanism. Under sub-maximal Ca2+ concentration Ca2+ may
be released from CaM limiting the activating effect of Ca2+-CaM. Binding to eNOS in-
creases CaM affinity for Ca2+, prolonging eNOS activation in the cytosol when regulated
by global Ca2+.
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We propose that Ca2+ local microdomains near CRAC channels are responsible for

the initial formation of Ca2+-CaM, with global Ca2+ required to maintain replete

Ca2+-CaM, and regulate eNOS activity away from the caveolae. Ca2+-CaM is

critical for many aspects of eNOS activation. Firstly, inactive eNOS in the plasma

membrane requires removal of tonic inhibition by caveolin-1 and de-palmitoylation,

which allows translocation. Ca2+-CaM potentiates the depalmitoylation of eNOS

through acyl-protein thioesterase-1 (APT-1) [364], and directly competes with

caveolin-1 to bind eNOS and release tonic inhibition [126]. Secondly, Ca2+-CaM

binding to eNOS directly enhances eNOS activity, by facilitating electron transfer

through the enzyme, with the inhibition of CaM-binding able to limit eNOS activ-

ity by up to 75% [311,315]. Thirdly, Ca2+-CaM can influence the Ca2+-dependency

of the eNOS enzyme by enhancing phosphorylation of Ser1177 by CaMKII [103].

Ser1177 is located in one of the auto-inhibitory regions of eNOS. Phosphorylation

at this site occurs upon both agonist stimulation and shear stress and can occur in

the cytosolic portion of eNOS [109,224]. This autoinhibitory control element pre-

vents eNOS activity by limiting the binding of Ca2+-CaM. High levels of Ca2+ are

required to produce sufficient Ca2+-CaM to effectively bind eNOS. In the absence

of Ser1177 phosphorylation, Ca2+-CaM is required to both displace the autoin-

hibitory arm, and interact with the CaM binding domain [13]. Following Ser1177

phosphorylation, the autoinhibitory arm no longer blocks the CaM-binding site,

and allows Ca2+-CaM-eNOS binding at concentrations of Ca2+ close to basal lev-

els [111, 184]. The presence of an autoinhibitory arm is a defining feature of the

Ca2+ dependency of eNOS. The lower Ca2+ requirements of iNOS, which produces

NO at basal Ca2+ concentrations, is in part due to the lack of this region [292].
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Phosphorylated Ser1177 has also been proposed to help improve electron transfer

between eNOS domains [216]. Ser1177 therefore improves eNOS activity via two

mechanisms.

It is clear from the time frames of the Ca2+ signals and NO imaging experiments

within this thesis, that a return to basal Ca2+ concentration does not act as a sim-

ple inhibitory factor to continued eNOS activation. We have clearly shown that

eNOS activity is temporally separated from SOCE. With changes in the phospho-

rylation state of key eNOS residues, such as Ser1177 and Thr495, mediating eNOS

activity at basal Ca2+ concentrations, in order for eNOS activity to be halted,

activatory phosphorylation changes must be reversed, e.g. dephosphorylation of

Ser1177 by PKA-regulated protein phosphatase 2A, and re-phosphorylation of

Thr495 by PKC [225]. Indeed Thr495 has been found to be phosphorylated above

basal levels after activation, indicating that post-translational modifications may

be used as a braking system to halt enzyme activity [103]. A decrease in intra-

cellular Ca2+-CaM concentration after Ca2+ levels have returned to basal levels

may limit the formation of pro-activity modifications such as phosphorylation of

Ser1177.

Although only the phosphorylation of Ser1177 has been considered within this

thesis, other eNOS residues are alternatively modified with a similar time course

to Ser1177 and may be contributing to the distinct kinetics observed, and the sep-

aration of Ca2+-rise from rapid NO production. Thr495, conversely to Ser1177,

is dephosphorylated upon eNOS activation by protein phosphatase 1, which re-

moves electrostatic repulsion between eNOS and Ca2+-CaM [266]. This occurs

over a comparable time course to Ser1177 phosphorylation, and is inducible by the
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same agonists. Other phosphorylation changes should also be considered, such as

Ser633 which is also located in the autoinhibitory arm. Furthermore an increase in

Ser633 phosphorylation occurs upon eNOS activation following stimulation with

agonists such as ATP and BK, and is mediated by AMPK, which can be activated

by CaM kinase kinase [17,49]. Ser633 phosphorylation also decreases eNOS Ca2+-

dependency, and interestingly increases over a slightly slower time period than

Ser1177. It is therefore likely that phosphorylation at Ser633 contributes to eNOS

activity after the peak of intracellular Ca2+ rise [17]. It would be interesting to

investigate the changes in phosphorylation levels of both of these eNOS residues,

upon CRAC channel activation. The increase in Ser633 after ATP stimulation

indicates that changes may occur after Ca2+ entry via CRAC channels. Dissec-

tion of CRAC channel-dependent post translational modifications of eNOS may

provide clarity to the global Ca2+ requirements of eNOS activation, and further

explain the time lag to fast NO production.

We therefore propose that local Ca2+ signalling is critical for the initial formation

of high levels of Ca2+-CaM, which are able diffuse to sites of action, including the

caveolae and cytosol. Ca2+ microdomains are crucial to ensure sufficient Ca2+-

CaM is formed during the highly Ca2+-dependent early stages of eNOS activation.

Diffusion to alternative intracellular sites means that maintenance of the Ca2+-

CaM complex is dependent on global Ca2+ rises. Ca2+-CaM regulated alterations

in Ca2+ sensitivity increases the binding of Ca2+-CaM to eNOS. This in turn

enhances the formation of replete Ca2+-CaM in the presence of the global Ca2+

rise. The reduction in Ca2+-CaM dependence of eNOS allows a burst of NO

production, which is temporally dissociated from the peak intracellular Ca2+ rise.
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Increased external Ca2+ reduces the time taken to reach maximal rates of activity

by enhancing both local and global Ca2+.

7.3 Biological relevance of CRAC channel activ-

ity in sEnd.1

The role of CRAC channels in health and disease is becoming increasingly appar-

ent, with CRAC channels being identified as a major player in allergies, asthma

and pancreatitis [78,116,265]. With the identification of a key endothelial pathway

as being activated by Ca2+ entry through CRAC channels, it can be postulated

that CRAC channels may also provide a novel target in vascular disease settings.

Reduction in vascular NO is a well-characterised hallmark of vascular disease.

With CRAC channels now being identified as required for NO production, under-

standing CRAC channel signalling in various vascular disease states may provide

insight into the mechanisms of these diseases. It would therefore be interesting to

take this work into other endothelial cell models, and further to this animal mod-

els of vascular disease, to clarify whether abrogated Ca2+ signalling is resulting in

reduced NO production, and whether mutations in STIM-1 or Orai-1 contribute

to vascular diseases.

It is well defined that ‘uncoupled’ eNOS produces O2
- instead of NO, which occurs

under conditions of oxidative stress typical of early stages of vascular disease, such

as endothelial dysfunction. It is possible that endothelial CRAC channel activation

by inflammatory mediators such as histamine, may further perpetuate the decline
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into disease state. Furthermore, O2
- is capable of stimulating CRAC channel-

dependent Ca2+ oscillations [113]. Although this was shown to be controlled by

NOX2 under stimulation of LPS, whether ‘uncoupled’ eNOS is capable of activat-

ing the same pathway should be considered. If O2
- production by eNOS, further

activated CRAC channel signalling then this could provide a critical feed-forward

loop leading to disease. Taking activation of eNOS via CRAC channels into a dis-

ease setting could therefore reveal crucial pathways in increasing oxidative stress

and dysfunction in endothelial cells.

A decrease in NO production is a hallmark of many vascular disease states, not

only endothelial dysfunction. SOCE has been implicated in vascular adaptation to

pregnancy, due to increased systemic production of NO. Increased NO dilates blood

vessels, enhancing uterine perfusion, and furthermore increases angiogenesis in the

area. A failure to increase NO production appropriately in pregnancy is associated

with the onset of pre-eclampsia [31]. A role of decreased CRAC channel signalling

has not to our knowledge been addressed in the pre-eclampsia setting, but could

provide a useful insight.

