
 
 

Pharmacological and biomolecular profile 
of purinergic receptors in vascular 

endothelium: implications for 
mechanosensation. 

 

 
Sonia Paz López 

  

  
  

   
 

A thesis submitted for the degree of Doctor of Philosophy  

University of East Anglia   

School of Biological Sciences  

 
 
 

December 2023 
 
 

 

  
©This copy of this thesis has been supplied on condition that anyone who consults it is 

understood to recognise that its copyright rests with the author and that use of any 
information derived therefrom must be in accordance with current UK Copyright Law.  

In addition, any quotation or extract must include full attribution.  



2 
 

Declaration 
 

I verify that the work presented in this thesis is my own original work and has not been previously 
submitted for a degree at this or any other university. Where work by other authors has been included, 
their work has been fully cited and referenced.  
 

In line with the regulations for submission for a degree of Doctor of Philosophy at the University of East 
Anglia, this thesis has a word count of approximately 95762 words, which includes all footnotes and 
bibliography, excluding the appendixes, which consist of approximately 13823 words.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3 
 

Abstract 
 
The endothelium is the monolayer of cells lining the blood vessels in direct contact with blood 

flow, detecting mechanical, metabolic, and immunological signals in their surroundings 

through specific receptors. Endothelial cell's function determines vascular tone, blood vessel 

formation, and immunological response. Calcium signalling, a universal messenger in cellular 

activities, is one of the main processes governing vascular endothelial function. The purinergic 

receptors are a fundamental component of the endothelial calcium toolkit, influencing 

vasodilation, angiogenesis, and inflammatory responses.  

P2 receptors respond to extracellular nucleotides, elevating cytosolic calcium concentration 

through P2X and P2Y receptors. Various P2 receptors have a role in endothelial calcium 

homeostasis, with P2Y2 and P2X4 being the most studied receptors in this cell type. However, 

there is also controversy about which is the primary mediator of ATP-evoked responses in 

endothelial cells. Despite the P2 receptor's crucial roles in a diverse range of endothelial 

functions, a comprehensive biomolecular and pharmacological characterization of the P2 

receptor's contribution to calcium signalling still needs to be performed. This study aims to 

characterise the transcriptional and functional expression profile of purinergic signalling in 

endothelial cells, using human microvascular endothelial cells (HMEC-1) as the primary model. 

Methodologies included transcriptional profiling via RNA sequencing, pharmacological assays 

using intracellular calcium mobilisation, and protein expression analysis through western 

blotting. These methods were applied to investigate the roles of P2 receptors in endothelial 

ATP, VEGF, and Piezo1-evoked calcium responses.  

Here we show that the P2Y2 receptors are the primary mediator of the ATP-evoked calcium 

responses in HMEC-1, and P2Y11 is involved in the VEGF-evoked calcium responses, suggesting 

a novel mechanism that might comprise adenylyl cyclase activity and Orai1 activation, distinct 

from the traditional view of P2 receptors' function. In contrast, the role of P2X4 remains 

ambiguous, with our findings questioning its functional presence in HMEC-1, as the receptor 

was absent at the protein level. In addition, the second part of this study faced challenges in 

dynamically characterising Piezo1 responses due to technical limitations. 

By elucidating the roles of these receptors, this research contributes to a more comprehensive 

understanding of endothelial physiology and pathology, providing new routes for therapeutic 

intervention in cardiovascular diseases. This study improves our understanding of the 

endothelial calcium toolkit, revealing new facets of purinergic receptors in endothelial cells. 

However, additional research is needed to understand the key players in the novel proposed 

mechanisms involving P2Y11's contribution to the VEGF-dependent responses. Moreover, 

further research should focus on fully comprehending the P2 receptor's specific roles under 

dynamic conditions and in different endothelial cell types. 
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Chapter 1. Introduction. 
 

1.1 The endothelium. 
 
The vascular system is the first organ to develop during embryogenesis, and it consists of blood 
and lymphatic vessels that facilitate blood and lymph flow throughout the body (Risau et al., 
1995). There are three types of blood vessels: arteries, veins, and capillaries. Arteries and veins 
convey large volumes of blood between organ systems. These larger blood vessels branch into 
progressively smaller vessels to regulate local blood pressure and volumetric flow within the 
tissues and cells of each organ system. Capillaries, the smallest and most densely distributed 
vessels, are specialized in directly exchanging fluids with cells deep within tissues. While large 
and small vessels have specialized functions, they coordinate to maintain homeostasis 
throughout the body (Barrs et al., 2020). Although they performed discrete physiological 
functions, the majority of vasculature is divided into three histological layers: the intima (the 
inner), the tunica media (the middle), and the tunica externa (the outer layer) (Figure 1-a). The 
intima comprises endothelial cells, the first point of contact between blood and vasculature 
cells, which detect mechanical, metabolic, and immunological signals in their surroundings 
through specific receptors (Cabou et al., 2022; Reinhart-King et al., 2008). These interactions 
between blood flow and endothelial cells trigger biochemical and mechanical responses in the 
endothelium, which are crucial for controlling vascular tone, blood pressure, immune cell 
recruitment during inflammation, angiogenic sprouting and vascular permeability (Cabou et 
al., 2022; Félétou, 2011; Polk et al., 2022). Depending on whether the interactions occur in a 
healthy or diseased state, they can either protect or alter the vessel wall. Factors such as high 
LDL-cholesterol, elevated triglyceride levels, diabetes, obesity, arterial hypertension, 
inflammation, and a sedentary lifestyle contribute to endothelial dysfunction, potentially 
leading to cardiovascular disease development (Cabou et al., 2022). A functional endothelium 
is typically silent with a non-adhesive surface for the passing blood flow. However, once a 
disruption of homeostasis occurs, the production of antithrombotic mediators decreases, 
leading to an activation of the endothelium. This activation is necessary for many processes, 
such as leukocyte adhesion during wound healing, but a continuous activation of endothelial 
cells can result in atherosclerosis. In addition to the prothrombotic disease states, endothelial 
dysfunction has also been linked with proinflammatory diseases. Then, vascular homeostasis 
and improvement of diverse cardiovascular pathologies depend on endothelium activity 
(Davies, 2009; Reinhart-King et al., 2008). 
 
The vascular intima is formed by endothelial cells connected to an 80-nm-thick basal lamina 
and has a body surface area of 3000-6000 m2 with approximately 1 to 6 x 1013 endothelial cells 
(Félétou, 2011; Krüger-Genge et al., 2019). This basal lamina is a crucial part of blood vessels, 
acting as the framework for arteries, veins, and capillaries. Inside this framework, endothelial 
cells form a lining, while smooth muscle cells or pericytes (capillaries, venules) cover the 
outside (Félétou, 2011). Pericytes are fibroblast-like cells with long extensions of their 
cytoplasm that surround endothelial cells in small vessels (Herndon et al., 2017). Endothelial 
cells can produce almost all the basal lamina proteins and generate enzymes essential for 
remodelling. This remodelling is significant for the flexibility of blood vessels and angiogenesis 
(Félétou, 2011). Endothelial characteristics are consistent between arteries and veins, showing 
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continuous cells and a thick monolayer, while in capillaries, the organ looks thin and 
fenestrated, allowing an easy exchange of metabolites and gases (Sandoo et al., 2010). 
Endothelial cells exhibit different shapes throughout the vascular system but typically have a 
thin and slightly elongated form. Their dimensions are approximately 50–70 micrometres in 
length, 10–30 micrometres in width, and 0.1–10 micrometres in thickness. Within the blood 
vessel wall, these cells are polarized and align along the vessel's axis, which helps minimize the 
shear stress forces the flowing blood applies. They have an apical membrane in direct contact 
with blood and circulating cells and a basolateral surface in contact with the basal lamina 
(Félétou, 2011; Krüger-Genge et al., 2019). The glycocalyx shields the apical surface of 
endothelial cells, consisting of an anionic grid of glycosaminoglycans, glycoproteins, and 
glycolipids anchored to the cell membrane. This hair-like resemblance layer plays a role in 
regulating access to the cell membrane by acting as a semi-permeable barrier, and it allows 
selective transport of large molecules, fluids, and cells, contributing to mechanotransduction 
and vascular signalling processes (Banerjee et al., 2021; Fu et al., 2022). The morphological 
characteristics suggest that endothelial cells serve as a specialized site for exchange and 
transfer. Nevertheless, it is crucial to note that vascular endothelial cells exhibit morphology, 
physiology, and phenotype variations (Félétou, 2011). 
 
Endothelial cells share a standard set of functions but exhibit significant plasticity in function 
depending on the vascular bed in which they reside. For example, blood-brain barrier 
endothelial cells have different functions than those lining the aorta. However, there are 
conserved molecular mechanisms governing general endothelial function. One of the most 
critical ones is the nitric oxide signalling pathway due to the potent vasodilatory, anti-
inflammatory, and antioxidant properties of nitric oxide, which supports vascular homeostasis 
(Cyr et al., 2020). Diseases like hypertension, atherosclerosis, and disorders linked to 
angiogenesis are accompanied or even preceded by anomalies in its production and/or 
bioavailability. Additionally, NO performs physiological tasks in the neurological and 
immunological systems, helping to control behaviour, gastrointestinal motility, and tumour 
and infectious disease defence mechanisms (Zhao et al., 2015). Nitric oxide (NO) can be 
synthesized by three different types of nitric oxide synthase enzyme (NOS) in the body: the 
neuronal NOS (nNOS), the inducible NOS (iNOS), and the endothelial NOS (eNOS). However, 
NO regulation in endothelial cells is more prominently driven by eNOS, a calcium 
concentration-dependent enzyme activating calcium-activated calmodulin, which modulates 
its activity and homodimerization. Nitric oxide is mainly synthesized from L-arginine, whose 
oxidation needs homodimerization of eNOS monomers to catalyse this reaction (Arnau del 
Valle et al., 2022; Cyr et al., 2020). Its production is usually coupled with intracellular calcium 
concentrations, but other mechanisms alternatively boost or modulate eNOS activity. eNOS 
Ser1177 residue phosphorylation leads to a higher calcium sensitivity, which is led by various 
protein kinase activation pathways, such as VEGF, estrogen, insulin, or shear stress activity. 
Additionally, under resting conditions, eNOS Thr495 residue phosphorylation by protein kinase 
C (PKC) can limit calmodulin binding to eNOS and slow NO production. Consistently, 
dephosphorylation of this residue occurs upon stimulation of intracellular calcium influx 
mechanisms in endothelial cells (Cyr et al., 2020). By releasing endothelium-derived NO, which 
activates various effectors in vascular smooth muscle cells to mediate blood vessel dilatation, 
the endothelium plays a modulator role in regulating blood vessel diameter. In general terms, 
NO diffusion to smooth muscle cells evokes a series of events leading to a decrease of the free 
cytosolic calcium through various mechanisms which will ensue in the relaxation of the smooth 
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muscle cells. These numerous mechanisms include calcium removal from the cell, reuptake 
into the sarcoplasmic reticulum, and activation of calcium-activated potassium channels. A 
soluble guanylyl cyclase (sGC) in the cytoplasm of the smooth muscle cells initiates these 
mechanisms. This guanylyl cyclase will catalyse the conversion of guanosine triphosphate to 
cyclic guanosine monophosphate, which, in turn, will activate the protein kinase G (PKG). 
Activation of PKG will lead to a reduction of the cytoplasmic calcium levels of the smooth 
muscle cells as well through the mentioned mechanisms as well as decreasing the myosin light-
chain kinase activity, which also promotes relaxation. On the contrary, blood vessel contraction 
would involve mechanisms increasing the intracellular calcium concentration in the cytosol in 
smooth muscle cells (Zhao et al., 2015). 
 
A well-defined nitric oxide production in the endothelium is due to shear stress-dependent-
calcium signalling, known as flow-induced vasodilatation (FIV). By increasing shear stress, the 
concentration of intracellular calcium ([Ca2+]i) increases in the cytosol, leading to the 
activation of eNOS and, therefore, the production of nitric oxide. As previously described, NO 
travels from the endothelium to the smooth muscle, causing relaxation and dilatation of the 
vessels. Once the intracellular calcium increases, the calcium-activated potassium channels 
open, causing hyperpolarization of the endothelium and the smooth muscle, producing a more 
robust relaxation of the smooth muscle cells (Figure 1-b) (Gerhold et al., 2016). Thus, 
controlling the intracellular calcium concentration is crucial for regulating vascular tone in both 
endothelial and smooth muscle cells. 
 
However, the endothelium produces other endothelial factors than nitric oxide that regulate 
vascular homeostasis. Endothelin, prostacyclin, and the endothelium-derived hyperpolarising 
factor (EDHF) are some of those relevant endothelial mediators. Endothelin-1 is a 
vasoconstrictor peptide that binds the endothelin receptors on the smooth muscle cells, 
increasing vascular resistance and facilitating vasoconstriction. This peptide has also been 
shown to modulate prostacyclin (PGI2), an endothelial factor with vasodilatory effects 
(Victorino et al., 2004). This factor promotes cyclic adenosine monophosphate, therefore 
leading to vessel relaxation (Webb et al., 1993). The endothelium-derived hyperpolarising 
factor (EDHF) is also essential to endothelial function. The role of EDHF is to support 
vasodilation, as in the case of NO and PGI2. Its role becomes more meaningful when the other 
vasodilation pathways have been impaired (Lenasi et al., 2008). All these endothelial factors 
regulate the vascular tone and are necessary to maintain a healthy endothelium. Their study 
and function are also critical to understanding the different pathological processes that are 
endothelial-dependent. (Webb & Haynes, 1993) 
 
(Lenasi & Štrucl, 2008) 
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Figure 1. The structure of a vessel wall and the endothelium.  a. The vessel wall is divided into three 
main layers, and the endothelium is in direct contact with the blood flow shear stress-induced, 
mediating processes such as vasodilation or vasoconstriction. b. In vascular endothelial cells, calcium 
influx to the intracellular milieu in response to shear stress increases eNOS activity. This leads to the 
boosted production of nitric oxide, which diffuses into smooth muscle cells, causing them to dilate and 
blood pressure to decrease.(Parts of the figure were drawn by using pictures from Servier Medical Art. Servier Medical 

Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License 

(https://creativecommons.org/licenses/by/3.0/). 
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1.2 Calcium signalling in the endothelium. 
 