Although there has been no report of hypertension in patients with STIM-1 muta-

tions, or indeed vascular phenotypes, patients typically die before the age of 6 due

to autoimmunity and immunodeficiency [267]. Vascular phenotypes, associated

with altered blood pressure regulation, may not have had time to develop. An

endothelial-specific STIM-1 knock-out mouse has recently been developed, which

showed abrogated SOCE and diminished ER Ca2+ store content. Again no major

phenotypic differences were reported, although blood pressure was not directly

addressed [113,301]. Widely reported changes in endothelial migration and prolif-
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eration with abrogated CRAC channel signalling were not seen, indicating compen-

sation for SOCE-dependent processes in endothelia [1, 113]. Endothelial-specific

STIM-1 KO mice are less sensitive to pro-inflammatory cytokines, and fail to facili-

tate leukocyte infiltration. Furthermore, they are not susceptible to inflammatory-

mediator induced cell death. CRAC channels are therefore required for endothelial

pathology associated with inflammatory stimuli [113]. Inflammatory mediators, in-

cluding O2
-, have been shown to induce CRAC-dependent Ca2+ oscillations, which

are capable of supporting NFAT translocation to the nucleus [113].

It has recently been shown that dysfunctional endothelial cells have increased basal

cytosolic and reduced ER store Ca2+, indicating aberrant Ca2+ signalling [306].

Clearly, a role for CRAC channels in endothelial diseases still needs investigation,

with CRAC channels providing a potential druggable target. However, with the

prevalence of CRAC channels in other cell types, targeted medicines would have

to be developed in order to use CRAC channels as an approach to specifically

modulate endothelial disease.

It is clear that the role of CRAC channels in other endothelial cell pathways should

also be considered. With evidence that a lack of CRAC channels abrogates en-

dothelial cell responses to inflammatory mediators, it is likely that CRAC channel

signalling is modulating many functional pathways in the endothelium. The role

of the CRAC channel in the endothelia is therefore an exciting new area of study.

198



References

[1] I. F. Abdullaev, J. M. Bisaillon,
M. Potier, J. C. Gonzalez, R. K. Motiani,
and M. Trebak. Stim1 and orai1 medi-
ate crac currents and store-operated cal-
cium entry important for endothelial cell
proliferation. Circ Res, 103(11):1289–99,
2008.

[2] J. Abramowitz and L. Birnbaumer. Phys-
iology and pathophysiology of canoni-
cal transient receptor potential channels.
FASEB J, 23(2):297–328, 2009.

[3] H.M. Abu-Soud, K. Ichimori, A. Presta,
and D. J. Stuehr. Electron transfer, oxy-
gen binding, and nitric oxide feedback in-
hibition in endothelial nitric-oxide syn-
thase. Journal of biological chemistry,
275:17349–17357, 2000.

[4] F. Antigny, H. Jousset, S. Konig,
and M. Frieden. Thapsigargin ac-
tivates Ca(2)+ entry both by store-
dependent, STIM1/Orai1-mediated, and
store-independent, TRPC3/PLC/PKC-
mediated pathways in human endothelial
cells. Cell Calcium, 49(2):115–27, 2011.

[5] C. Antoniades, C. Shirodaria, N. War-
rick, S. Cai, J. P. de Bono, J. Lee,
P. Leeson, S. Neubauer, C. Ratnatunga,
R. Pillai, H. Refsum, and K. M. Chan-
non. 5-methyltetrahydrofolate rapidly
improves endothelial function and de-
creases superoxide production in human
vessels; effects on vascular tetrahydro-
biopterin availability and endothelial ni-
tric oxide synthase coupling. Circulation,
114:1193–1201, 2006.

[6] T. Arnould, C. Michiels, I. Alexandre,
and J. Remacle. Effect of hypoxia upon

intracellular calcium concentration of hu-
man endothelial cells. Journal of Cellular
Physiology, 152(1):215–221, 1992.

[7] I. Ashmole, S.M. Duffy, M.L. Ley-
land, V.S. Morrison, M. Begg, and
P. Bradding. Cracm/orai ion channel
expression and function in human lung
mast cells. Journal of Allergy and Clini-
cal Immunology, 129(6):1628–1635, 2012.

[8] K. Ayajiki, M. Kindermann, M. Hecker,
I. Fleming, and R. Busse. Intracellular ph
and tyrosine phosphorylation but not cal-
cium determine shear stress-induced ni-
tric oxide production in native endothe-
lial cells. Circ Res, 78(5):750–8, 1996.

[9] D. Bakowski, M. D. Glitsch, and A. B.
Parekh. An examination of the secretion-
like coupling model for the activation of
the ca2+ release-activated ca2+ current
i(crac) in rbl-1 cells. J Physiol, 532(Pt
1):55–71, 2001.

[10] D. Bakowski and A. B. Parekh.
Sarcoplasmic/endoplasmic-reticulum-
ca2+-atpase-mediated ca2+ reuptake,
and not ins(1,4,5)p3 receptor inac-
tivation, prevents the activation of
macroscopic ca2+ release-activated ca2+
current in the presence of physiological
ca2+ buffer in rat basophilic leukaemia-1
cells. Biochem J, 353(Pt 3):561–7, 2001.

[11] D. Bakowski and A. B. Parekh. Mono-
valent cation permeability and ca(2+)
block of the store-operated ca(2+) cur-
rent i(crac )in rat basophilic leukemia
cells. Pflugers Arch, 443(5-6):892–902,
2002.

[12] D. Bakowski and A. B. Parekh. Regu-
lation of store-operated calcium channels

199



REFERENCES

by the intermediary metabolite pyruvic
acid. Curr Biol, 17(12):1076–81, 2007.

[13] J-L. Balligand, O. Feron, and C. Dessy.
enos activation by physical forces: From
short-term regulation of contraction to
chronic remodeling of cardiovascular tis-
sues. Physiological Reviews, 89(2):481–
534, 2009.

[14] V.G. Barauna, P.R. Mantuan, F.C.
Magalhaes, L.C. Campos, and J.E.
Krieger. At1 receptor blocker potenti-
ates shear-stress induced nitric oxide pro-
duction via modulation of enos phos-
phorylation of residues thr(495) and
ser(1177.). Biochem Biophys Res Com-
mun, 441(4):713–9, 2013.

[15] P. M. Bath, A. M. Gladwin, and J. F.
Martin. Human monocyte characteris-
tics are altered in hypercholesterolaemia.
Atherosclerosis, 90(2-3):175–81, 1991.

[16] M.C. Bauer, D. O’Connell, D.J. Cahill,
and S. Linse. Calmodulin binding to the
polybasic c-termini of stim proteins in-
volved in store-operated calcium entry.
Biochemistry, 47(23):6089–6091, 2008.

[17] P.M. Bauer, D. Fulton, Y.C. Boo, G.P.
Sorescu, B. E. Kemp, H. Jo, and W. C.
Sessa. Compensatory phosphorylation
and protein-protein interactions revealed
by loss of function and gain of function
mutants of multiple serine phosphoryla-
tion sites in endothelial nitric-oxide syn-
thase. Journal of biological chemistry,
278(17):14841–9, 2003.

[18] J. M. Baughman, F. Perocchi, H. S. Gir-
gis, M. Plovanich, C. A. Belcher-Timme,
Y. Sancak, X. R. Bao, L. Strittmat-
ter, O. Goldberger, R. L. Bogorad,
V. Koteliansky, and V. K. Mootha.
Integrative genomics identifies mcu as
an essential component of the mito-
chondrial calcium uniporter. Nature,
476(7360):341–5, 2011.

[19] A. R. Baydoun, P. W. Emery, J. D.
Pearson, and G. E. Mann. Substrate-
dependent regulation of intracellular

amino acid concentrations in cultured
bovine aortic endothelial cells. Biochem
Biophys Res Commun, 173(3):940–8,
1990.

[20] J. S. Beckman and W. H. Koppenol. Ni-
tric oxide, superoxide, and peroxynitrite:
the good, the bad, and ugly. Am J Phys-
iol, 271(5 Pt 1):C1424–37, 1996.

[21] D. J. Beech. Harmony and discord in
endothelial calcium entry. Circ Res,
104:e22–e23, 2009.

[22] D. J. Beech, K. Muraki, and R. Flem-
ming. Non-selective cationi channels of
smooth muscle and the mammalian ho-
mologues of drosophila trp. J Physiol,
559(3):685–706, 2004.

[23] Matthew A Benson, Helen Batchelor,
Surawee Chuaiphichai, Jade Bailey, Han-
neng Zhu, Dennis J Stuehr, Shoumo
Bhattacharya, Keith M Channon, and
Mark J Crabtree. A pivotal role for
tryptophan 447 in enzymatic coupling of
human endothelial nitric oxide synthase
(enos) effects on tetrahydrobiopterin-
dependent catalysis and enos dimeriza-
tion. Journal of Biological Chemistry,
288(41):29836–29845, 2013.

[24] M. J. Berridge. Rapid accumulation of
inositol trisphosphate reveals that ago-
nists hydrolyse polyphosphoinositides in-
stead of phosphatidylinositol. Biochem J,
212(3):849–58, 1983.

[25] M. J. Berridge, M. D. Bootman, and
H. L. Roderick. Calcium signalling:
dynamics, homeostasis and remodelling.
Nat Rev Mol Cell Biol, 4(7):517–29, 2003.

[26] M. J. Berridge, P. Lipp, and M. D. Boot-
man. The versatility and universality
of calcium signalling. Nat Rev Mol Cell
Biol, 1(1):11–21, 2000.

[27] G. S. Bird, W. I. DeHaven, J. T. Smyth,
and Jr. Putney, J. W. Methods for study-
ing store-operated calcium entry. Meth-
ods, 46(3):204–12, 2008.

200



REFERENCES

[28] Gary S Bird, Sung-Yong Hwang,
Jeremy T Smyth, Miwako Fukushima,
Rebecca R Boyles, and James W Put-
ney Jr. Stim1 is a calcium sensor
specialized for digital signaling. Current
Biology, 19(20):1724–1729, 2009.

[29] N.B. Bishara, T.V. Murphy, and M.A.
Hill. Capacitative ca2+ entry in vascular
endothelial cells is mediated via pathways
sensitive to 2 aminoethoxydiphenyl bo-
rate and xestospongin c. British Journal
of Pharmacology, 135(1):119–128, 2002.

[30] M.P. Blaustein and W.J. Lederer.
Sodium/calcium exchange: Its phys-
iological implications. Physiological
Reviews, 79(3):763–854, 1999.

[31] D. S. Boeldt, F. X. Yi, and I. M. Bird.
enos activation and no function: preg-
nancy adaptive programming of capac-
itative entry responses alters nitric ox-
ide (no) output in vascular endothelium–
new insights into enos regulation through
adaptive cell signaling. J Endocrinol,
210(3):243–58, 2011.

[32] M. D. Bootman, T. J. Collins,
L. Mackenzie, H. L. Roderick, M. J.
Berridge, and C. M. Peppiatt. 2-
aminoethoxydiphenyl borate (2-apb) is
a reliable blocker of store-operated ca2+
entry but an inconsistent inhibitor of
insp3-induced ca2+ release. FASEB J,
16(10):1145–50, 2002.

[33] O. Brandman, J. Liou, W. S. Park, and
T. Meyer. Stim2 is a feedback regula-
tor that stabilizes basal cytosolic and en-
doplasmic reticulum ca2+ levels. Cell,
131(7):1327–39, 2007.

[34] D.S. Bredt and S. H. Snyder. Isolation
of nitric oxide synthetase, a calmodulin-
requiring enzyme. Proceedings of the Na-
tional Academy of Sciences of the United
States of America, 87:682–685, 1990.

[35] M. Brini, T. Cali, D. Ottolini, and
E. Carafoli. The plasma membrane cal-
cium pump in health and disease. FEBS
J, 280(21):5385–5397, 2013.

[36] T. A. Brock and E. A. Capasso. Throm-
bin and histamine activate phospholipase
c in human endothelial cells via a phorbol
ester-sensitive pathway. J Cell Physiol,
136(1):54–62, 1988.

[37] M. Broillet, O. Randin, and J. Chat-
ton. Photoactivation and calcium sen-
sitivity of the fluorescent no indicator
4,5-diaminofluorescein (daf-2): implica-
tions for cellular no imaging. FEBS Lett,
491(3):227–32, 2001.

[38] V. Brovkovych, L. Kalinowski, R. Muller-
Peddinghaus, and T. Malinski. Synergis-
tic antihypertensive effects of nifedipine
on endothelium: Concurrent release of no
and scavenging of superoxide. Hyperten-
sion, 37:34–39, 2001.

[39] V. Brovkovych, E. Stolarczyk, J. Oman,
P. Tomboulian, and T. Malinski. Di-
rect electrochemical measurement of ni-
tric oxide in vascular endothelium. Jour-
nal of Pharmaceutical and Biomedical
Analysis, 19(1-2):135–143, 1999.

[40] N. S. Bryan and M. B. Grisham. Methods
to detect nitric oxide and its metabolites
in biological samples. Free Radic Biol
Med, 43(5):645–57, 2007.

[41] A. Burewicz, H. Dawoud, L-L. Jiang, and
T. Malinski. Nitric oxide/peroxynitrite
redox imbalance in endothelial cells mea-
sured with amperometric nanosensors.
American Journal of Analytical Chem-
istry, 4(10a):30–36, 2013.

[42] G. M. Burgess, P. P. Godfrey, J. S. McK-
inney, M. J. Berridge, R. F. Irvine, and
Jr. Putney, J. W. The second messenger
linking receptor activation to internal ca
release in liver. Nature, 309(5963):63–6,
1984.

[43] G. M. Burgess, R. F. Irvine, M. J.
Berridge, J. S. McKinney, and Jr. Put-
ney, J. W. Actions of inositol phosphates
on ca2+ pools in guinea-pig hepatocytes.
Biochem J, 224(3):741–6, 1984.

201



REFERENCES

[44] Geoffrey Burnstock. Pathophysiology
and therapeutic potential of puriner-
gic signaling. Pharmacological reviews,
58(1):58–86, 2006.

[45] R. Busse and A. Mulsch. Calcium-
dependent nitric oxide synthesis in en-
dothelial cytosol is mediated by calmod-
ulin. FEBS Lett, 265(1-2):133–6, 1990.

[46] Richard O Cannon. Role of nitric ox-
ide in cardiovascular disease: focus on
the endothelium. Clinical Chemistry,
44(8):1809–1819, 1998.

[47] J.E. Cartwright, A.P. Johnstone, and
G.St.J Whitley. Endogenously pro-
duced nitric oxide inhibits endothelial
cell growth as demonstrated using novel
antisense cell lines. British Journal of
Pharmacology, 131(1):131–137, 2000.

[48] W. C. Chang, C. Nelson, and A. B.
Parekh. Ca2+ influx through crac
channels activates cytosolic phospholi-
pase a2, leukotriene c4 secretion, and ex-
pression of c-fos through erk-dependent
and -independent pathways in mast cells.
FASEB J, 20(13):2381–3, 2006.

[49] Z. Chen, I-C. Peng, W. Sun, M-I. Su,
P-H. Hsu, Y. Fu, Y. Zhu, K. De-
Fea, S. Pan, M-D. Tsai, and J.Y-J.
Shyy. Amp-activated protein kinase func-
tionally phosphorylates endothelial ni-
tric oxide synthase ser633. Circ Res,
104(4):496–505, 2009.

[50] Z. P. Chen, K. I. Mitchelhill, B. J.
Michell, D. Stapleton, I. Rodriguez-
Crespo, L. A. Witters, D. A. Power,
P. R. Ortiz de Montellano, and B. E.
Kemp. Amp-activated protein kinase
phosphorylation of endothelial no syn-
thase. FEBS Lett, 443(3):285–9, 1999.