Calcium (Ca2+) ions serve as widespread intracellular second messengers, handling various 
cellular functions such as contractile and secretory activities, cell differentiation, migration, 
angiogenesis, cell death, and neurotransmission (Berridge et al., 2003; Tsai et al., 2015). Basal 
or resting cytosolic calcium levels are around 100 nM, significantly increasing upon external 
stimulation, reaching peak levels at 1 µM. Cytosolic calcium ion signals exceeding 1 µM have 
been observed on average, but these substantial increases are typically associated with cellular 
damage and are considered outside the physiological range (Berridge et al., 2003; Berridge et 
al., 2000; Bootman et al., 2001). It is necessary to highlight that at the opening of an active 
calcium channel, the calcium concentration can exceed 100 µM. These localized high-
concentration areas are determined as having signalling functions (termed Ca2+ signalling 
microdomains) because specific calcium-sensitive effectors near these regions offer a 
mechanism for brisk and precise cellular responses (Bootman et al., 2020). Cells can be 
stimulated through various means, including hormonal, neurotransmitter, growth factor, 
antibody, mechanical, electrical, gasotransmitter, temperature, pH change, osmotic change, 
cytotoxic reagents, microbial invasion, and the passage of cellular signals through gap 
junctions. All these stimuli have been demonstrated to increase the cytosolic concentration of 
calcium ions. A fundamental concept in calcium signalling is that any alteration in the 
intracellular Ca2+ concentration triggers a cellular response. A fine tune exists of the magnitude 
of calcium rise in the cytosol to control the occurrence and magnitude of calcium-dependent 
physiological events because excessive, insufficient, or inappropriate calcium ion signalling will 
inevitably impact cell behaviour and determine its fate (Berridge et al., 2003; Berridge et al., 
2000; Bootman et al., 2020; Bootman et al., 2001), the resting calcium concentration might 
also serve as a signalling mechanism without an increase in calcium ion levels. This is because 
some cellular processes are hindered when there is a rise in cytosolic calcium concentration 
(Bootman et al., 2001). 
 
Intracellular calcium levels can increase for two reasons: calcium influx from the extracellular 
space or calcium release from intracellular stores (Bootman et al., 2001). Calcium influx from 
the extracellular space, also known as calcium entry, is characterized by the activity of different 
ion channels that allow ion exchange between the intracellular and the extracellular milieu. 
Broadly, ion channels are macromolecular pores embedded in the plasma membrane whose 
response is called gating, which is defined by the opening or closing of the pore (Hille et al., 
2012). Different types of ion channels depend on their stimulus-responding mechanism: 
mechanosensitive ion channels, voltage-gated ion channels, ligand-gated ion channels, and 
store-operated calcium channels. Firstly, mechanosensitive ion channels respond to cell 
deformation. Secondly, voltage-gated ion channels are activated by depolarisation of the 
plasma membrane, while the third, ligand-gated ion channels, allow the passage of ions across 
the cell membrane in response to a ligand. The last, store-operated calcium channels open 
upon depletion of intracellular stores (Bootman et al., 2020). 
 
On the other hand, calcium release from the intracellular stores occurs through channels 
across organelles' membranes, predominantly involving inositol 1,4,5-trisphosphate (IP3) 
receptors, a product formed together with diacylglycerol (DAG) by the hydrolysis of 
phosphatidylinositol 4,5-biphosphate (PIP2) by activation of phospholipase C (Berridge, 1993; 
Berridge et al., 2003). This mechanism is shared by nonexcitable and excitable cells. IP3Rs-
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dependent calcium release occurs from the endoplasmic reticulum (ER), Golgi, and nuclear 
envelope, and it also activates a limited number of IP3Rs located at the plasma membrane. IP3 
is caused in response to various stimuli, such as hormones, growth factors, and 
neurotransmitters, which bind to cell-surface receptors like G-protein-coupled receptors or 
receptor tyrosine kinases. The application of these stimuli typically triggers rapid intracellular 
calcium signals within a few seconds. In addition to IP3 production, DAG is produced and 
retained within the cell membrane, activating protein kinase C (PKC), which can cooperate with 
calcium signalling or yield extracellular messengers such as arachidonic acid. Although IP3Rs 
are the primary mediators of this release, other channels are contributing, such as ryanodine 
receptors, two-pore channels, and the mucolipin subfamily of transient receptors potential 
channels (TRPML). Furthermore, even though the ER is the major player in intracellular store 
calcium signalling, other organelles contribute to this mechanism, including apart from the 
already mentioned lysosomes, peroxisomes, acidic organelles, and mitochondria (Bootman et 
al., 2020). 
 
The cells also need different mechanisms to rapidly remove calcium from the cytosol to 
prevent ion overload, return calcium concentration to resting levels, and maintain cell 
homeostasis. These mechanisms consist of several pumps, exchangers, and buffers that 
facilitate calcium extrusion or sequestration at the cell membrane (ex., plasma membrane 
Ca2+-ATPases, Na+/Ca2+ exchanger) and the endoplasmic reticulum (ex., endoplasmic reticulum 
Ca2+-ATPase pump) (Berridge et al., 2003; Berridge et al., 2000; Brini et al., 2011; Hajnóczky et 
al., 2003; Periasamy et al., 2007). 
 
Entry and removal of calcium mechanisms are common to all cell types. However, depending 
on the cell bed, they are discretely modulated and expressed to generate characteristic calcium 
signalling and cellular outcomes. That is also the case for endothelial cells, whose functionality 
is significantly influenced by alterations in intracellular calcium concentration.  
 
Alterations in intracellular calcium concentration ensue in response to receptor activation to 
different agonists (acetylcholine, adenosine triphosphate (ATP), bradykinin, VEGF, among 
others) and mechanical stimuli, with shear stress being particularly significant for endothelial 
cell physiology (Félétou, 2011). Additionally, alterations in intravascular pressure, mechanical 
scraping, and heat can elicit endothelial calcium responses (Moccia et al., 2023). Intracellular 
calcium increases evoked by agonists generally follow a biphasic pattern, involving an initial 
phase of calcium release from intracellular stores, largely the endoplasmic reticulum, followed 
by calcium entry. This is because calcium stores reduction in the endoplasmic reticulum, 
triggered by receptor stimulation, leads to an elevation in intracellular calcium concentration 
by activating store-operated calcium entry (SOCE) channels and receptor-operated calcium 
channels (ROCE). The molecular composition of ROCE and SOCE channels in endothelial cells 
likely includes transient receptor potential (TRP) channels and the interaction of the stromal 
interaction molecule (STIM) and Orai proteins, respectively (Félétou, 2011). Furthermore, the 
entry of calcium ions induced by agonists in endothelial cells may be facilitated by purinergic 
ionotropic receptors, including P2X receptors and N-methyl-D-aspartate receptors. Calcium 
mobilisation from the endoplasmic reticulum involves binding agonists to Gαq-protein coupled 
receptors or tyrosine kinase receptors on the cell membrane. These receptors are linked to 
distinct isoforms of phospholipase C, PLCβ, and PLCγ. In the endothelial lineage, IP3 receptors 
are the predominant family of endoplasmic Ca2+-releasing channels, and three IP3R isoforms, 
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including InsP3R1, InsP3R2, and InsP3R3, are expressed in vascular endothelial cells (Moccia et 
al., 2023). Piezo1, a mechanosensitive ion channel, mainly mediates calcium influx upon 
mechanical stimulation in endothelial cells. However, the role of Gαq-coupled receptors in this 
process and the contribution of calcium mobilisation from the endoplasmic reticulum have also 
been described (Sathanoori et al., 2017; Wang et al., 2016; Wang et al., 2015). 
 
Endothelial calcium signalling mediates many cardiovascular functions, such as vasodilation, 
vascular resistance and permeability, coagulation, leukocyte transmigration, and angiogenesis, 
and a minimal dysregulation of this signalling can cause significant human diseases, such as 
atherosclerosis, type 2 diabetes, obesity, hypertension, and cancer (Moccia et al., 2023). 
Vasodilation is one of the most studied functions regulated by endothelial calcium signalling, 
as previously mentioned, increasing blood vessel diameter through stimulation of nitric oxide 
production. It is relevant to mention that small resistance vessels usually benefit from 
downstream endothelium-dependent hyperpolarization (EDH) via Ca2+-activated K+ channels 
to mediate vasodilation than other vascular beds. Flow-induced vasodilation is a shear stress-
dependent calcium signalling mechanism, and it is believed to be mediated principally by the 
mechanosensitive channel Piezo1 but not only as the role of the transient receptors potential 
vanilloid 4 (TRPV4), two purinergic receptors, one ionotropic P2X4, and other metabotropic 
P2Y2, have also been pointed as mediators of this mechanism (Ottolini et al., 2021; Swain et 
al., 2021; Wang et al., 2016; Wang et al., 2015; Yamamoto, Korenaga, Kamiya, Ando, et al., 
2000; Yamamoto, Korenaga, Kamiya, Qi, et al., 2000). The following sections will further 
explore the different contributions and known facts about the endothelial role of the cited 
membrane receptors. 
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Figure 2. Activation of the purinergic and calcium signalling. Up. Effects of mechanical stimuli in the purinergic signalling. Down. (Left) Activation of purinergic 
signalling results in calcium signalling.  Three critical components of extracellular ATP signalling and (Right) the three typical intracellular calcium signalling 
mediators. (Parts of the figure were drawn by using pictures from Servier Medical Art. Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License 

(https://creativecommons.org/licenses/by/3.0/).
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One of the other most investigated processes in endothelial cells is angiogenesis, a calcium-
tuned process. Angiogenesis is a vital process during development. In adults, blood vessels 
remain resting and quiescent. However, angiogenesis continues to sustain healthy 
physiological functions and reestablish blood vessels in tissues after injury, in conditions like 
diabetic retinopathy, or during tumour growth (Folkman, 1989; Karamysheva, 2008; Moccia et 
al., 2023; Otrock et al., 2007). The vascular endothelial growth factor (VEGF), considered the 
primary driver of angiogenesis, can trigger diverse calcium signalling to regulate different steps 
of the angiogenic response. VEGF evokes calcium signalling in endothelial cells by binding to 
VEGFR-2, which in turn will induce calcium release from stores via IP3Rs and store calcium 
operated calcium entry (SOCE), and also possibly by some lysosomal contribution via two-pore 
channel 2 (TPC2). VEGF can cause specific calcium ion patterns, known as calcium signatures, 
which can trigger diverse cellular responses, either cell proliferation or migration, by recruiting 
different calcium-sensitive decoders. Thus, endothelial calcium signalling can modulate 
endothelial cell functions by recruiting different effectors, evoking selective vascular responses 
(Moccia et al., 2019; Moccia et al., 2023).  
 
The endothelium is vital as a semipermeable barrier between the blood and the interstitial 
compartments. However, the inflammatory state modifies the permeability of this barrier, 
allowing the entry of plasma proteins into the surrounding tissues and contributing to vascular 
leakage (Filippini et al., 2019). Barrier function can be affected during an acute injury by the 
release of inflammatory mediators (histamine, bradykinin, thrombin, eicosanoids, 
leukotrienes, or prostaglandins) that could lead to an intracellular calcium influx by binding 
receptors on the endothelial cells. VEGF has also been directly implicated in regulating cell 
permeability through a calcium-dependent pathway. For example, bradykinin and thrombin 
can activate TRPC6, which is believed to be a determinant for increasing permeability during 
inflammation. Another example can be that histamine also triggers a calcium-dependent rise 
in endothelial permeability, and the loss of barrier function induced by histamine is linked to 
VE-cadherin disassembly. VE-cadherin phosphorylation and disassembly weaken adherens 
junctions, allowing endothelial cells to separate and forming paracellular gaps that enhance 
permeability. Thus, inflammatory mediators evoked calcium signalling cause the disassembly 
of adherens junctions and rearrangements in the cytoskeleton, facilitating endothelial cell 
retraction and increased permeability (Dalal et al., 2020; Filippini et al., 2019). Endothelial cells 
are key in the inflammatory process, responding to proinflammatory triggers like 
lipopolysaccharide (LPS), interleukin 1α (IL-1α), and tumour necrosis factor (TNF). TNF operates 
by binding to TNF receptors (TNFR) 1 and 2. In endothelial cells, the release of soluble TNFR1 
is calcium-dependent and crucial for regulating TNF-induced signalling, highlighting the precise 
control of intracellular calcium concentration in modulating this inflammatory response of the 
endothelium. Finally, in this concern, TNFα can boost endothelial cells to release multiple 
cytokines and promote the expression of adhesion molecules, including vascular cell adhesion 
molecule-1 (VCAM-1) (Xia et al., 1998). VCAM-1, in turn, initiates the recruitment of circulating 
monocytes, playing a pivotal role in the initial stages of atherosclerosis (Filippini et al., 2019). 
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1.3 Calcium signalling toolkit in the endothelium. 
 