[51] J. E. Church and D. Fulton. Differences
in enos activity because of subcellular lo-
calization are dictated by phosphoryla-
tion state rather than the local calcium
environment. J Biol Chem, 281(3):1477–
88, 2006.

[52] M. Chvanov, O.V. Gerasimenko, O. H.
Petersen, and A. V. Tepikin. Calcium-
dependent release of no from intracel-
lular s-nitrosothiols. EMBO Journal,
25(13):3024–3032, 2006.

[53] D. L. Cioffi, S. Wu, H. Chen, M. Alex-
eyev, C. M. St Croix, B. R. Pitt,
S. Uhlig, and T. Stevens. Orai1 deter-
mines calcium selectivity of an endoge-
nous trpc heterotetramer channel. Circ
Res, 110(11):1435–44, 2012.

[54] E. I. Closs, A. Simon, N. Vekony, and
A. Rotmann. Plasma membrane trans-
porters for arginine. J Nutr, 134(10
Suppl):2752S–2759S; discussion 2765S–
2767S, 2004.

[55] J.P. Cooke and D.W. Losordo. Ni-
tric oxide and angiogenesis. Circulation,
105:2133–2135, 2002.

[56] E. D. Covington, M. M. Wu, and R. S.
Lewis. Essential role for the crac
activation domain in store-dependent
oligomerization of stim1. Mol Biol Cell,
21(11):1897–907, 2010.

[57] M. J. Crabtree, A. B. Hale, and K. M.
Channon. Dihydrofolate reductase pro-
tects endothelial nitric oxide synthase
from uncoupling in tetrahydrobiopterin
deficiency. Free Radical Biology and
Medicine, 50(11):1639–1646, 2011.

[58] M. J. Crabtree, C. L. Smith, G. Lam,
M. S. Goligorsky, and S. S. Gross.
Ratio of 5,6,7,8-tetrahydrobiopterin to
7,8-dihydrobiopterin in endothelial cells
determines glucose-elicited changes in
no vs. superoxide production by enos.
Am J Physiol Heart Circ Physiol,
294(4):H1530–40, 2008.

[59] M. J. Crabtree, A. L. Tatham, Y. Al-
Wakeel, N. Warrick, A. B. Hale, S. Cai,
K. M. Channon, and N. J. Alp. Quantita-
tive regulation of intracellular endothelial
nitric-oxide synthase (enos) coupling by
both tetrahydrobiopterin-enos stoichiom-
etry and biopterin redox status: insights

202



REFERENCES

from cells with tet-regulated gtp cyclo-
hydrolase i expression. J Biol Chem,
284(2):1136–44, 2009.

[60] M. J. Crabtree, A. L. Tatham, A. B.
Hale, N. J. Alp, and K. M. Channon.
Critical role for tetrahydrobiopterin recy-
cling by dihydrofolate reductase in regu-
lation of endothelial nitric-oxide synthase
coupling: relative importance of the de
novo biopterin synthesis versus salvage
pathways. J Biol Chem, 284(41):28128–
36, 2009.

[61] Brian R Crane, Andrew S Arvai, Dipak K
Ghosh, Chaoqun Wu, Elizabeth D Get-
zoff, Dennis J Stuehr, and John A Tainer.
Structure of nitric oxide synthase oxy-
genase dimer with pterin and substrate.
Science, 279(5359):2121–2126, 1998.

[62] K.M Crawford, D.K. MacCallum, and
S.A. Ernt. Histamine h1 receptor-
mediated ca2+ signaling in cultured
bovine corneal endothelial cells. Inves-
tigative Ophthalmology and Visual Sci-
ence, 33(11):3041–9, 1992.

[63] S. Daff. No synthase: structures and
mechanisms. Nitric Oxide, 23(1):1–11,
2010.

[64] B. B. Dawood, J. Wilde, and S. P. Wat-
son. Reference curves for aggregation and
atp secretion to aid diagnose of platelet-
based bleeding disorders: effect of inhibi-
tion of adp and thromboxane a(2) path-
ways. Platelets, 18(5):329–45, 2007.

[65] J. P. de Bono, N. Warrick, J. K. Ben-
dall, K. M. Channon, and N. J. Alp.
Radiochemical hplc detection of arginine
metabolism: measurement of nitric oxide
synthesis and arginase activity in vascu-
lar tissue. Nitric Oxide, 16(1):1–9, 2007.

[66] R. De Caterina, P. Libby, H. B. Peng,
V. J. Thannickal, T. B. Rajavashisth, Jr.
Gimbrone, M. A., W. S. Shin, and J. K.
Liao. Nitric oxide decreases cytokine-
induced endothelial activation. nitric ox-
ide selectively reduces endothelial expres-
sion of adhesion molecules and proin-

flammatory cytokines. J Clin Invest,
96(1):60–8, 1995.

[67] J. G. De Mey, M. Claeys, and P. M.
Vanhoutte. Endothelium-dependent in-
hibitory effects of acetylcholine, adeno-
sine triphosphate, thrombin and arachi-
donic acid in the canine femoral artery.
J Pharmacol Exp Ther, 222(1):166–73,
1982.

[68] D. De Stefani, A. Raffaello, E. Teardo,
I. Szabo, and R. Rizzuto. A forty-
kilodalton protein of the inner membrane
is the mitochondrial calcium uniporter.
Nature, 476(7360):336–40, 2011.

[69] J. E. Deanfield, J. P. Halcox, and T. J.
Rabelink. Endothelial function and dys-
function: testing and clinical relevance.
Circulation, 115(10):1285–95, 2007.

[70] W. I. DeHaven, B. F. Jones, J. G. Pe-
tranka, J. T. Smyth, T. Tomita, G. S.
Bird, and Jr. Putney, J. W. Trpc chan-
nels function independently of stim1 and
orai1. J Physiol, 587(Pt 10):2275–98,
2009.

[71] W. I. DeHaven, J. T. Smyth, R. R.
Boyles, G. S. Bird, and Jr. Put-
ney, J. W. Complex actions of
2-aminoethyldiphenyl borate on store-
operated calcium entry. J Biol Chem,
283(28):19265–73, 2008.

[72] W. I. DeHaven, J. T. Smyth, R. R.
Boyles, and Jr. Putney, J. W. Calcium
inhibition and calcium potentiation of
orai1, orai2, and orai3 calcium release-
activated calcium channels. J Biol Chem,
282(24):17548–56, 2007.

[73] B. Derakhshan, P. C. Wille, and S. S.
Gross. Unbiased identification of cysteine
s-nitrosylation sites on proteins. Nat Pro-
toc, 2(7):1685–91, 2007.

[74] I. Derler, M. Fahrner, M. Muik, B. Lack-
ner, R. Schindl, K. Groschner, and C. Ro-
manin. A ca2+ release-activated ca2+
(crac) modulatory domain (cmd) within

203



REFERENCES

stim1 mediates fast ca2+-dependent in-
activation of orai1 channels. Journal
of biological chemistry, 284:24933–24938,
2009.

[75] I. Derler, P. Plenk, M. Fahrner, M. Muik,
I. Jardin, R. Schindl, H. J. Gruber,
K. Groschner, and C. Romanin. The ex-
tended transmembrane orai1 n-terminal
(eton) region combines binding interface
and gate for orai1 activation by stim1. J
Biol Chem, 288(40):29025–34, 2013.

[76] S. N. Dhanakoti, J. T. Brosnan, G. R.
Herzberg, and M. E. Brosnan. Renal
arginine synthesis: studies in vitro and in
vivo. Am J Physiol, 259(3 Pt 1):E437–42,
1990.

[77] J. Di Capite, C. Nelson, G. Bates, and
A. B. Parekh. Targeting ca2+ release-
activated ca2+ channel channels and
leukotriene receptors provides a novel
combination strategy for treating nasal
polyposis. J Allergy Clin Immunol,
124(5):1014–21 e1–3, 2009.