The calcium signalling toolkit encompasses all the calcium transporters (channels, pumps, and 
exchangers), calcium-binding proteins, and calcium-dependent effectors found in nature. Cells 
selectively express components from this extensive toolkit that align with their specific 
functions (Bootman et al., 2020). Therefore, understanding the calcium signalling toolkit in 
endothelial cells, which plays a crucial role in a vast range of endothelial functions, is crucial 
for gaining insights into the intricate signal transduction processes mediated by different 
receptors and ion channels in this cell type. Comprehending the primary mediators of 
physiological and pathological endothelial mechanisms is critical to developing modulators of 
these proteins, which could benefit the health of millions of people. In this section, we will 
introduce different ion channels and membrane receptors in the scope of our investigation, 
keeping in mind that the central target is the purinergic receptors. We will also dig into other 
significant players relevant to understanding the current literature on endothelial calcium 
homeostasis and the different flanks of our study. 
 

1.3.1. Purinergic signalling and its role in the endothelium. 
 
Adenosine 5’-triphosphate (ATP) is acknowledged for its crucial role in cellular metabolism, 
serving as a universal enzyme cofactor during biosynthesis and as a source of cellular energy. 
Professor Geoffrey Burnstock proposed fifty years ago the concept of ATP and extracellular 
nucleotides functioning as signalling molecules in the purinergic nerve hypothesis (Burnstock, 
1977). However, despite previous corroborative evidence (Drury et al., 1929; Emmelin et al., 
1948; Holton & 1959; Paton et al., 1963), this concept remained controversial for many years. 
Nowadays, purine nucleotides and nucleoside signalling have been recognized for a long time. 
Nonetheless, the hypothesis was not entirely accepted until the receptors were cloned and 
characterised in the early 1990s (Burnstock, 2006). 
 
ATP is a nonadrenergic-noncholinergic cotransmitter in nerves of the peripheral nervous and 
central nervous system, acting as a neurotransmitter, neuromodulator, and neurosecretory. In 
addition, extracellular ATP acts as an autocrine or paracrine signal regulating cellular functions 
and the communication between neighbouring cells by activating P2 receptors (Figure 2) 
(Gerhold et al., 2016). Despite this, ATP molecules are both large and negatively charged, 
limiting their simple diffusion across the plasma membrane. In some cases, ATP is uncontrolled 
released into the extracellular milieu, such as injury to endothelial and smooth muscle cells in 
the vessel wall, causing homeostatic dysregulation and pathologic purinergic signalling (Cook 
et al., 2002). In physiological conditions, ATP is constitutively released into the extracellular 
space, participating in autocrine regulatory signalling (Lazarowski et al., 1995). There are 
different mechanisms by which ATP can be released in different cell types, such as exocytosis, 
through ATP-permeable ion channels and transporters, including connexin hemichannels, 
pannexin channels, calcium homeostasis modulator 1 (CALHM1), volume-regulated anion 
channels (VRACs), and maxi-anion channels (MACs) (Taruno, 2018; Yegutkin, 2014). P2X7 
receptors have been suggested as potential ATP-release channels, but research has been 
challenging due to the simultaneous activation by ATP itself (Johnsen et al., 2019). In 
endothelial cells, under mechanical deformation, ATP is released from the intracellular space 
into the extracellular milieu (Bodin et al., 1991; Burnstock et al., 2014; John et al., 2001; 
Lohman et al., 2012; Wang et al., 2016; Wang et al., 2015; Wei et al., 2019; Yamamoto et al., 
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2011). However, the molecular mechanism that detects the force and mediates, in turn, the 
release of ATP, needs to be better defined. Vesicular exocytosis and caveolae ATP release have 
been suggested to mediate ATP release in endothelial cells (Burnstock et al., 2014; Yamamoto 
et al., 2011), and Wang et al. portrayed pannexin-1/2 channels involvement partially mediating 
Piezo1 dependent ATP release. However, the release of ATP persisted when genetically muting 
the pannexin channels. Therefore, there is still some unknown mechanism mediating this ATP 
release.  
 
Once released to the extracellular milieu, ATP can selectively bind receptors of the P2 receptor 
family. P2 receptors are among the two groups into which purinoreceptors are divided: those 
binding purine and pyrimidine nucleosides (P1 receptors) and those binding purine and 
pyrimidine nucleotides (P2 receptors) (Burnstock et al., 2014) (Figure 3-a). These two families 
have been extensively involved in different endothelial processes, and they will be further 
discussed in the following sections. 
 

1.3.1.1 P1 receptors. 
 
P1 receptors are considered adenosine G protein-coupled receptors and are divided into four 
subtypes: A1, A2B, A2B, and A3. Like other G protein-coupled receptors, P1 receptors display 
seven putative transmembrane spanning regions, with the N-terminus positioned on the 
extracellular side and the C-terminus on the cytoplasmic side of the membrane. The residues 
within the transmembrane domains of P1 receptors are implicated in ligand binding, while the 
intracellular loops of each segment can associate with the respective G protein (Burnstock, 
2007). The adenosine receptors are differently G protein coupled. While A1 and A3 couple to 
a Gαi protein, A2A, and A2B couple to Gαs proteins. Gαi proteins prevent the formation of cyclic 
adenosine 5’-monophosphate (cAMP), and, on the contrary, Gαs-coupled P1 receptors 
promote its formation upon adenosine stimulation. The adenosine receptor A2B is the only 
one that can promiscuously couple to different G proteins, including Gαi and Gαq, apart from 
the already mentioned (Müller et al., 2020). Therefore, it can also induce calcium increase 
when stimulated.  
 
Adenosine is a purine nucleoside composed of the nucleobase adenine linked to a sugar ribose 
through a glycosidic linkage (Figure 3-b). It is a regular cellular component continuously 
produced intracellularly and extracellularly. The primary origin of extracellular adenosine is 
derived from intracellular nucleotides, including ATP, AMP, and ADP, which are released during 
stress, hypoxia, inflammation, or injury. Different ectonucleotidases can break down ATP and 
ADP to AMP, followed by an ultimate step involving the dephosphorylation of AMP to generate 
adenosine. The endothelium powerfully expresses the ectonucleotidase CD39, which mediates 
the first hydrolysis from ATP to AMP (Effendi et al., 2020). 
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Figure 3. P1, P2X, and P2Y receptors' intracellular signalling pathways and agonists. a. Nucleotides are 
released into the extracellular space and can bind to P2X and P2Y receptors. They can be enzymatically 
broken down by ectonucleotidases (ENTDP, CD73) into intermediate metabolites and nucleosides, such 
as adenosine, that can bind to adenosine receptors (P1). ATP can activate P2X receptors, allowing the 
entry of Ca2+ and Na+ ions into the cell, and P2Y receptors, initiating the calcium release from the 
intracellular stores. Both P1 and P2Y receptors are G protein-coupled and initiate different downstream 
effects depending on the specific G-protein that binds to them. b. General structure of nucleotides and 
nucleosides agonising purinergic receptors. The main difference between them is, as is represented, 
that nucleosides are just composed of the sugar (ribose) and the base (adenine or uracil, depending on 
the receptor to stimulate). At the same time, the nucleotide contains an n number(s) of phosphate 
groups (n= 1, 2,3). Image a obtained from Woods et al, 2021. (Parts of the figure b were drawn by using pictures 

from Servier Medical Art. Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License 
(https://creativecommons.org/licenses/by/3.0/). 
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Adenosine receptors have been shown to be part of the calcium toolkit in endothelial cells in 
different human models. A2B and A2A receptors have been preferentially reported to be 
expressed in endothelial cells (Feoktistov et al., 2002; Feoktistov et al., 2004; Lang et al., 2023; 
Olanrewaju et al., 2000; Tabrizchi et al.), while others reported the four adenosine receptors 
to be expressed (Deguchi et al., 1998; Fernandez et al., 2012). Some authors reported A2B 
mediation in VEGF-A upregulation in vitro and their role in wound angiogenesis mechanism 
(Du et al., 2015; Feoktistov et al., 2002; Feoktistov et al., 2004; Ryzhov et al., 2007). 
Additionally, activating A2A adenosine receptors inhibits the expression of VCAM-1. Moreover, 
the activation of both A2A and A2B has been linked to a reduction in the permeability of 
vascular endothelium, suggesting they play a crucial role in preventing and mitigating the 
inflammatory process of endothelial cells (Blackburn et al., 2009). The release of NO by human 
endothelial cells has been proposed to contribute to the vasodilator effect of adenosine, as 
well as the suggestion that cytokines may influence the expression of A2A and A2B adenosine 
receptors in human endothelium (Burnstock et al., 2014). 
 

1.3.1.2 P2 receptors. 
 
Nucleotides, instead of nucleosides, trigger P2 receptors that are subdivided into two 
subfamilies named P2X and P2Y receptors (Burnstock et al., 2011). Their sequence homology, 
topology, and pharmacological profile decided their classification. P2X receptors are ionotropic 
receptors, while P2Y receptors are metabotropic receptors, sharing with P1 receptors their G 
protein-coupled receptor nature (Miras-Portugal et al., 2020; Stokes et al., 2017). 
Ectonucleotidases carefully regulate the concentration of extracellular nucleotides within the 
physiological nanomolar (nM) to the low micromolar (µM) range (Woods et al., 2021). 
 

1.3.1.2.1 P2Y receptors. 
 
P2Y receptors are eight metabotropic receptors (P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, P2Y12, P2Y13, 
P2Y14) associated with different G protein subtypes, providing diverse second messenger 
system mechanisms upon activation. The first four receptors and P2Y11 were named P2Y1-like 
receptors (P2Y1, P2Y2, P2Y4, P2Y6, P2Y11) and are primarily linked to Gαq protein. On the other 
hand, there are the denominated P2Y12-like receptors (P2Y12, P2Y13, P2Y14) mainly coupled 
to Gαi protein. P2Y1-like Gαq-coupled receptors will act through the PLCβ/IP3/DAG pathway, 
increasing intracellular calcium concentration and activating protein kinase C. On the other 
hand, P2Y12-like Gαi-coupled receptors, whose activation inhibits adenylyl cyclase activity, 
decrease intracellular cAMP concentration (Alexander et al., 2019; Woods et al., 2021). The 
only P2Y promiscuously coupling with Gαs proteins, in addition to the Gαq protein, as 
mentioned earlier, is P2Y11. That allows the receptor to activate either adenylyl cyclase or PLCβ 
pathways (Kennedy, 2017). P2Y2 and P2Y6 can also couple to Gα12/13, leading to Rho activation 
(Alexander et al., 2019; Woods et al., 2021) (Table 1). P2Y receptors have seven potential 
transmembrane-spanning regions, as explained for P1 receptors. The N-terminus of the 
receptor is located on the extracellular side of the membrane, while the C-terminus is on the 
cytoplasmic side. The transmembrane domain residues contain the ligand binding pocket, and 
the intracellular loops enable the corresponding G protein coupling (Erb et al., 2012). 
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Their preferred agonists can also subdivide them, as P2Ys can be activated by purine and 
pyrimidine nucleotides with different affinities. As portrayed in Table 1, P2Y1, P2Y12, and 
P2Y13 are preferentially activated by adenosine 5’-diphosphate (ADP), while uridine 5’-
diphosphate (UDP) activates P2Y6 and P2Y14. Unlike all P2X receptors, whose preferred 
agonist is ATP, just P2Y11 and P2Y2 are activated by ATP. Additionally, P2Y2 is activated by 
uridine 5’-triphosphate UTP, demonstrating an equipotency between both nucleotides. UTP is 
also the preferentially agonist for P2Y4 (Alexander et al., 2019). 
 
Table 1. P2Y receptor agonist and coupling G protein subunits – human potencies. Table adapted from 
Alexander et al., 2019 and Woods et al., 2021. 

P2Y receptor 
subtype 

Gα Protein subunit Preferred agonist 
Potency (human 

receptor) 

P2Y1 Gαq ADP 10 nM 

P2Y2 Gαq, Gα12 ATP = UTP 0.5-0.3 µM 

P2Y4 Gαq UTP 73 nM 

P2Y6 Gαq, Gα12/13 UDP 15 nM 

P2Y11 Gαq, Gαs ATP 38-65 µM 

P2Y12 Gαi ADP 60 nM 

P2Y13 Gαi ADP 60 nM 

P2Y14 Gαi UDP, UDP-glucose 70-80 nM 

 
 
P2Y receptors have also been demonstrated to be components of the calcium signalling toolkit 
in endothelial cells. The most abundantly expressed and studied P2Y receptor in human 
endothelium is P2Y2 (Cabou et al., 2022; Ding et al., 2010; Gidlöf et al., 2015; Kukulski et al., 
2010; Lang et al., 2023; Mühleder et al., 2020; Sathanoori et al., 2017; Seiffert et al., 2006; 
Viana et al., 1998; Wang et al., 2016; Wang et al., 2015; Zhang et al., 2014)  followed by P2Y1, 
P2Y4, and P2Y6. P2Y2 is believed to mediate nucleotide-induced vasodilation nitric oxide-
dependent (Albarrán-Juárez et al., 2018; Alexander et al., 2019; Cabou et al., 2022; Nishimura 
et al., 2017; Raqeeb et al., 2011; Wang et al., 2016). Wang et al. showed that Piezo1 activation 
led to an ATP release which will, in turn, activate P2Y2 receptors during shear stress. P2Y2 was 
required to activate the mechanosensory complex PECAM-1/VE-cadherin/VEGFR-2. This 
complex described by Tzima et al. will allow phosphorylation of eNOS and a sustained 
production of nitric oxide. Some studies also reported transient complexes of P2Y2 and VEGFR-
2 in endothelial cell junctions (Erb et al., 2006) and fast tyrosine phosphorylation upon P2Y2 
activation (Seye et al., 2004). P2Y2 has been also being involved in endothelial cell alignment 
and cytoskeleton arrangement in human endothelial cells (Sathanoori et al., 2017), as well as 
its role in the nucleotide-mediated effects on the proliferation, migration, and spreading of 
endothelial cells (Cabou et al., 2022). Finally, its function on inflammatory responses in this cell 
type was proposed in 2004 by Seye et al. who indicated a vascular cell adhesion molecule-1 
(VCAM-1) dependency on the activation of P2Y2. P2Y1 is, together with P2Y2, a dominant P2Y 
receptor in human endothelial cells (Burnstock et al., 2014). As in the case of P2Y2, P2Y1 
mediates endothelial vasodilation NO-dependent and has a role in cell proliferation and 
migration (Cabou et al., 2022; da Silva et al., 2009; Illes et al., 2021). P2Y4 and P2Y6 have also 
been proposed for endothelial nitric oxide vasorelaxation (Alexander et al., 2019; da Silva et 
al., 2009)  in addition to a function of P2Y4 in endothelial cell migration (Burnstock et al., 2014; 
Cabou et al., 2022; Nishimura et al., 2017), and P2Y6 in endothelial inflammation (Nishimura 
et al., 2017; Riegel et al., 2011). 
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P2Y11 has been broadly reported to be expressed in the endothelium (Cabou et al., 2022; 
Chadet et al., 2015; Lang et al., 2023; Zhang et al., 2014), but its involvement in endothelial 
functions have been less studies than the previous ones. Recently, some authors illustrated 
P2Y11's role as an anti-inflammatory player in the endothelium by modulation of the activity 
of different factors such as eNOS (Piollet et al., 2021), cytokines (Ng et al., 2018), and VCAM-1 
(Kuang et al., 2019). Therefore, agents that modulate P2Y11 could hold protective therapeutic 
value in addressing atherosclerosis and the inflammation that contributes to the development 
of the disease (Strassheim et al., 2020). Furthermore, its involvement in cell proliferation (Xiao 
et al., 2011) and cell migration (Avanzato et al., 2016) has also been signalled. Together with 
P2Y1, it has been proposed to participate in barrier function promotion (Burnstock et al., 2014). 
 