[78] J. L. Di Capite, G. J. Bates, and A. B.
Parekh. Mast cell crac channel as a novel
therapeutic target in allergy. Curr Opin
Allergy Clin Immunol, 11(1):33–8, 2011.

[79] A. Dietrich, M. Fahlbusch, and T. Gud-
ermann. Classical transient receptor po-
tential 1 (trpc1): Channel or channel reg-
ulator? Cells, 3(4):939–962, 2014.

[80] S. Dimmeler, E. Dernbach, and A. M.
Zeiher. Phosphorylation of the endothe-
lial nitric oxide synthase at ser-1177 is
required for vegf-induced endothelial cell
migration. FEBS Letters, 447(3):258–
262, 2000.

[81] S. Dimmeler, I. Fleming, B. Fisslthaler,
C. Hermann, R. Busse, and A. M. Zeiher.
Activation of nitric oxide synthase in en-
dothelial cells by akt-dependent phospho-
rylation. Nature, 399(6736):601–5, 1999.

[82] G. Douglas, E. Van Kampen, A. B. Hale,
E. McNeill, J. Patel, M. J. Crabtree,
Z. Ali, R.A. Hoerr, N. J. Alp, and K. M.

Channon. Endothelial cell repopulation
after stenting determines in-stent neoin-
tima formation: effects of bare-metal vs.
drug-eluting stents and genetic endothe-
lial cell modification. European Heart
Journal, 34(43):3378–88, 2013.

[83] S. Dragoni, U. Laforenza, E. Bonetti,
F. Lodola, C. Bottino, R. Berra-Romani,
G. Carlo Bongio, M.P. Cinelli, G. Guerra,
P. Pedrazzoli, V. Rosti, F. Tanzi, and
F. Moccia. Vascular endothelial growth
factor stimulates endothelial colony form-
ing cells proliferation and tubulogene-
sis by inducing oscillations in intracel-
lular ca2+ concentration. Stem Cells,
29(11):1898–907, 2011.

[84] V. J. Dzau, R. C. Braun-Dullaeus, and
D. G. Sedding. Vascular proliferation
and atherosclerosis: new perspectives
and therapeutic strategies. Nat Med,
8(11):1249–56, 2002.

[85] P.A. Erwin, A. J. Lin, D. E. Golan,
and T. Michel. Receptor-regulated
dynamic s-nitrosylation of endothelial
nitric-oxide synthase in vascular endothe-
lial cells. Journal of biological chemistry,
280:19888–19894, 2005.

[86] P.A. Erwin, D.A. Mitchell, J. Sar-
toretto, M. A. Marletta, and T. Michel.
Subcellular targeting and differential s-
nitrosylation of endothelial nitric oxide
synthase. Journal of Biological Chem-
istry, 281:151–157, 2006.

[87] M.G. Espey, D.D Thomas, K.M. Mi-
randa, and D.A. Wink. Focusing of nitric
oxide mediated nitrosation and oxidative
nitrosylation as a consequence of reaction
with superoxide. Proc Natl Acad Sci U S
A, 99(17):11127–11132, 2002.

[88] I.A. Estrada, R. Donthamsetty, P. Deb-
ski, M.H. Zhou, S.L. Zhang, J.X. Yuan,
W. Han, and A. Makino. Stim1 restores
coronary endothelial function in type 1
diabetic mice. Circ Res, 111(9):1166.75,
2012.

204



REFERENCES

[89] A.M. Evangelista, M.D Thompson, R. M.
Weisbrod, D.R. Pimental, X.Y. Tong,
V. M. Bolotina, and R. A. Cohen.
Redox regulation of serca2 is required
for vascular endothelial growth factor-
induced signaling and endothelial cell mi-
gration. Antioxidants and Redox Sig-
nalling, 17(8):1099–1108, 2012.

[90] C. Fasolato and B. Nilius. Store depletion
triggers the calcium release-activated cal-
cium current (icrac) in macrovascular en-
dothelial cells: a comparison with jurkat
and embryonic kidney cell lines. Pflugers
Arch, 436(1):69–74, 1998.

[91] M. Feletou and P. M. Vanhoutte. En-
dothelial dysfunction: a multifaceted dis-
order (the wiggers award lecture). Am J
Physiol Heart Circ Physiol, 291(3):H985–
1002, 2006.

[92] M. Feletou and P. M. Vanhoutte.
Endothelium-derived hyperpolarizing
factor: where are we now? Arterioscler
Thromb Vasc Biol, 26(6):1215–25, 2006.

[93] O. Feron, F. Saldana, J.B. Michel, and
T. Michel. The endothelial nitric-oxide
synthase-caveolin regulatory cycle. Jour-
nal of biological chemistry, 273:3125–
3128, 1998.

[94] S. Feske. Orai1 and stim1 deficiency in
human and mice: roles of store-operated
ca2+ entry in the immune system and
beyond. Immunol Rev, 231(1):189–209,
2009.

[95] S. Feske, Y. Gwack, M. Prakriya,
S. Srikanth, S. H. Puppel, B. Tanasa,
P. G. Hogan, R. S. Lewis, M. Daly, and
A. Rao. A mutation in orai1 causes im-
mune deficiency by abrogating crac chan-
nel function. Nature, 441(7090):179–85,
2006.

[96] L. Fierro and A. B. Parekh. The ef-
fects of interfering with gtp-binding pro-
teins on the activation mechanism of cal-
cium release-activated calcium current.
Pfluegers Archiv Eur J Physiol, 437:547–
552, 1999.

[97] X.F. Figueroa, M. Gonzlez, D.R.
adn Puebla, J.P. Acevedo, D. Rojas-
Libano, W.N. Durn, and M.P. Boric.
Coordinated endothelial nitric oxide
synthase activation by translocation and
phosphorylation determines flow-induced
no production in resistance vessels. Jour-
nal of vascular research, 50(6):498–511,
2013.

[98] B. Fink, K. Laude, L. McCann,
A. Doughan, D. G. Harrison, and
S. Dikalov. Detection of intracellular su-
peroxide formation in endothelial cells
and intact tissues using dihydroethidium
and an hplc-based assay. Am J Physiol
Cell Physiol, 287:895–902, 2004.

[99] A. Fire, S-Q. Xu, M.K. Montgomery,
S.A. Kostas, S.E. Driver, and C.C. Mello.
Potent and specific genetic interference
by double-stranded rna in caenorhabdi-
tis elegans. Nature, 391:806–811, 1998.

[100] B. Fisslthaler, S. Dimmeler, C. Hermann,
R. Busse, and I. Fleming. Phosphoryla-
tion and activation of the endothelial ni-
tric oxide synthase by fluid shear stress.
Acta Physiol Scand, 168(1):81–8, 2000.

[101] I. Fleming and R. Busse. No: the pri-
mary edrf. J Mol Cell Cardiol, 31(1):5–
14, 1999.

[102] I. Fleming and R. Busse. Molecular
mechanisms involved in the regulation
of the endothelial nitric oxide synthase.
Am J Physiol Regul Integr Comp Phys-
iol, 284(1):R1–12, 2003.

[103] I. Fleming, B. Fisslthaler, S. Dim-
meler, B. E. Kemp, and R. Busse.
Phosphorylation of thr(495) regulates
ca(2+)/calmodulin-dependent endothe-
lial nitric oxide synthase activity. Circ
Res, 88(11):E68–75, 2001.

[104] U. Forstermann, J. S. Pollock, H. H.
Schmidt, M. Heller, and F. Murad.
Calmodulin-dependent endothelium-
derived relaxing factor/nitric oxide
synthase activity is present in the par-
ticulate and cytosolic fractions of bovine

205



REFERENCES

aortic endothelial cells. Proc Natl Acad
Sci U S A, 88(5):1788–92, 1991.

[105] U. Forstermann and W. C. Sessa. Ni-
tric oxide synthases: regulation and func-
tion. Eur Heart J, 33(7):829–37, 837a–
837d, 2012.

[106] M. W. Foster, T. J. McMahon, and J. S.
Stamler. S-nitrosylation in health and
disease. Trends Mol Med, 9(4):160–8,
2003.

[107] Irene Frischauf, Martin Muik, Is-
abella Derler, Judith Bergsmann,
Marc Fahrner, Rainer Schindl, Klaus
Groschner, and Christoph Romanin.
Molecular determinants of the coupling
between stim1 and orai channels differ-
ential activation of orai1–3 channels by a
stim1 coiled-coil mutant. Journal of bi-
ological chemistry, 284(32):21696–21706,
2009.

[108] C. Froelich, M. Klitgaard, J.B. Noer,
A. Kotzsch, C. Nehammer, P. Kro-
ngvist, J. Berthelsen, C. Blobel, M. Kvei-
borg, R. Albrechtsen, and U.M. Wewer.
Adam12 is expressed in the tumour vas-
culature and mediates ectodomain shed-
ding of several membrane-anchored en-
dothelial proteins. Biochemical Journal,
452(1):97–109, 2013.

[109] D. Fulton, R. Babbitt, S. Zoellner,
J. Fontana, L. Acevedo, T. J. McCabe,
Y. Iwakiri, and W. C. Sessa. Target-
ing of endothelial nitric-oxide synthase to
the cytoplasmic face of the golgi complex
or plasma membrane regulates akt- ver-
sus calcium-dependent mechanisms for
nitric oxide release. Journal of Biologi-
cal Chemistry, 279(29):30349–57, 2004.

[110] D. Fulton, J. Fontana, G. Sowa, J. P.
Gratton, M. Lin, K. X. Li, B. Michell,
B. E. Kemp, D. Rodman, and W. C.
Sessa. Localization of endothelial nitric-
oxide synthase phosphorylated on serine
1179 and nitric oxide in golgi and plasma
membrane defines the existence of two
pools of active enzyme. J Biol Chem,
277(6):4277–84, 2002.

[111] D. Fulton, J. P. Gratton, T. J. McCabe,
J. Fontana, Y. Fujio, K. Walsh, T. F.
Franke, A. Papapetropoulos, and W. C.
Sessa. Regulation of endothelium-derived
nitric oxide production by the protein
kinase akt. Nature, 399(6736):597–601,
1999.

[112] R. F. Furchgott and J. V. Zawadzki. The
obligatory role of endothelial cells in the
relaxation of arterial smooth muscle by
acetylcholine. Nature, 288(5789):373–6,
1980.

[113] R.K. Gandhirajan, S. Meng, H.C.
Chandramoorthy, K. Malliankaraman,
S. Mancarella, H. Gao, R. Razmpour,
X.F. Yang, S.R. Houser, J. Chen,
W.J. Koch, H. Wang, J. Soboloff,
D. L. Gill, and M. Madesh. Block-
ade of NOX2 and STIM1 signaling limits
lipopolysaccharide-induced vascular in-
flammation. Journal of Clinical Investi-
gation, 123(2):887–902, 2013.

[114] G. Garcia-Cardena, R. Fan, V. Shah,
R. Sorrentino, G. Cirino, A. Papa-
petropoulos, and W. C. Sessa. Dynamic
activation of endothelial nitric oxide syn-
thase by hsp90. Nature, 392(6678):821–
824, 1998.

[115] U. C. Garg and A. Hassid. Nitric oxide-
generating vasodilators and 8-bromo-
cyclic guanosine monophosphate inhibit
mitogenesis and proliferation of cultured
rat vascular smooth muscle cells. J Clin
Invest, 83(5):1774–7, 1989.

[116] J. Gerasimenko, O. Gryshchenko, P.E.
Ferdek, E. Stapleton, T.O.G. Hebert,
S. Bychkova, S. Peng, M. Begg,
O. Gerasimenko, and O. H. Petersen.
Ca2+ release-activated ca2+ channel
blockade as a potential tool in antipan-
creatitis therapy. Proc Natl Acad Sci U
S A, 110(32):13186–13191, 2013.

[117] J.V. Gerasimenko, S.E. Flowerdew, S.G.
Voronina, T.K. Sukhomlin, A. V.
Tepikin, O. H. Petersen, and O. Gerasi-
menko. Bile acids induce ca2+ release

206



REFERENCES

from both the endoplasmic reticulum
and acidic intracellular calcium stores
through activation of inositol trispho-
sphate receptors and ryanodine recep-
tors. Journal of biological chemistry,
281:40154–40163, 2006.

[118] D. Ghigo, M. Arese, R. Todde, A. Vecchi,
F. Silvagno, C. Costamagna, Q. G. Dong,
M. Alessio, R. Heller, R. Soldi, F. Trucco,
G. Garbarino, G. Pescarmona, A. Manto-
vani, F. Bussolino, and A. Bosia. Middle
t antigen-transformed endothelial cells
exhibit an increased activity of nitric ox-
ide synthase. J Exp Med, 181(1):9–19,
1995.

[119] D. Giustarini, R. Rossi, A. Milzani,
and I. Dalle-Donne. Nitrite and ni-
trate measurement by griess reagent in
human plasma: evaluation of interfer-
ences and standardization. Methods En-
zymol, 440:361–80, 2008. Giustarini,
Daniela Rossi, Ranieri Milzani, Aldo
Dalle-Donne, Isabella Methods Enzymol.
2008;440:361-80. doi: 10.1016/S0076-
6879(07)00823-3.

[120] M. T. Gladwin, Jr. Lancaster, J. R.,
B. A. Freeman, and A. N. Schechter. Ni-
tric oxide’s reactions with hemoglobin: a
view through the sno-storm. Nat Med,
9(5):496–500, 2003.

[121] M. D. Glitsch, D. Bakowski, and A. B.
Parekh. Store-operated ca2+ entry de-
pends on mitochondrial ca2+ uptake.
EMBO J, 21(24):6744–54, 2002.

[122] E. Gonzalez, R. Kou, A. J. Lin, D. E.
Golan, and T. Michel. Subcellu-
lar targeting and agonist-induced site-
specific phosphorylation of endothelial
nitric-oxide synthase. J Biol Chem,
277(42):39554–60, 2002.

[123] J.L. Gordon. Extracellular atp: effects,
sources and fate. Journal of Biochemisty,
233:309–319, 1986.

[124] S. J. Graham, M. A. Dziadek, and L. S.
Johnstone. A cytosolic stim2 preprotein

created by signal peptide inefficiency ac-
tivates orai1 in a store-independent man-
ner. J Biol Chem, 286(18):16174–85,
2011.

[125] W. F. Graier, M. Frieden, and R. Malli.
Mitochondria and ca(2+) signaling: old
guests, new functions. Pflugers Arch,
455(3):375–96, 2007.

[126] Jean-Philippe Gratton, Jason Fontana,
Daniel S O’Connor, Guillermo Garcı?a-
Cardeña, Timothy J McCabe, and
William C Sessa. Reconstitution of an
endothelial nitric-oxide synthase (enos),
hsp90, and caveolin-1 complex in vitro
evidence that hsp90 facilitates calmod-
ulin stimulated displacement of enos from
caveolin-1. Journal of Biological Chem-
istry, 275(29):22268–22272, 2000.

[127] S. S. Gross and P. Lane. Physiological
reactions of nitric oxide and hemoglobin:
a radical rethink. Proc Natl Acad Sci U
S A, 96(18):9967–9, 1999.

[128] M.B. Harris, H. Ju, V.J. Venema,
H. Liang, R. You, B.J. Michell, Z. P.
Chen, B. E. Kemp, and R.C. Ven-
ema. Reciprocal phosphorylation and
regulation of endothelial nitric-oxide syn-
thase in response to bradykinin stimu-
lation. Journal of biological chemistry,
276:16587–16591, 2001.

[129] D.J. Hartshorne and T. Kawamura.
Regulation of contraction-relaxation in
smooth muscle. NIPS, 7:59–64, 1992.