P2Y12, P2Y13, and P2Y14 expression are being reported to a lower extent (Cabou et al., 2022), 
and more research is needed on their roles in human endothelial cells. Nonetheless, the role 
of P2Y12 in cell proliferation (Cabou et al., 2022) and migration (Han, 2022) has been proposed 
lately. 
 

1.3.1.2.2 P2X receptors. 
 
P2X receptors are seven ionotropic receptors (P2X1, P2X2, P2X3, P2X4, P2X5, P2X6, and P2X7) 
activated by binding ATP. P2X receptors form non-selective ATP-gated ion channels, whose 
activation leads to conformational arrangements within the transmembrane domain and Na+ 
and Ca2+ influx and K+ efflux through the pore, triggering cell membrane depolarization and 
downstream signalling events (Franklin et al., 2014; Samways et al., 2014; Stokes et al., 2017). 
Concerning the above-mentioned transmembrane domain, members of this family present a 
similar three-dimensional structure, consisting of two hydrophobic transmembrane domains 
(TM1 and TM2), N and C-termini and a large extracellular ectodomain (Dal Ben et al., 2015). 
Each P2X subunit structure has been compared to the shape of a leaping dolphin. P2X 
receptors differ from other identified ion channels in sequence and structure (Habermacher et 
al., 2016). These receptors are trimeric, forming a homotrimeric or heterotrimeric receptor by 
combining the different peptide subunits (P2X1-7), even though not much is known about 
heteromeric combinations and their functions (North, 2002; Oken et al., 2022). 
 
ATP is the preferred agonist of the P2X receptors (Kennedy, 2021), but they have different 
sensitivities to the nucleotide and desensitization kinetics (Tabla 2) (Coddou et al., 2011). 
Homomeric P2X1 and P2X3 portrayed the fastest desensitization (lower than 1 second), and 
they are the most sensitive to ATP with submicromolar potency values for human receptors 
(P2X1: 0.56-0.7 µM; P2X3: 05.-1 µM). The other P2X receptors, except P2X6, considered a silent 
receptor in humans, demonstrated slower desensitization, greater than 20 seconds. P2X2, 
P2X4, and P2X5 (exon 10 containing) follow P2X1 and P2X3 in sensitivity, with slightly higher 
potencies (P2X2:2-8 µM; P2X4: 1-10 µM; P2X5: 0.44-10 µM), while P2X7 showed potency in 
the millimolar range (Chessell et al., 1998; Illes et al., 2021; Müller et al., 2020; Stokes et al., 
2006). 
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Table 2. P2X receptor agonist and desensitization profile – human potencies. Table adapted from Illes 
et al., Müller et al. , Chessell et al., 1998, and Stokes et al., 2006. 

 
 
 
 
 
 
 
 
 
 
 
P2XRs mediate the regulation of blood vessel tone, and they have a role in the calcium toolkit 
of endothelial cells. P2X4 and P2X7 are the most expressed P2X receptors in human endothelial 
cells, and their function is primarily related to the action of shear stress (Korenaga et al., 2001; 
Sathanoori, Rosi, et al., 2015; Wu et al., 2023; Yamamoto et al., 2018; Yamamoto, Korenaga, 
Kamiya, Ando, et al., 2000) and inflammatory processes (Aslam et al., 2021; Schmid et al., 2019; 
Wu et al., 2023). The endothelial shear stress is intimately associated with the physiology, 
pathophysiology, and development of the blood vessels and can control the form and function 
of the endothelium (Wu et al., 2023). The main P2X player in this process is P2X4, whose role 
in mediating ATP-induced responses in endothelial cells and shear stress-dependent responses 
was demonstrated in early 2000 (Korenaga et al., 2001; Yamamoto, Korenaga, Kamiya, Ando, 
et al., 2000; Yamamoto, Korenaga, Kamiya, Qi, et al., 2000). In addition, P2X4 transcriptional 
expression was regulated by applying this stimulus (Korenaga et al., 2001), and P2X4 is also 
believed to mediate indirect effects, as regulation of Krupple-like factor 2 (Sathanoori, Rosi, et 
al., 2015). P2X4 expression has been linked to P2X6 expression in their location in VE-cadherin 
cell-cell contact at the human endothelial cell adherent junctions (Glass et al., 2002). P2X4's 
role in vasodilation is backed by genetic analysis that correlates a loss-of-function 
polymorphism in the hP2X4 with augmented pulse pressure (Schmid et al., 2019). The different 
expressions of P2X4 between human venous and arterial endothelial cells showed a higher 
expression of P2X4 in human venous endothelial cells (Aslam et al., 2021). Nonetheless, some 
studies failed to demonstrate P2X4 functional activity in human endothelial cells and its 
involvement in ATP-dependent signalling or nitric oxide production, implying the necessity to 
investigate purinergic signalling in this cell type (Raqeeb et al., 2011; Wang et al., 2015; Wilson 
et al., 2007). P2X7 involvement in endothelial cells is usually more related to inflammatory 
processes (Aslam et al., 2021; Burnstock et al., 2014; Schmid et al., 2019; Wu et al., 2023), 
which does not exclude their activity under shear stress. Under specific shear stresses, ATP can 
activate P2X7 receptors, inducing E-selectin and IL-1β secretion that promote endothelial 
inflammation in atherosclerotic spots (Wu et al., 2023). Additionally, the expression of P2X7 in 
human carotid artery atherosclerotic plaques is approximately 20 times greater than in non-
diseased regions (Schmid et al., 2019). Wilson et al. demonstrated that proinflammatory 
conditions upregulated P2X7 and P2X4 expression, as Sathanoori et al. did in 2015 in high-
glycemic inflammation in human endothelial cells, portraying P2X4 involvement in 
inflammatory processes (Sathanoori, Swärd, et al., 2015).  
 

P2X receptor 
subtype 

Preferred agonist Desensitization 
Potency (human 

receptor) 

P2X1 ATP Fast 0.1-0.7 µM 

P2X2 ATP Slow 2-8 µM 

P2X3 ATP Fast 1 µM 

P2X4 ATP Slow 1-10 µM 

P2X5 ATP Slow 0.44-10 µM 

P2X6 ATP - - 

P2X7 ATP Slow 700 µM-1.8 mM 
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Expression of P2X5 has been reported in human endothelial cells (Burnstock et al., 2014; 
Ralevic, 2012), but its role and functional expression in the endothelium are still to be resolved. 
It is relevant to mention that the most common form of P2X5 in humans is a splice variant 
lacking exon 10 that causes loss of function of the P2X5 receptor (Kotnis et al., 2010). Neither 
P2X2 nor P2X3 are known to be expressed in human endothelial cells. Lastly, expression of 
P2X1 was demonstrated in human endothelial cells in some reports (Burnstock et al., 2014), 
but their role in endothelial function still needs to be demonstrated in humans. It is believed 
that P2X1 is highly specifically expressed in smooth muscle cells, and its vascular function is 
mainly developed during vasoconstriction (del Carmen Gonzalez-Montelongo et al., 2023; 
Ralevic, 2012; Wang et al., 2002). 
 

1.3.2. Piezo1 and its role in the endothelium. 
 

Piezo ion channels convert mechanical stimulus into various biological activities through a 
process called mechanotransduction. Piezo1 and Piezo2 were identified in 2010 as molecular 
mediators of the mechanically activated current found across multiple cell types (Coste et al., 
2010). Piezo proteins are mechanosensitive channels forming a pore force-gated whose 
opening probability depends on a physical stimulus allowing the entry of cations, slightly 
preferring calcium over monovalent cations (Ottolini et al., 2021; Prindle et al., 2015). While 
the primary function of Piezo2 is the mediation of gentle touch sensation, Piezo1 has functions 
in numerous physiological processes, including sensing shear stress of blood flow for proper 
blood vessel development, regulating urinary osmotic pressure, controlling blood pressure and 
exercise performance (Faucherre et al., 2014; Li et al., 2019; Martin‐Almedina et al., 2018). 
Previous studies have shown that over 25 mutations in Piezo1 cause human disease. However, 
most mutations have yet to be extensively studied (Song et al., 2020). Piezo1 is activated 
through cell membrane deformations caused by mechanical forces, such as osmotic pressure, 
fluid shear stress, substrate stiffness, and confinement (Ranade et al., 2014). 
 
Piezo1 presence and function as a critical player in sensing blood flow-induced physiological 
shear stress have been previously reported (Li et al., 2014; Ranade et al., 2014; Tang et al., 
2022). Piezo1 activation leads to vasodilation, endothelial calcium influx and cell alignment 
shear stress-dependent, and its activation has been directly linked to ATP release upon shear 
stress stimulation in endothelial cells (Wang et al., 2016). Wang et al. demonstrated P2Y2 
downstream signalling due to this ATP release, which in turn favoured activation of the shear 
stress sensing complex PECAM-1/VE-cadherin/VEGFR-2 (Tzima et al., 2005). Activating this 
downstream signalling will allow a more sustained eNOS phosphorylation and nitric oxide 
release. Interestingly, Piezo1's role in endothelial cell alignment was also proposed for P2Y2 
(Sathanoori et al., 2017), and deletion of Piezo1 reduced the activation of the Klf-2 factor 
(Gerhold et al., 2016) as in the case of P2X4 (Sathanoori, Rosi, et al., 2015). In addition to its 
role in vasodilation, which is believed to be due to proatherogenic and atheroprotective flow-
dependent endothelial responses, Piezo1 can mediate vasoconstriction in this cell type during 
whole-body exercise when the cells are exposed to increased blood flow (Beech, 2018; Ottolini 
et al., 2021; Rode et al., 2017; Tamargo et al., 2023). Furthermore, Piezo1 mediates pro-
atherogenic endothelial responses to disturbed flow, promoting endothelial inflammation. This 
study also portrayed blocked disturbed flow-induced inflammatory signalling after the 
knockdown of P2Y2 (Albarrán-Juárez et al., 2018). Finally, Notch receptor 1, a membrane 
protein expressed in human endothelial cells, has been demonstrated to be activated in 
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response to fluid flow stimulation. The underlying mechanism remained unknown for a time, 
but Caolo et al. illustrated in 2020 that the activation of the NOTCH1 response in response to 
shear stress requires Piezo1 (Caolo et al., 2020). 
 

1.3.3. VEGF and its role in the endothelium. 
 
Vascular endothelial growth factors comprise four VEGFs in vertebrates, from A to D, and the 
placenta growth factor (PIGF). They bind to the VEGF receptors 1 to 3, but VEGF receptor 2 
(VEGFR-2) is the leading player in endothelial VEGF signalling (Figure 4). VEGFRs are tyrosine 
kinases (RTKs), and VEGF binding induces receptor dimerization, which allows the activation of 
the receptor through autophosphorylation of its tyrosine residues in the intracellular domains 
of the receptors (Simons et al., 2016). 
 