[130] L. He, T. Hewavitharana, J. Soboloff,
M.A. Spassova, and D.L. Gill. A
functional link between store-operated
and trpc channels revealed by the
3,5-bis(trifluoromethyl)pyrazole deriva-
tive, btp2. Journal of Biological Chem-
istry, 280:10997–11006, 2005.

[131] M. Hecker, W. C. Sessa, H. J. Har-
ris, E. E. Anggard, and J. R. Vane.
The metabolism of l-arginine and its
significance for the biosynthesis of
endothelium-derived relaxing factor: cul-
tured endothelial cells recycle l-citrulline

207



REFERENCES

to l-arginine. Proc Natl Acad Sci U S A,
87(21):8612–6, 1990.

[132] N. Herring and D.J. Paterson. Neu-
romodulators of peripheral cardiac
sympatho-vagal balanceherring2009.
Experimental Physiology, 94:46–53,
2009.

[133] C. J. Herscher and A. F. Rega. On
the mechanism of inhibition of the
pmca(2+)-atpase by lanthanum. Ann N
Y Acad Sci, 834:407–9, 1997.

[134] D. T. Hess, A. Matsumoto, S. O. Kim,
H. E. Marshall, and J. S. Stamler. Pro-
tein s-nitrosylation: purview and param-
eters. Nat Rev Mol Cell Biol, 6(2):150–
66, 2005.

[135] P. Hess, J. Lansman, and R.W. Tsien.
Calcium channel selectivity for divalent
and monovalent cations. voltage and con-
centration dependence of single channel
current in ventricular heart cells. Jour-
nal of General Physiology, 88(3):293–319,
1986.

[136] H. Hikada and R. Kobayashi. Pharmacol-
ogy of protein kinase inhibitors. Annual
Review of Pharmacology and Toxicology,
32:377–97, 1992.

[137] T. Hofmann, A. G. Obukhov, M. Schae-
fer, C. Harteneck, T. Gudermann, and
G. Schultz. Direct activation of human
trpc6 and trpc3 channels by diacylglyc-
erol. Nature, 397(6716):259–63, 1999.

[138] T. Hofmann, M. Schaefer, G. Schultz,
and T. Gudermann. Transient recep-
tor potential channels as molecular sub-
strates of receptor-mediated cation entry.
J Mol Med (Berl), 78(1):14–25, 2000.

[139] T. Hofmann, M. Schaefer, G. Schultz,
and T. Gudermann. Subunit composition
of mammalian transient receptor poten-
tial channels in living cells. Proc Natl
Acad Sci U S A, 99(11):7461–6, 2002.

[140] Patrick G Hogan, Richard S Lewis, and
Anjana Rao. Molecular basis of calcium
signaling in lymphocytes: Stim and orai.

Annual review of immunology, 28:491,
2010.

[141] P. J. Hoover and R. S. Lewis. Stoichio-
metric requirements for trapping and gat-
ing of ca2+ release-activated ca2+ (crac)
channels by stromal interaction molecule
1 (stim1). Proc Natl Acad Sci U S A,
108(32):13299–304, 2011.

[142] M. Hoth and R. Penner. Depletion of
intracellular calcium stores activates a
calcium current in mast cells. Nature,
355(6358):353–6, 1992.

[143] M. Hoth and R. Penner. Calcium release-
activated calcium current in rat mast
cells. J Physiol, 465:359–86, 1993.

[144] Markus Hoth, Donald C Button, and
Richard S Lewis. Mitochondrial con-
trol of calcium-channel gating: a mech-
anism for sustained signaling and tran-
scriptional activation in t lymphocytes.
Proceedings of the National Academy of
Sciences, 97(19):10607–10612, 2000.

[145] Markus Hoth, Christopher M Fanger,
and Richard S Lewis. Mitochondrial reg-
ulation of store-operated calcium signal-
ing in t lymphocytes. The Journal of cell
biology, 137(3):633–648, 1997.

[146] X. Hou, L. Pedi, M. M. Diver, and S. B.
Long. Crystal structure of the calcium
release-activated calcium channel orai.
Science, 338(6112):1308–13, 2012.

[147] G. N. Huang, W. Zeng, J. Y. Kim, J. P.
Yuan, L. Han, S. Muallem, and P. F.
Worley. Stim1 carboxyl-terminus acti-
vates native soc, i(crac) and trpc1 chan-
nels. Nat Cell Biol, 8(9):1003–10, 2006.

[148] Yun Huang, Yubin Zhou, Hing-Cheung
Wong, Yanyi Chen, Yan Chen, Siming
Wang, Adriana Castiblanco, Aimin Liu,
and Jenny J Yang. A single ef-hand iso-
lated from stim1 forms dimer in the ab-
sence and presence of ca2+. FEBS jour-
nal, 276(19):5589–5597, 2009.

[149] A. J. Hughes, D.P. Spelke, Z. Xu, C-
C. Kang, D.V. Schaffer, and A.E. Herr.

208



REFERENCES

Single-cell western blotting. Nature
Methods, 11:749–755, 2014.

[150] M.A. Hunt, M.J. Currie, B.A. Robin-
son, and G.U. Dachs. Optimizing
transfection of primary human umbil-
ical vein endothelial cells using com-
mercially available chemical transfection
reagents. Journal of biomolecular tech-
nology, 21(2):66–72, 2010.

[151] L. J. Ignarro. Haem-dependent activa-
tion of guanylate cyclase and cyclic gmp
formation by endogenous nitric oxide: a
unique transduction mechanism for tran-
scellular signaling. Pharmacol Toxicol,
67(1):1–7, 1990.

[152] L. J. Ignarro. Nitric oxide as a unique sig-
naling molecule in the vascular system: a
historical overview. J Physiol Pharmacol,
53(4 Pt 1):503–14, 2002.

[153] L. J. Ignarro, G. M. Buga, L. H. Wei,
P. M. Bauer, G. Wu, and P. del Soldato.
Role of the arginine-nitric oxide pathway
in the regulation of vascular smooth mus-
cle cell proliferation. Proc Natl Acad Sci
U S A, 98(7):4202–8, 2001.

[154] H. Ishida and H. J. Vogel. Protein-
peptide interaction studies demonstrate
the versatility of calmodulin target
protein binding. Protein Pept Lett,
13(5):455–65, 2006.

[155] J. Ishikawa, K. Ohga, T. Yoshino,
R. Takezawa, A. Ichikawa, H. Kubota,
and T. Yamada. A pyrazole deriva-
tive, ym-58483, potently inhibits store-
operated sustained ca2+ influx and il-2
production in t lymphocytes. Journal of
Immunology, 170(9):4441–9, 2003.

[156] R Jacob. Agonist-stimulated divalent
cation entry into single cultured hu-
man umbilical vein endothelial cells.
The Journal of Physiology, 421(1):55–77,
1990.

[157] R. Jacob, J. E. Merritt, T. J. Hal-
lam, and T. J. Rink. Repetitive spikes

in cytoplasmic calcium evoked by his-
tamine in human endothelial cells. Na-
ture, 335(6185):40–5, 1988.

[158] L. Jia, C. Bonaventura, J. Bonaventura,
and J. S. Stamler. S-nitrosohaemoglobin:
a dynamic activity of blood involved in
vascular control. Nature, 380(6571):221–
6, 1996.

[159] Zheng-Gen Jin, Matthew G Melaragno,
Duan-Fang Liao, Chen Yan, Judith
Haendeler, Young-Ah Suh, J David Lam-
beth, and Bradford C Berk. Cyclophilin
a is a secreted growth factor induced by
oxidative stress. Circulation Research,
87(9):789–796, 2000.

[160] P.R. Johnson, A. V. Tepikin, and
G. Erdemli. Role of mitochondria in
ca2+ homeostasis of mouse pancreatic
acinar cells. Cell Calcium, 32(2):59–69,
2002.

[161] D. Jourd’heuil. Increased nitric
oxide-dependent nitrosylation of
4,5-diaminofluorescein by oxidants:
implications for the measurement of
intracellular nitric oxide. Free Radic Biol
Med, 33(5):676–684, 2002.