VEGFR-2 plays a central role in regulating angiogenesis, vascular permeability, and shear stress 
transduction in the endothelium of blood vessels (Heinolainen et al., 2017; Rahimi, 2006; Tzima 
et al., 2005; Wang et al., 2016). VEGFR-1 is known to be also involved in angiogenesis, and its 
function might be limited as a modulator of VEGFR-2 (Rahimi, 2006). VEGFR-1 and R-2 bind to 
the vascular endothelial growth factor A (VEGF-A). VEGFR-2 can bind VEGF-A and VEGF-C (after 
proteolytic maturation (Masłowska et al., 2021)) and induce calcium fluxes in the cytosol by 
activating the PLC pathway and the simultaneous entry of calcium through various channels, 
such as TRPC5 and Orai channels (Li et al., 2011). The VEGFR-1's lack of ability to evoke VEGF-
dependent calcium responses is curious as it has a much higher affinity to VEGF-A than VEGFR-
2 (de Vries et al., 1992). Its way to modulate vascular biological responses is limited to its 
capacity to heterodimerize with VEGFR-2 (Cudmore et al., 2012; Rahimi, 2006; Shibuya, 2011). 
This is because, unlike most of the tyrosine kinase receptors that activate the Ras pathway or 
PI3K pathway, it is known that the PLCγ-PKC-MAPK pathway is favourably activated in VEGF-
bound VEGFR-2. A domain of PLCγ binds specifically to the 1175-PY site of VEGFR-2. VEGFR-1 
exhibits significantly weaker kinase activity than VEGFR-2, and a complete understanding of its 
signalling cascade is not yet established. The 1169-Y on VEGFR-1, equivalent to 1175-Y on 
VEGFR-2, serves as a PLCγ activation site for VEGFR-1. Nevertheless, 1169-PY is not a 
prominent autophosphorylation site on VEGFR-1, and the direct pro-angiogenic activity from 
VEGFR-1 is usually weak or undetectable (Shibuya, 2011). VEGFR-1 can also bind VEGF-B, which 
is not the case for VEGFR-2 (Olofsson et al., 1998). VEGFR-2 activation upon VEGF ligands 
binding is considered the canonical VEGFR-2 activation (Simons et al., 2016). However, a non-
canonical activation has also been described. This activation type is based on a non-ligand 
stimulation, which, in this case, is replaced by mechanical forces such as shear stress that 
induces tyrosine phosphorylation and activation of the receptor. The previously mentioned 
mechanosensory complex formed by PECAM-1/VE-cadherin/VEGFR-2 is necessary for the 
mechanical stimulation of VEGFR-2 and further phosphorylation. The cytoplasmic tyrosine 
kinase SCR is required to phosphorylate VEGFR-2 and is believed to be dependent on P2Y2 
activation (Simons et al., 2016; Tzima et al., 2005; Wang et al., 2016). 
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Figure 4. VEGF family: receptors and ligands.  The family includes three RTK receptors, VEGFR-1, VEGFR-
2, and VEGFR-3, and two neuropilin family members, NRP1 and NRP2. Binding simultaneously to various 
transmembrane protein types allows the formation of multiprotein complexes that may include not 
only receptors but also auxiliary proteins such as integrins (Simons et al., 2016). As portrayed, different 
members of the VEGF family bind to various types of VEGF receptors. Image adapted from (Lange et 
al., 2016). 
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VEGFR-2 phosphorylated Y1175 and PLCƴ activation results in IP3 generation and DAG. 
Classically, IP3 will induce calcium release from the ER, and DAG will activate calcium-
dependent protein kinase C (PKC), activating the ERK1/2 pathway (usually dependent on the 
Ras pathway). The PLCγ–PKC pathway regulates various elements of endothelial cell biology, 
including cell fate specification, proliferation, and migration. Calcium signalling plays a crucial 
role in VEGF biology, mediating the PLCγ-induced activation of the ERK1/2 pathway and 
contributing to the activation of the nuclear factor of activated T cell (NFAT) family of 
transcription factors. Calmodulin, which functions as a calcium sensor, and calcineurin, a 
calcium-dependent serine/threonine phosphatase, regulate the nuclear translocation and 
transcriptional activation of NFAT proteins. NFAT, in turn, reduces the expression levels of 
VEGFR-1, leading to increased signalling by VEGFR-2 due to greater availability of VEGFA 
(Simons et al., 2016). 
 
On the other hand, signals for lymph angiogenesis are transmitted by VEGF-C/D via VEGFR-3 
(Heinolainen et al., 2017). VEGFR-3 is initially expressed by both blood and lymphatic 
endothelial cells during early embryonic development. As development progresses, its 
expression becomes predominantly confined to the lymphatic system. However, during 
angiogenesis, there is the potential for reinduction of VEGFR-3 expression in blood endothelial 
cells (Deng et al., 2015). The signalling pathways of VEGFR-3 do not involve the PLC pathway 
and affect the PKC pathway and Ras pathway (Hsu et al., 2019; Shibuya, 2011). Recently, 
research has demonstrated that VEGFR-3 may be a component of the mechanosensory 
complex and can also be activated non-canonically (Simons et al., 2016). 
 

1.3.4. TRPs and its role in the endothelium. 
 
Transient receptor potential (TRP) channels are a cation ion channel superfamily essential for 
endothelial calcium fluxes throughout human illnesses and physiological activities (Genova et 
al., 2020). In humans, TRP channels are divided into six subfamilies: TRPC, TRPM, TRPML, TRPP, 
TRPA, and TRPV (Moran et al., 2004; Vriens et al., 2014). These six subfamilies have 28 
members, but only nine have demonstrated their roles in human endothelial Ca2+ signalling 
and different functions (Thakore et al., 2019). The main members involved, and their functions 
are summarised in Table 3. 
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Table 3. Functions of human endothelial TRP channel summary.It was modified from Thakore et al., 
2019 from references only in human endothelium along the text. TRPV4 role in vasodilation is extracted 
from Swain et al., 2021. 

*TRPA, ankyrin; TRPV, vanilloid; TRPC, canonical; TRPM, melastatin. 
 

1.4 Shear stress. 
 
Mechanotransduction can be defined as the process by which a mechanical stimulus is 
translated into a biological response within the cell. Shear stress involves the principal 
mechanotransductional process in the endothelium, modulating different endothelial 
processes, including angiogenesis and vascular morphogenesis, remodelling, and tone 
(Chistiakov et al., 2017; Roux et al., 2020). Endothelial shear stress calcium-induced responses 
through different receptors have been portrayed in the previous sections, and therefore, an 
introduction to this stimulus effect in the endothelium is considered relevant. 
 
Shear stress is the frictional force produced by blood flow over the apical cell membrane of the 
endothelium. The Greek letter t usually represents this force, measured in dyne/cm2 (Davies 
et al., 2019; Davies, 2009; Walshe et al., 2013). In vivo, there is a vast range of physiological 
shear stress values depending on the type of blood vessel. It is typical in human arteries to find 
values from 2 to 40 dynes/cm2, increasing to 100 dynes/cm2 in branches and bifurcations. As 
well as the differences in shear stress values, the flow type varies depending on the vascular 
bed. The straight portions of an artery show a laminar (also called uniaxial) and pulsatile flow 
pattern, while branches and bifurcations show turbulent (or multidirectional) flow. Different 
flow types determine different effects on the endothelium. Multidirectional flow has been 
linked as proinflammatory and proatherogenic, while uniaxial stimuli induce endothelial 
properties as atheroprotective. On the other hand, changes in the shear stress rate lead to 
vasoconstriction (decreases in shear stress values) or vasodilation (increases in shear stress 
values), and fluctuations in shear stress initiate vascular remodelling (an essential factor in the 
control of vascular development) (Gerhold et al., 2016; Reinhart-King et al., 2008; Warboys et 
al., 2019). Thus, the physiological role of shear stress in endothelium physiology is undisputed. 
The different types of blood flow are represented in Figure 5, together with the different 
approaches to studying shear stress effects in vitro, for further implications in this 
investigation.

TRP subtype Vasodilation Permeability Angiogenesis Inflammation 

TRPA1 √   √ 

TRPV1 √  √ √ 

TRPV4 √ √ √ √ 

TRPC1 √ √  √ 

TRPC3 √  √ √ 

TRPC4   √  

TRPC5   √  

TRPC6  √  √ 

TRPM2  √   



 
 

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Different in vitro approaches to the endothelial function and flow types. The endothelial function study has two main strategies: static and dynamic 
conditions. In static conditions, endothelial cells can be pharmacologically stimulated, and the effects of shear stress can be assessed using shear stress-mimic 
drugs. Dynamic conditions are subdivided into two main physiological blood flow types: laminar and turbulent. Typically, laminar flow is found in healthy vessels, 
and turbulent flow is characteristic of pathological processes, such as atherosclerosis. Technically, laminar flow can be simulated in parallel plate flow chambers 
and at the edge of orbital plate flow chambers. Additionally, the orbital plate flow chamber allows the study of the laminar (at the edge) and the turbulent flow 
chambers (at the centre) simultaneously. (Parts of the figure were drawn by using pictures from Servier Medical Art. Servier Medical Art by Servier is licensed under a Creative Commons 

Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/).

https://creativecommons.org/licenses/by/3.0/
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1.5 Aims and objectives. 
 
The literature shows that calcium signalling in the endothelium mediates critical physiological 
processes. Developing drugs and modulators against the molecular players in this signalling 
can help fight multiple cardiovascular pathologies. Purinergic receptors represent a desirable 
drug target as they are involved in multiple endothelial functions (vasodilation, vascular 
permeability, inflammation, cell proliferation, and migration) and interact with other proteins 
to maintain calcium homeostasis in the endothelium. In addition, some purinergic receptors 
have been successfully targeted in other cell types for therapeutic gain. For example, the P2Y12 
receptor serves as the target for the antiplatelet drug clopidogrel, which is extensively utilized 
in treating and preventing myocardial infarctions, and the P2Y2 receptor agonist diquafosol is 
employed in Japan and Korea as a treatment for dry eye.  
 
Through this project, I want to identify the molecular basis of nucleotide-induced calcium 
responses in vitro in immortalised human microvascular endothelial cells and their potential 
contribution to the vascular endothelial growth factor evoked responses (Chapter 3). This 
analysis will be completed with the purinergic molecular characterization of a human primary 
endothelial cell line in an attempt to replicate previous observations in the immortalized cell 
line. Using a similar assay configuration, I also investigate the potential contribution of P2 
receptors in the Piezo1-dependent responses (Chapter 4), with the primary aim being to 
compare these results with the possible involvement of P2 receptors in shear stress-dependent 
calcium responses. In doing so, this work aimed to determine which P2 receptor is the primary 
mediator of ATP-dependent endothelial calcium signalling and their possible involvement in 
other receptor signalling. 
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Chapter 2. Materials and Methods. 
 

2.1 Drugs and reagents 
 
All chemicals used throughout this study were mainly purchased from Thermo Fisher Scientific 
(Loughborough, UK), Sigma-Aldrich (Gillingham, UK), and Tocris Bioscience (Bristol, UK). The 
specific suppliers for each used reagent will be detailed throughout this chapter in the 
following Tables 1, 2, 3, and 4. 
 
Table 1. List of exogenous nucleotides and other selective agonists. 

Compound Target Supplier Purity Vehicle Concentration  Reference 

ATP 
P2XRs, 

P2Y2,11 
Abcam >99% water 0.01-300 µM Burnstock (2007) 

ADP P2Y1,12,13 
Sigma-
Aldrich 

≥95% water 0.002-300 µM 
Chhatriwala et al. 

(2004) 

UTP P2Y2,4 Abcam ≥96% water 0.002-300 µM Burnstock (2007) 

UDP P2Y6,Y14 
Sigma-
Aldrich 

≥96% water 0.01-1000 µM Burnstock (2007) 

VEGF165 VEGFR-1,2 
R&D 

Systems 
>97% PBS 0.3-100 ng/mL 

Robinson et al. 
(2001) 

VEGF167 VEGFR-1 
R&D 

Systems 
>95% HCl 0.3-100 ng/mL 

Olofsson et al. 
(1998) 

Yoda1 Piezo1 Tocris 99.9% DMSO 0.03-30 µM Syeda et al. (2015) 

Water: deionised water; PBS: phosphate buffered saline; DMSO: dimethyl sulfoxide. Compound stocks were 
prepared in 100% of the vehicles referred to in the table, stored at -20°C, and serially diluted to the final 
concentration ranges specified in this study. 
 

Table 2. List of non-selective purinergic receptor antagonists and ATP scavengers (apyrase). 

Compound Supplier Concentration  Vehicle Reference 

Apyrase Sigma-Aldrich 0.5, 2, 10 U/mL water Kettlun et al. (1982) 

PPADS Sigma-Aldrich 30, 100 µM water Jones et al. (2000) 

Suramin Sigma-Aldrich 100 µM water Jones et al. (2000) 

Water: deionised water. Compounds stocks were stored at -20°C. 
 

Table 3. List of selective purinergic and adenosine receptors antagonists or modulators. 

Compound Target Supplier Vehicle Concentration  Reference 

BAY-1797 P2X4 
Cambridge 
Biosciences 

DMSO 3, 10 µM Werner et al. (2019) 

5-BDBD P2X4 Tocris DMSO 10 µM Bidula et al. (2022) 

BX430 P2X4 Tocris DMSO 10 µM Ase et al. (2015) 

Ivermectin P2X4 
Sigma-
Aldrich 

DMSO 3 µM Khakh et al. (1999) 

PSB12062 P2X4 
Sigma-
Aldrich 

DMSO 10 µM 
Hernandez-Olmos et al. 

(2012) 

AR-C 
118925XX 

P2Y2 Tocris DMSO 10 µM Rafehi et al. (2017) 

NF157 P2Y11 Tocris water 5 µM Ullmann et al. (2005) 
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MRS 1754 A2B Tocris DMSO 100 nM Ji et al. (2001) 

Water: deionised water; DMSO: dimethyl sulfoxide. Compounds stocks were stored at -20°C. 

 
Table 4. List of other drugs and inhibitors. 

Compound Function Supplier Vehicle Concentration  Reference 

Acetylcholine Neurotransmitter 
Sigma-
Aldrich 

water 100 µM Popot et al. (1984) 

Carbachol 
Acetylcholine 

receptor agonist 
Sigma-
Aldrich 

water 100 µM Scarr et al. (2013) 

Dooku1 Yoda1 blocker Tocris DMSO 10 µM Evans et al. (2018) 

GsMtx4 Piezo1 inhibitor PeptaNova DMSO 2.5, 10 µM Bae et al. (2011) 

Thapsigargin 
SERCA pump 

inhibitor 
Santa Cruz DMSO 1, 10 µM Lyttonsg et al. (1991) 

SQ 22536 
Adenylyl cyclase 

inhibitor 
Tocris DMSO 1, 10 µM Emery et al. (2013) 

U-73122 PLC inhibitor Santa Cruz DMSO 5 µM Bleasdale et al. (1993) 

Water: deionised water; DMSO: dimethyl sulfoxide; PLC: phospholipase C; SERCA: sarcoendoplasmic reticulum 
calcium transport ATPase. Compounds stocks were stored at -20°C. 

 

2.2 Cell culture 
 
All cells were cultured in a Class II Microbiology Safety Cabinet and were grown in an incubator 
with an atmosphere of 5% CO2 at 37ºC. Unless otherwise stated, cells were maintained in 
uncoated tissue culture flasks from Thermo Fisher. All cells used in this study were adherent 
and routinely cultured in filtered T25 or T75 flask (Thermo Scientific).  
 

2.2.1. Human microvascular endothelial cells (HMEC-1) 
 
HMEC-1 is a human dermal microvascular endothelial cell line firstly isolated from the male 
foreskin and a popular alternative to primary endothelial cell lines, with advantages such as 
growing and expansion time over primary cell lines. HMEC-1 are immortalized cells that were 
used between passages 1 to 12 because of the response to the vascular endothelial growth 
factor (VEGF165). The lack of VEGF165 responsiveness is a sign of them losing their endothelial 
phenotype. 
 

2.2.1.1 General maintenance 
 
HMECs-1 were maintained in MCDB-131 from Gibco supplemented in-house with 10% of foetal 
bovine serum (FBS), 1% penicillin/streptomycin solution (20 units·ml-1 penicillin and 50 µg·ml-

1 streptomycin), 0.1 g·mL-1 hydrocortisone (Sigma), 10 ng/mL EGF (Thermo Fisher) and 10 
mM L-glutamine (G7513, Sigma). This growth media contains many components not found in 
traditional basal media, such as trace elements, putrescine, adenine, thymidine, and higher 
levels of some amino acids and vitamins. It is buffered with sodium bicarbonate, and it has low 
glucose levels. 
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2.2.1.2 Cell passage 
 
Cells were sub-cultured when reached 80% confluency. Firstly, cells were washed with 7.5 mL 
of room temperature sterile and filtered phosphate-buffered saline (PSB, Lonza) twice, 
followed by treatment of 1.5 mL trypsin EDTA (Lonza) for 3 minutes in the humidifier incubator 
at 37ºC. When required, the cultured vessel was gently tapped, and detaching trypsin reaction 
was neutralised by adding 3 mL of fresh pre-warmed complete cell growth media. Then, cells 
were counted using a Neubauer haemocytometer and cells·mL-1 was calculated. For cell line 
maintenance cells were diluted into a new culture vessel at a density of approximately 2x104 
cells·mL 1. 
 

2.2.1.3 Cryopreservation and thawing 

First or early passages of HMEC-1s were prepared for cryopreservation as a routine process 
when receiving a new cell batch from the manufacturer. Cryopreserving solution consisting of 
63% complete growth media, 27% foetal bovine serum (FBS), and 10% of dimethyl sulfoxide 
(DMSO) was used to prepare cryovials with an approximate density of 1x106 cells per vial.  

Briefly, in the last step of the cell passage process, and once the trypsin reaction was 
neutralised with complete cell growth media, the mix was centrifuged at 1200 rpm for 5 
minutes at room temperature (RT). Next, the supernatant was aseptically decanted, and the 
pellet was gently re-suspended in cryopreservation media. Finally, cells were diluted at the 
appropriate concentration. 
 
For thawing the HMECs from liquid nitrogen, cryovials were directly transferred to dry ice for 
short transportation, and once in the hood, the cap was twisted to relieve the pressure and 
retightened again. Then, the vial was quickly immersed in a 37ºC warm bath for 5 minutes. 
Once the vial was disinfected and the supernatant was discarded, the pellet was resuspended 
in 1 ml of cell growth medium to be transferred to a T75 flask. 
 

2.2.2. Human umbilical vein endothelial cells (HUVECs) 
 
HUVEC is a human endothelial primary cell line commonly used to study important biological 
processes, including atheroma and shear stress effects in the endothelium. HUVECs were 
purchased from PromoCell (Heidelberg, Germany) and supplied from pooled donors. Cells 
were cryopreserved once isolated from the pooled placental large vessel at passage 1 or 2.  
HUVECs were used between passage 1-12, as the cells stop responding to VEGF165, a very 
characteristic endothelial-like phenotypic response. 
 

2.2.2.1 General maintenance 
 
HUVECs were maintained in PromoCell Endothelial Cell Growth ready to use with the addition 
of Supplement Mix containing these final concentrations: foetal calf serum 0.02 ml·ml-1, 
endothelial cell growth supplement 0.004 ml·ml-1, epidermal growth factor (recombinant 
human) 0.1 ng·ml-1, basic fibroblast growth factor (recombinant human) 1 ng·ml-1, heparin 90 
µg·ml-1 and hydrocortisone 0.1 µg·ml-1. 1% penicillin/streptomycin solution (20 units·ml-1 
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penicillin and 50 µg·ml-1 streptomycin) was also added. The growth medium was kept in a cold 
room avoiding light, since it is light-sensitive.  
 

2.2.2.2 Cell passage 
 
A standard trypsin neutralization protocol is unsuitable for HUVECs, and a specific Detach Kit 
is designed for the cell subculture. This kit contains HEPES BSS, Trypsin/EDTA, and Trypsin 
Neutralizing Solution. Before starting the subcultivation protocol, reagents were warmed at 
room temperature for at least thirty minutes. Once cell culture reached 70-80% of confluence 
in a T25 or T75 flasks, the culture medium was carefully aspired, and cells were washed with 
100 µl HEPES BSS solution per cm2. Once HEPES was aspirated, 100 µl·cm2 of Trypsin/EDTA was 
added. After 5 minutes of treatment at room temperature and gently tapping the side of the 
vessel, trypsin was neutralized with 100 µl·cm2 Trypsin Neutralization Solution. The cell 
suspension was transferred to a centrifugation tube for 3 minutes of spin at 220 x g at RT. The 
pellet was re-suspended in 1 mL of fresh cell growth media. Cells were counted with the 
haemocytometer and seeded at the required concentration in a new flask to preserve the cell 
line or in a 96-well plate for experimental use. Cells were used between passages 1 to 12, and 
fresh media changes were performed when cells were not passaged for more than two days. 
 

2.2.2.3 Cryopreservation and thawing 
 
First or early passages of HUVECs were prepared for cryopreservation as a routine process 
when receiving a new cell batch from the manufacturer. In the last step of the cell passage 
process, once cells were centrifuged in a pellet, a freezing medium (Cryo-SFM from PromoCell) 
was used to resuspend approximately 1 x 106 cells·ml-1. Cryo-SFM provided excellent results in 
the cryopreservation of primary human cells and consisted of methylcellulose, DMSO, and 
other cryoprotectants not specified by the manufacturer. Cryogenic storage vials (Thermo 
Scientific) with the cell’s solution were placed in a cryo-freezing container to reach quickly low 
temperatures and immediately placed in the liquid nitrogen tank (- 196ºC). Storage at -80ºC is 
insufficient for preserving HUVECs and causes irreversible cell damage. 
 
For thawing the HUVECs from liquid nitrogen, cryovials were directly transferred to dry ice for 
short transportation. In the hood, the cap was twisted to relieve the pressure and retightened 
again. Quickly, the vial was immersed in a 37ºC warm bath for 2 minutes, 1 ml of cell medium 
was added, and, finally, the vial was centrifuged for 3 minutes at 220 x g at RT. Once the vial 
was disinfected and the supernatant was discarded, the pellet was resuspended in 1 ml of cell 
growth medium to be transferred to a T25 flask. 
 

2.2.3. Human 1321N1 astrocytoma cells 
 
The human 1321N1 human astrocytoma cell line was isolated from the 1181N1 cell line, 
previously isolated from a human malignant glioma parental line (Ponten et al., 1968). This cell 
line lacks the presence of endogenous P2 receptors (Bianchi et al., 1999), making them a good 
model as a blank control for purinergic receptors when checking protein expression in other 
cell lines. This cell line will be referred to in this study as the parental 1321N1 cell line. Another 
human 1321N1 astrocytoma cell line was available in-house, the one stably expressing P2X4, 



 45 

derived from the first by stable transfection of the human P2X4 gene. This cell line was used as 
a positive control to test P2X4 antagonists in calcium mobilisation assays. 
 

2.2.3.1 General maintenance 

Astrocytoma´s cells were maintained in Dulbecco’s Modified Eagle Media (DMEM) high glucose 
from Lonza containing 0.6 g·L-1 L-Glutamine and supplemented with 10% of foetal bovine 
serum (FBS) and 1% penicillin/streptomycin solution (20 units·ml-1 penicillin and 50 µg·ml-1 
streptomycin). 

Cell passaging and the cryopreservation and thawing process follow the same procedures 
previously described in this section for the human microvascular endothelial cells (HMEC-1). 
 
Table 5. Cell lines and culture media specifications summary. 

Cell line Supplier Medium 

HMEC-1 ATCC® 

MCDB-153 (11513407, Gibco, Fisher 
Scientific) supplemented with 10% FBS, 1% 

Pen/strep, 0.1 g/mL hydrocortisone (H0396, 
Sigma), 10 ng/mL EGF (E5036, Sigma), 10 mM 
L-glutamine (G7513, Sigma) 

HUVEC (cryopreserved, 
pooled donors) (C12203) 

PromoCell 

PromoCell Endothelial Cell Growth ready to 
use prepared with the Supplemental Mix (C-
22010) 
Detach kit from PromoCell was used for cell 
passaging (C-41210) 

h1321N1 astrocytoma 
(parental and hP2X4) 

ECACC 

DMEM High Glucose L-glutamine (11574486, 
Gibco, Fisher) supplemented with 10% FBS 
and 1% Pen/Strep 

HELA ECACC 

DMEM High Glucose L-glutamine (11574486, 
Gibco, Fisher) supplemented with 10% FBS 
and 1% Pen/Strep 

Detach solution used was Trypsin 0.25% (25200056, Fisher). Foetal bovine serum (FBS) (F9665) and the penicillin/streptomycin 
solution (P4458) were acquired from Sigma Aldrich. HELA cells were cultured following the procedures previously described for 
h1321N1 astrocytoma cells (Section 2.2.3.1). 
 

2.3 Calcium mobilisation assays 

Intracellular Ca2+ concentrations were measured using the fluorescent ratiometric indicator 
Fura 2-acetoxymethyl ester (Fura 2-AM in DMSO, Abcam Life Technologies) (Grynkiewicz et al., 
1985). The dye is selective for calcium other divalent cations, such as, Mg2+ or Zn2+. Fura 2-AM 
is permeable through the membrane due to its AM ester group, and once inside the cell, the 
intracellular esterases cleavage the group trapping the dye in the intracellular milieu and 
leading to a negative charge fluorescent dye that can bind Ca2+ (Figure 1-C). 

Fura 2-AM measures intracellular calcium ([Ca2+]i) at 340 and 380 nm at two excitation 
wavelengths, while the emitted light signal is read at 510 nm. The dual excitation of the dye is 
reached since the absorption peaks of the wavelengths are close to its isosbestic point. Upon 
binding to free Ca2+, the absorption spectrum experiences a shift in a way that Fura-2 is more 
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efficient at exciting 340 nm when bound to calcium (dye calcium bound form) and, in contrast, 
at 380 nm, the dye is more efficient when it is nonbound to calcium (dye calcium-free form) 
(Figure 1-A, B). The ratio of these emissions at 510 nm (340/380 nm) is directly proportional to 
the live intracellular calcium levels in the cytosol. Therefore, the ratiometric nature of this dye 
will significantly reduce the reading of unspecific calcium signals or artifacts unaffected by 
conditions such as illumination intensity, probe loading, bleaching, or optical path length 
(Paredes et al., 2008).  

2.3.1. Calcium mobilisation assays buffers 

The fluorescence signal was measured in a standard bath solution (SBS) containing 130 mM 
sodium chloride (NaCl), 5 mM potassium chloride (KCl), 1.5 mM calcium chloride (CaCl2), 1.2 
mM magnesium chloride (MgCl2), 10 mM (4-(2-hydrohyethyl)-1-piperazineethanesulfonic acid 
(HEPES), and 8 mM glucose at pH 7.4 adjusted with sodium chloride (NaOH). The free-calcium 
SBS medium contained 130 mM NaCl, 5 mM KCl, 2.7 mM MgCl2, 2 mM EGTA, 10 mM HEPES, 
and 8 mM glucose at pH 7.4. Both solutions were adjusted with D-mannitol (~305 − 310 
mOsm/L) to ensure isotonicity (K-7400S Semi-Micro Osmometer, Knauer), meaning the 
number of solutes is equal between the intracellular and extracellular milieu.  

The adjustment of osmolarity follows the next rationale: 

1 mM = 1 mOsm of D-mannitol, molecular weight (MW) = 182.17 
𝑔

𝑚𝑜𝑙
 

M =
moles

V(L)
=  

g/MW

V(L)
 

Desired osmolarity = 305 mOsm; desired – calculated osmolarity= x g of D-mannitol to add to 
1 L of SBS solution. 

M =  
g/MW

V (L)
; g = 𝐱 mM · 

1 M

1000 mM
· 1 L · 182.17 

g

mol
= g of D-mannitol for 1 L of SBS 

In addition, cells were loaded with 2 μM of Fura 2-AM in SBS solution supplemented with a 
nonionic surfactant 0.01% (w/v) Pluronic (Sigma) called loading buffer (LB). Both buffers were 
vacuum filtered (Z290424, Sigma) and kept at 4ºC to prevent contamination.  