[162] H. Ju, R. Zou, V.J. Venema, and R.C.
Venema. Direct interaction of endothe-
lial nitric-oxide synthase and caveolin-1
inhibits synthase activity. Journal of bio-
logical chemistry, 272:18522–18525, 1997.

[163] P. Kar, D. Bakowski, J. Di Capite,
C. Nelson, and A. B. Parekh. Different
agonists recruit different stromal interac-
tion molecule proteins to support cyto-
plasmic ca2+ oscillations and gene ex-
pression. Proc Natl Acad Sci U S A,
109(18):6969–74, 2012.

[164] P. Kar, C. Nelson, and A. B. Parekh. Se-
lective activation of the transcription fac-
tor nfat1 by calcium microdomains near
ca2+ release-activated ca2+ (crac) chan-
nels. J Biol Chem, 286(17):14795–803,
2011.

209



REFERENCES

[165] P. Kar, K. Samanta, H. Kramer, O. Mor-
ris, D. Bakowski, and A. B. Parekh.
Dynamic assembly of a membrane sig-
naling complex enables selective activa-
tion of nfat by orai1. Current Biology,
24(12):1361–1368, 2014.

[166] D.L. Kellogg Jr, J.L. Zhao, and Y. Wu.
Endothelial nitric oxide synthase control
mechanisms in the cutaneous vasculature
of humans in vivo. American Journal of
Physiology - Heart and Circulatory Phys-
iology, 295(1):123–129, 2008.

[167] M. Kelm. Nitric oxide metabolism and
breakdown. Biochimica et Biophysica
Acta, 1411(2-3):273–89, 1999.

[168] M. Kelm, M. Feelisch, T. Krebber,
W. Motz, and B. E. Strauer. Mecha-
nisms of histamine-induced coronary va-
sodilatation: H1-receptor-mediated re-
lease of endothelium-derived nitric oxide.
J Vasc Res, 30(3):132–8, 1993.

[169] C. A. Kim and J. U. Bowie. Sam
domains: uniform structure, diversity
of function. Trends Biochem Sci,
28(12):625–8, 2003.

[170] J.A. Kim, K. Cho, M.S. Shin, W.G.
Lee, N. Jung, C. Chung, and J.K.
Chang. A novel electroporation method
using a capillary and wire-type elec-
trode. Biosensors and Bioelectronics,
23(9):1353–1360, 2008.

[171] T.K. Kim and J.H. Eberwine. Mam-
malian cell transfection: the present and
the future. Analytical and Bioanalytical
Chemistry, 397(8):3173–3178, 2010.

[172] C. Kimura, M. Oike, T. Koyama,
and Y. Ito. Impairment of endothe-
lial nitric oxide production by acute
glucose overload. American Jour-
nal of Physiology- Endocrinology and
Metabolism, 280(1):171–178, 2001.

[173] S. Kinlay, D. Behrendt, M. Wainstein,
J. Beltrame, J. C. Fang, M. A. Crea-
ger, A. P. Selwyn, and P. Ganz. Role of
endothelin-1 in the active constriction of

human atherosclerotic coronary arteries.
Circulation, 104(10):1114–8, 2001.

[174] Y. Kirichok, G. Krapivinsky, and D. E.
Clapham. The mitochondrial calcium
uniporter is a highly selective ion chan-
nel. Nature, 427(6972):360–4, 2004.

[175] T. Kishi. Regulation of the sympathetic
nervous system by nitric oxide and ox-
idative stress in the rostral ventrolat-
eral medulla: 2012 academic conference
award from the japanese society of hyper-
tension. Hypertension Research, 36:845–
851, 2013.

[176] H. Kojima, N. Nakatsubo, K. Kikuchi,
S. Kawahara, Y. Kirino, H. Nagoshi,
Y. Hirata, and T. Nagano. Detection
and imaging of nitric oxide with novel flu-
orescent indicators: diaminofluoresceins.
Anal Chem, 70(13):2446–53, 1998.

[177] H. Kojima, N. Nakatsubo, K. Kikuchi,
Y. Urano, T. Higuchi, J. Tanaka,
Y. Kudo, and T. Nagano. Direct evidence
of no production in rat hippocampus and
cortex using a new fluorescent indicator:
Daf-2 da. Neuropharmacology NeuroRe-
port, 9:3345–3348, 1998.

[178] A.T. Kovala, K.A. Harvey, P. McGlynn,
G. Boguslawski, J. G. Garcia, and D. En-
glish. High-efficiency transient transfec-
tion of endothelial cells for functional
analysis. FASEB Journal, 15:2486–94,
2000.

[179] Robert H Kretsinger, Suzanne E Rud-
nick, and Larry J Weissman. Crystal
structure of calmodulin. Journal of inor-
ganic biochemistry, 28(2):289–302, 1986.

[180] P. Kubes, M. Suzuki, and D. N. Granger.
Nitric oxide: an endogenous modulator of
leukocyte adhesion. Proc Natl Acad Sci
U S A, 88(11):4651–5, 1991.

[181] C. Y. Kwan and J. W. Putney Jr. Uptake
and intracellular sequestration of diva-
lent cations in resting and methacholine-
stimulated mouse lacrimal acinar cells:

210



REFERENCES

Dissociation by sr* and ba2+ of agonist-
stimulated divalent cation entry from the
refilling of the agonist-sensitive intracel-
lular pool. Journal of Biological Chem-
istry, 265(2):678–684, 1990.

[182] Y. Kwon, T. Hofmann, and C. Mon-
tell. Integration of phosphoinositide and
calmodulin mediated regulation of trpc6.
Mol Cell, 25(4):491–503, 2007.

[183] TS Lai, A Hausladen, TF Slaughter,
JP Eu, JS Stamler, and CS Greenberg.
Calcium regulates s-nitrosylation, deni-
trosylation, and activity of tissue trans-
glutaminase. Biochemistry, 40(16):4904–
4910, 2001.

[184] P. Lane and S. S. Gross. Disabling
a c-terminal autoinhibitory control ele-
ment in endothelial nitric-oxide synthase
by phosphorylation provides a molecu-
lar explanation for activation of vascu-
lar no synthesis by diverse physiological
stimuli. Journal of biological chemistry,
277:19087–19094, 2002.

[185] J.B. Lansman, P. Hess, and R.W.
Tsien. Blockade of current through sin-
gle calcium channels by cd2+, mg2+,
and ca2+. voltage and concentration
dependence of calcium entry into the
pore. Journal of General Physiology,
88(3):321–347, 1986.

[186] F. Lantoine, L. Iouzalen, M. A. De-
vynck, E. Millanvoye-Van Brussel, and
M. David-Dufilho. Nitric oxide produc-
tion in human endothelial cells stimu-
lated by histamine requires ca2+ influx.
Biochem J, 330 ( Pt 2):695–9, 1998.

[187] K.P. Lee, S. Choi, J.H. Hong, M. Ahuja,
S. Graham, R. Ma, I. So, D. M. Shin,
S. Muallem, and J.P. Yuan. Molecular
determinants mediating gating of tran-
sient receptor potential canonical (trpc)
channels by stromal interaction molecule
1 (stim1). Journal of biological chemistry,
289:6372–6382, 2014.

[188] J. Lei, Y. Vodovotz, E. Tzeng, and
T. R. Billiar. Nitric oxide, a protec-
tive molecule in the cardiovascular sys-
tem. Nitric Oxide, 35:175–185, 2013.

[189] J. F. Leikert, T. R. Rathel, C. Muller,
A. M. Vollmar, and V. M. Dirsch. Reli-
able in vitro measurement of nitric ox-
ide released from endothelial cells us-
ing low concentrations of the fluorescent
probe 4,5-diaminofluorescein. FEBS Lett,
506(2):131–134, 2001.

[190] L. Lemonnier, M. Trebak, and J. W.
Putney Jr. Complex regulation of the
trpc3, 6 and 7 channel subfamily by dia-
cylglycerol and phosphatidylinositol-4,5-
bisphosphate. Cell Calcium, 43(5):506–
514, 2008.

[191] Huige Li, Christian Burkhardt, Ulf-
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