2.3.2. Flex Station III assays 
 
Cells were seeded in 96-well clear-bottomed plates (ThermoFisher) at 125.000 cells·mL (25.000 
cells per 200 μL of cell growth media) in each independent well 24 h before experimentation 
in a humidified incubator (37ºC, 5% CO2), allowing cells to adhere and form a confluent 
monolayer. After washing twice with pre-warmed SBS, cells were incubated with 2 μM Fura 2-
AM in 200 μL of loading buffer for 1 hour at 37ºC protected from the light. After intensively 
washing the cells, the loading buffer was replaced with 200 μL of standard bath solution, and 
measurements were made at 37ºC on a 96-well fluorescence plate reader (SoftMax Flex 
Station 3, Molecular Devices, UK). As detailed above, changes in intracellular calcium were 
indicated as the ratio of fura-2 emission at 510 nm for 340 and 380 nm excitation wavelengths 
(F ratio 340/380). The Flex Station 3 can automatically expose the 96-well cell plate to different 
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concentrations of agonist, injecting a volume of 50 μL to each well, prepared before 
experimentation in an independent 96-well U bottom plate at the desired concentrations. 
Readings were taken every 3 seconds over 250 seconds, and every protocol was initiated with 
20 seconds of baseline readings. When an antagonist was tested, cells in the 96-well plate were 
preincubated in their presence at 37ºC for 30 minutes, with the same preincubation in the 3-
well solvent control (without the antagonist). Exceptionally, thapsigargin was incubated for 5 
and 25 minutes instead of 30 for its high impact on the drug's calcium baseline. Then, without 
washing, the cell plate was ready to run the experiment, as explained previously.  
 

2.3.3. Data analysis for Flex Station III assays 
 
F ratio (340/380) reading values were exported from SoftMax Pro FlexStation software 
(Molecular Devices) as trace (max-min), peak, and area under the curve (AUC) (Figure 2). These 
three parameters were used to build dose-response curves and characterize the different drug 
effects. Dose-response data was plotted with the dose function (log10 dose) on the x-axis and 
the corresponding response on the y-axis. This type of graph illustrates the dose-response 
relationship independent of time. 
 
OriginPro Software (Origin Lab version 9.95) was used for all data analysis. Data are expressed 

as mean  SEM (standard error of the mean) of experiments performed in five replicates (N=5), 
unless otherwise stated. N represents the number of independents experiments (biological 
repeats) and n shows the number of technical repeats within an independent experiment. The 
number of technical repeats in each independent experiment was at least 3. In order to 
compare the pharmacological activity of a different agonist, data were normalized in each 
independent experiment to control experimental variation to the response of the agonist in 
the study (ATP, UTP, Yoda1, or VEGF165) or the response of the agonist following pre-treatment. 
The pharmacological activity was characterised using 2 dose-response curve features: potency 
and efficacy. Potency refers to the concentration effective in producing 50% of the maximal 
response. It is commonly expressed as EC50, the half-maximal effective concentration. On the 
other hand, efficacy is the maximal response a drug can produce, the greatest attainable 
response. 
 
The Shapiro-Wilk test was used to test if data were normally distributed while equality of 
variances was validated using Levine’s test. For comparisons between two sets of data, when 
datasets were non-parametric were analysed using Mann-Whitney tests. Contrarily, the 
datasets following the parametric distribution were assessed using a 2-tailed student´s t-test. 
An asterisk in this work represents statistical significance when the appropriate test calculates 
that the p-value (p) is lower than 0.05. The higher the degree of statistical significance, the 
lower the p-value is, as specified: p*<0.05, p**<0.01, p***<0.001. If the p-value is higher than 
0.05, there is no significance between the compared data sets.  
 
Calcium mobilisation assays were plotted as dose-response curves. For EC50 (half maximal 
effective concentration) determinations, curves were fitted using the Hill1 equation: 
 

Hill1 equation 
𝑦 = 𝑆𝑇𝐴𝑅𝑇 + (𝐸𝑁𝐷 − 𝑆𝑇𝐴𝑅𝑇) − 𝑥𝑛

𝑘𝑛 + 𝑥𝑛⁄  

  k= Michaelis constant (EC50) 
n = number of cooperative sites (Hill coefficient that portrays the curve 
slope) 
START= baseline; END= maximal, plateau 
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Figure 1. Chemical and fluorescence profile of Fura 2-AM. (A) Fluorescent excitation spectra of Fura-2 
at three different concentrations of calcium. The isosbestic point (≈ 360 nm) shows the point where the 
absorbance is the same for calcium-bound and calcium-free forms, and therefore, the combined 
fluorescence is the same at any concentration. Image obtained from IonOptix. (B) Change in 
fluorescence measured at 510 nm after agonist application linked to calcium-bound (340 nm) and 
calcium-free (380 nm) forms. (C) Representation of the hydrolysis of the FURA 2-AM ester group by 
esterases, making Fura 2 impermeant to the cell membrane. Structure obtained from Lohr et al. 2010. 
 
 

 

Figure 2. Representative time-resolved intracellular calcium response. F ratios representing the peak, 
the area under the curve (AUC), and the trace were directly calculated by SoftMax Pro FlexStation 
software (Molecular Devices). Data is extracted and analysed as described in 2.3.3 methods section. 

B 

C 

A 
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2.4 Calcium imaging 

The ability to image calcium ion fluxes was achieved in the mid-1970s, and from there, different 
calcium dyes were developed for better performance and specificity of the calcium 
measurements. Diverse microscopes such as Raman, confocal, or fluorescence microscopy can 
be used for this type of imaging. In our case, fluorescence time-lapse measurements of 
intracellular calcium concentrations were obtained using an Olympus IX71 inverted 
microscope with a 20x objective (LUCPLFLN20x/0.45, Olympus). A Polychrome V 
monochromator from Till Photonics provided the excitation light (340 and 380 nm), which a 
dichromatic mirror (model and supplier) applied to the cells. A Hamamatsu recording device 
acquired the fluorescence images after their passage through an emission filter using the 
MetaMorph Software version 7.6 (Molecular Devices, California), where fluorescence ratios 
were extracted for each cell. This technique developed into high-throughput set-ups as the 
FlexStation III, which was used in this study to perform the pharmacological characterization 
of the study cells as previously described. 

The imaging setup needed previous tuning to ensure appropriate recordings of calcium shifts. 
ATP was used as an agonist to elicit calcium influx in different cell types. Once this was 
achieved, two parallel plate flow systems (laminar flow) were used to study flow-mediated 
calcium responses in 1321N1 hP2X4 astrocytoma and endothelial cells. 
 

2.4.1 Glycotech parallel flow chamber 
 
The Glycotech parallel flow chamber (ref. 31-001) consists of a plexiglass base plate with an 
inlet and outlet through which media is perfused, a precoated 35-mm standard culture dish on 
which the cellular monolayer is placed, a gasket that controls the chamber diameter and a 
vacuum line that allows the structure to be held in place (Figure 3-A). Calculating the imposed 
fluid shear stress in this parallel plate flow chamber is simple. The flow channel length (2 cm) 
and width (from 0.25 cm to 1 cm) are much greater than the height (from 12.7 µm to 25.4 µm), 
so it can be considered as flow between infinite parallel plates. It is usually called the plane 
Poiseuille flow. Considering an incompressible fluid (material density is constant within a fluid 
parcel) with a constant viscosity (Newtonian fluid), the shear stress is given by the following 
formula: 
 
 

𝒔𝒉𝒆𝒂𝒓 𝒔𝒕𝒓𝒆𝒔𝒔 (𝝉) =
𝟔𝑸𝝁

𝒘𝒉𝟐
 

 
 
 
 
 
 
Based on this equation, the manufacturer provides a template with predefined data for each 
gasket (A, B, C, D: referring to different widths and thicknesses) (Figure 3-B). To calculate the 
shear stress (dynes·cm2-1) using a particular gasket, a specific flow rate (ml·sec-1) must be used 
(Figure 3-C). 

𝑄 = 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 
𝜇 = 𝑓𝑙𝑢𝑖𝑑 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 
𝑤 = 𝑐ℎ𝑎𝑛𝑛𝑒𝑙 𝑤𝑖𝑑𝑡ℎ 
ℎ = 𝑐ℎ𝑎𝑛𝑛𝑒𝑙 ℎ𝑒𝑖𝑔ℎ𝑡 (𝑔𝑎𝑠𝑘𝑒𝑡 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠) 
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The flow rate could be controlled in several ways. In our case, a low-rate peristaltic pump Peri-
Star Pro (Word Precision Instruments, UK) was used with an internal #14 ID tubing diameter of 
1.6 mm. With these characteristics, a range of shear stress from 1 to 20 dynes·cm2-1 could be 
achieved. This pump employed planetary gears for minimal pulsations and greater accuracy. 

Twenty-four hours before experimentation, 2mL of growth media with 50,000 cells were 
seeded in gelatine-coated (2% w/v in PBS for 30 minutes; ref. G1890, Sigma-Aldrich) Corning 
35-mm tissue culture dishes in a humidified incubator (37ºC, 5% CO2) to obtain a high 
confluence in the dish for applying shear stress. After washing twice with room temperature 
SBS, cells were incubated with 2 μM Fura 2-AM in 500 μL of loading buffer for 30 minutes at 
37ºC protected from the light. After intensively washing the cells, the loading buffer was 
replaced with 200 μL of standard bath solution at RT, and then the cells were ready for calcium 
imaging experimentation. As detailed above, changes in intracellular calcium were indicated as 
the ratio of fura-2 emission at 510 nm for 340 and 380 nm excitation wavelengths (Fratio 
340/380). 

2.4.2 Ibidi µ-slides 
 
The Ibidi µ-slide I0.4 Luer (ref. 80176; Thistle Scientific) rectangular flow chamber consists of a 
polymer coverslip with high optical quality, similar to glass. This polymer is prepared with the 
commercial IbiTreat, a hydrophilic surface modification that improves adherence of all cell 
types. The channel height of the µ-slide I0.4 Luer is 400 µm, and the channel volume is 100 µL. 
In this case, the shear stress (𝜏) calculations depended on the dynamical viscosity of the fluid 
(𝜂) applied, the slide factor (predetermined by the manufacturer; 131.6), and the flow rate (𝜙): 
 

𝒔𝒉𝒆𝒂𝒓 𝒔𝒕𝒓𝒆𝒔𝒔 (𝝉) = 𝜼 ∗ 𝒔𝒍𝒊𝒅𝒆 𝒇𝒂𝒄𝒕𝒐𝒓 ∗  𝝓 

  

 

 

The formula shows a dependency in viscosity for further calculations of the shear stress. Then, 
the next step was the viscosity calculation of the standard bath solution (SBS) used to perform 
calcium imaging experiments. Viscosity can be defined as the fluid thickness or resistance to 
flow. As it depends on temperature, the SBS viscosity was measured at room temperature as 
experiments were not temperature controlled. A U-tube viscometer was used to calculate the 
time from A to B (in seconds), and a density bottle was used to calculate SBS density. Then, the 
final viscosity of the liquid can be calculated following the formula (Figure 3-D, E): 
 
 

𝒅𝒚𝒏𝒂𝒎𝒊𝒄𝒂𝒍 𝒗𝒊𝒔𝒄𝒐𝒔𝒊𝒕𝒚 (𝜼) =
𝝆𝑺𝑩𝑺 𝒙 𝒕𝑺𝑩𝑺

𝝆𝒘𝒂𝒕𝒆𝒓 𝒙 𝒕𝒘𝒂𝒕𝒆𝒓
𝒙 𝜼𝒘𝒂𝒕𝒆𝒓 

 

𝜏 = shear stress (dynes · cm2 − 1) 
𝜂 =dynamical viscosity ((dynes·s)·cm2-1)  
slide factor = 131.6 
𝜙 =  flow rate (mL · min − 1)  
 

𝜌 = density (g · mL − 1) 
𝑡 = time experimentally calculated (sec)  
𝜂 =  dynamical viscosity of the water (centipoise, 
         ((dyn · s) ·  cm2 − 1) 
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However, SBS density is another parameter that needed to be experimentally calculated, and 
for that, a density bottle was used using water as a reference for this calculation: 

 

SBS density (𝝆𝑺𝑩𝑺) =
𝒘𝟑

𝒔𝒃𝒔− 𝒘𝟏

𝒘𝟐
𝒘𝒂𝒕𝒆𝒓− 𝒘𝟏

 

 
 

 
 
 
 
Following the previously described formulas, the viscosity and density of SBS were calculated: 
 

1st. Calculation of the SBS density (ρSBS) =
w3

sbs− w1

w2
water− w1

=
28.4964− 18.2230

28.3862− 18.2230
= 1.011 

g

mL
 

 

2nd. Experimentally measured SBS and water retention times (averaged N=3) (𝑡𝑆𝐵𝑆 =
111.39 𝑠𝑒𝑐; 𝑡𝑤𝑎𝑡𝑒𝑟 = 104.75 sec ) were used to calculate the SBS dynamical viscosity 

 (η) =
ρSBS x tSBS

ρwater x twater
x ηwater =  

1.011 x 111.39

0.997 x 104.75
x 0.997 = 1.075 centipoise = 0.01075 

dyn·s

𝑐𝑚2
 

 
3rd. Finally, the flow rate to perform different shear stresses (𝑡 from 1 to 20) in the cells was 

calculated 𝜙 =  
1 𝑡𝑜 20

dyn

𝑐𝑚2 

0.01075
dyn·s

𝑐𝑚2  𝑥 131.6
 as presented in Table 6. 

 
Table 6. Shear Stress values for µ-slide I0.4 Luer for viscosity η= 1.075 centipoise. 

𝝉 dynes·cm2-1 𝝓 mL·min-1 𝝉 dynes·cm2-1 𝝓 mL·min-1 

 1 0.706864 11 7.7755 

2 1.413727 12 8.482364 

3 2.120591 13 9.189227 

4 2.827455 14 9.896091 

5 3.534318 15 10.60295 

6 4.241182 16 11.30982 

7 4.948046 17 12.01668 

8 5.654909 18 13.43041 

9 6.361773 19 14.13727 

10 7.068636 20 14.84414 

 

𝑤1 = weight of the density bottle 
𝑤2

𝑤𝑎𝑡𝑒𝑟 = weight of the density bottle full of SBS  
𝑤3

𝑠𝑏𝑠 =  weight of the density bottle full of water 
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As cited above, the flow rate was controlled using the low-rate peristaltic pump Peri-Star Pro 
(Word Precision Instruments, UK). In this case, the tubing was replaced with a non-silicone-
based tube with low gas permeability and 1.6 mm in diameter (Tygon®, ref. LMT-55; VWR 
International). The diameter size must be constant as it will directly impact flow speed. 

For the Ibidi µ-slide, 3 or 24 hours before experimentation, a range of cell concentrations was 
seeded in 100 μL cell growth culture media and cultured in the incubator (37ºC, 5% CO2) once 
covered the reservoirs with the supplied caps. Each reservoir was filled with 60 μl cell growth 
culture media one hour later to ensure better cell adherence in the slide parallel channel.  
Although the slides were prepared with the commercial IbiTreat, a collagen type I coating (0.5 
mg/mL in acetic acid for 30 minutes; C2867, Sigma-Aldrich) was applied before cell seeding, as 
indicated in Chapter 4, to study the potential effect on the mechanical response of the cells. 
The day after, after washing twice with room temperature SBS, cells were incubated with 2 μM 
Fura 2-AM in 100 μL of loading buffer for 30 minutes at 37ºC protected from the light. After 
washing the cells, the loading buffer was replaced with 100 μL of standard bath solution at RT, 
and the cells were let steady in the microscope for at least ten minutes before experimentation 
to avoid possible previous stimulation during washing steps. Then, the cells were ready for 
calcium imaging experimentation. Intracellular calcium recordings were performed using Fura-
2AM as described above. Routinely, µ-slides were placed in the incubator for at least 3 hours 
before cell seeding to avoid emerging bubbles in the slide channel. For medium exchange or 
washes, reservoirs were emptied, and the channel medium was replaced multiple times 
without draining the channel, which would cause a complete loss of the cells. The tube was 
connected to the slide using the Tube adapter set (ref. IB-108301; Thistle Scientific). 

Due to previous technical issues during the shear stress assays, the standard bath solution (SBS) 
used during experimentation was previously degassed for at least 3 hours using a side-arm 
flask connected to a vacuum system with the help of a stir bar and low-rate stirring. 

2.4.3 Data analysis for calcium imaging 

Intracellular calcium recordings are presented as the ratio of emitted fluorescence after 
excitation at 340 and 380 nm relative to baseline (1 unit of fluorescence). For that, ratios for 
independently selected cells (regions of interest, ROIs) of the fluorescence images were 
extracted using the MetaMorph Software offline tool. This data was then normalised in Excel 
using the baseline correction previously described by others (Arniges et al., 2004; Pascual et 
al., 2011; Venturini et al., 2020). Briefly, measurement of basal calcium was obtained along 1 
min recording every 5 seconds (10 ratio recordings) before any stimulation for each 
independent cell. The averaged basal recordings were used to normalise each cell to its 
baseline. This normalisation allowed us to average and compare the cytosolic calcium 
concentrations between a batch of cells and between technical repeats.  

OriginPro Software (Origin Lab version 9.95) was used for plotting the normalised data as mean 
± SEM (standard error of the mean) of cells of the same biological repeat (N) or comparison of 
numerous N of experiments performed. 
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(GmbH & 2022) 

(Brown & Larson, 2001; Reinhart-King et al., 2008) 

 

 

 

 

 

 

 

Figure 3. Parallel flow chambers specifications.(A) Schematic representation of a Glycotech parallel flow 
chamber and Gasket C technical specifications. (B) Wall shear stress relationships for the four different-
sized gaskets provided by the manufacturer were used to calculate the appropriate (C) flow rate to be 
applied. (D) Schematic representation of a Ibidi µ-slide with specification of the recommended 
experimental areas. (E) Calculation of 𝑡 parameter using a U-tube viscometer and calculation of SBS 
density (ρ) using a density bottle required for the calculation of the standard bath solution (SBS) 
dynamical viscosity (image from Sigma-Aldrich website). 

 

 

 

 

 

D 

Inlet 

E 

Dynamical viscosity calculations 
𝑡= from A to B in seconds 

A 

B 

U-tube viscometer Density bottle 

Inlet 

Ibidi µ-slide 

best area for homogenous shear stress 

avoiding area recommended experimental area 

Outlet 

Adapted from Application Note 11, Ibidi© GmbH, Version 4.1, 2016  

Inlet 



 55 

2.5 Polymerase chain reaction (PCR) 
 

2.5.1 RNA extraction 

Cell lysate for RNA extraction was obtained from a pellet of 1x106 cells after a routine cell 
passage procedure. In a fume hood, the pellet was resuspended in 1 mL of Tri Reagent® (Sigma) 
(Chomczynski et al., 1987). If not required at collection, stocks of lysed cells in Tri Reagent® 
were kept at -80ºC. 

Then, 200 L of chloroform (Fisher) was added to each sample to separate the homogenate 
into aqueous and organic phases. Samples were shaken vigorously by hand and allowed to 
stand at room temperature for 5 minutes before centrifugation at 12.000 rpm for 15 minutes 
at 4ºC. After centrifugation, the upper transparent layer of the sample contained the RNA and 
was transferred to a fresh 1.5 mL Eppendorf. 0.8X of isopropanol (Fisher) was added to the 
isolated RNA and mixed vigorously by hand. After 10 minutes of preincubation at room 
temperature, the mix was centrifuged for 60 minutes at 12.000 rpm at 4ºC to pellet the RNA. 

The supernatant was discarded, and the pellet was washed in 500 L of ice-cold 80% (v/v). 
After 5 minutes of centrifugation at 12.000 rpm at 4ºC, the ethanol was gently removed from 
the tube, and the pellet was air-dried for 5 to 10 minutes. Rehydration of RNA was achieved 
through the addition of an appropriate volume of nuclease-free water and, from here, the 
sample was kept in ice. 
 

The RNA concentration and quality were checked by adding 1 L of the RNA sample to a 
NanoDrop 2000c UV-Vis spectrophotometer instrument (Thermo Scientific). The absorbance 
ratios of 260/280 nm and 260/230 were used to assess the purity of the RNA. Samples were 
required to have a ratio value close to 2.00 to be considered pure. When that was not the case, 
a cleaning process was performed in the samples, as briefly described in the next paragraph. 
 
The RNA sample was exposed to 0.1X volumes of 3 M sodium acetate (NaOAc), and then the 
mix was treated with 2.5X of ice-cold ethanol (80%) overnight at -80ºC. The day after, samples 
were centrifuged for 30 minutes at 12.000 rpm at 4ºC, and the pellet was kept. As previously 

explained, the pellet was washed in 500 L of ice-cold 80% (v/v), centrifuged, and air-dried for 
5 to 10 minutes. At this point, the RNA was resuspended in nuclease-free water and ready to 
be quantified again using Nanodrop. 
 

2.5.2 Complementary DNA (cDNA) synthesis 

To avoid false positive signals in the subsequent RT-PCR, the extracted RNA was treated with 
the DNA-freeTM DNA Removal Kit (AM1906, Fisher) to degrade possible trace amounts of 
genomic DNA before the cDNA synthesis. For the DNase digestion, the RNA sample is treated 
with 1 mL of recombinant DNase I (rDNase I) and 0.1X volume 10X DNase I Buffer at 37ºC for 
30 minutes. The DNase Inactivation is achieved by vigorously resuspending 0.1X volume of the 
DNase Inactivation Reagent in the mix and incubating the sample for 2 minutes at room 
temperature. Lastly, the RNA samples were centrifuged for 1.5 minutes at 10.000 x g, and the 
supernatant containing the RNA was transferred to a fresh tube.  
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The extracted RNA from cell lines was ready to be reversed and transcribed into cDNA. In 
addition to this RNA, human brain RNA (AM7962, Fisher) was used as a positive control for 
gene expression. Each synthesis reaction was prepared in duplicates where one sample 
reaction contained reverse transcriptase (RT) enzyme to produce cDNA from the target RNA 
sequence. In contrast, the other did not contain reverse transcriptase (-RT), ensuring that any 
PCR amplicon was derived from de novo cDNA rather than genomic DNA. 

For each reaction in sterile DNase and RNase free tubes, 1 g of RNA was primed with 50 ng 

of random hexamers (C1181, Promega) and 1 L 10 mM dNTP Mix (BIO39044, SLS) in nuclease-

free up to 13 L. The mix was well mixed by flicking the tube before brief centrifugation and 
heating to 65ºC for 5 minutes to allow the RNA to denature. Then, the reaction was incubated 
on ice for at least 1 minute allowing the primer to anneal to the RNA. The contents of the tube 
were collected by a brief centrifugation and transferred into a 1.5 mL sterile DNase/RNase free 

tube containing 4 L 5X of First-Strand Buffer, 1 L of 0.1 M DTT, 1 L of SuperScriptTM III 

Reverse Transcriptase (for RT reaction, 1 L nuclease-free water for -RT control reactions) 

(18080-044, Invitrogen) and 1 L of RNasin® Ribonuclease inhibitor (N2511, Promega) to limit 
RNA degradation. All reaction samples were gently flicked before briefly centrifuging and 
transferred to a PCR machine, where the samples were exposed to three different steps of 
incubation. To allow transcription to occur, reactions were first incubated at 25ºC for 5 minutes 
and directly after a second incubation step at 50ºC for 60 minutes, followed by inactivation of 
the enzyme at 70 ºC for 15 minutes. cDNA reaction samples were stored at -20 ºC until 
required.  
 

2.5.3 Non-quantitative reverse transcription PCR (RT-PCR)  

Non-quantitative reverse transcription PCR (RT-PCR) technique was employed to detect gene 
expression of adenosine, P2X, and P2Y receptors in human umbilical vein endothelial cells 
(HUVEC).  

All primers were previously designed by Dr. Hinnah Campwala, excluding P2X4 and P2Y11. 
P2X4 inter-spanning primers were manually designed, ensuring the potential amplification of 
the four transcripts variants for the human P2X4 (NCBI reference sequences: 
NM_001256796.2, NM_001261397.2. NM_001261398.2 and NM_002560.3). A diverse 
combination of nucleotides (20-25 bp) with an appropriate percentage of GC between 35-65% 
were chosen, and the identity of the primers was checked using the Human BLAT search tool 
from the Genome Institute site of the University of California Santa Cruz. On the other hand, 
the P2Y11 primer sequence was taken from (Xiao et al., 2011). 

New stocks of each primer pair were supplied lyophilized by Sigma-Aldrich. They were 

reconstituted at 100 M in nuclease-free water, and working stocks were prepared at 10 M 
and used for the PCR sample preparation. Primer and working stocks were kept at -20 ºC to 
ensure their integrity. All forward (F) and reverse (R) primer sequences are listed (5’-3’) are 
shown in Table 7, 8 and 9.  

As described in the previous section, prepared cDNA samples were used as an experimental 
template for PCR amplification. Two different PCR master mixes were used in this study due to 
the difficulty of getting amplicon bands in the positive control (human brain), where these 
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receptors' expressions have been previously reported in some P2Y receptors. PCR master mix 
from Promega (Taq polymerase) was the primary polymerase used for this characterization 
(P1, P2X, and most P2Y receptors), and then the reactions were prepared following 
manufactured instructions as follows. Reactions for each primer pair were prepared in 
duplicate in autoclaved nuclease-free microcentrifuge tubes. For a final volume reaction of 25 

L, 12.5 L of the PCR master mix (Promega), 0.5 L of working stocks of each primer (F and 

R), 1 L of cDNA (either RT or RT-), and 10.5 L nuclease-free water was added. All reaction 
samples were gently flicked before briefly centrifuging and transferred to a PCR machine, 
where the samples were thermally cycled to allow selective amplification following three major 
steps: denaturation, annealing, and extension. The initial denaturation step of the DNA helix 
lasted 1 minute at 94 ºC, which was followed by 40 cycles of denaturation at 94 ºC for 30 
seconds, annealing of the primers to the DNA template at the primer-specific annealing 
temperature (Tables 7, 8, 9) for 30 seconds, and a final extension of the cDNA strand at 72 ºC 
for 1 minute. Primer-specific annealing temperatures were determined by previous PCRs, 
where temperature gradients (55-62 ºC) were performed to find the optimal reaction 
conditions. A final extension at 72 ºC for 5 minutes was needed to ensure proper extension of 
the cDNA. 

One-taq Master Mix from New England BioLabs (a combination of Taq polymerase and Deep 
Vent® DNA Polymerase) was used to study the expression of P2Y2 and P2Y6 (as referred to in 
Table 9). Reactions were prepared as previously described for the other Master Mix used in 

this study, with the only difference being that one-third of nuclease-free water (3.5 L) was 
replaced for betaine (1M stock), facilitating the amplification of these genes (Henke et al., 
1997). Thermocycling conditions differed from those described, and the steps were configured 
following manufacturer recommendations. The initial denaturation step of the DNA helix 
lasted just 30 seconds at 94 ºC in this case, which was equally followed by 40 cycles of 
denaturation at 94 ºC for 30 seconds, annealing of the primers to the DNA template at 58 ºC 
for 30 seconds, and a final extension of the cDNA strand at 68 ºC for 1 minute. Again, a final 
extension at 68 ºC for 5 minutes was needed to ensure proper extension of the cDNA. 
 
Table 7. Primer sequences for P1 receptors and housekeeping gene (β-actin). 

Receptor Sequence Size (bp) 
Annealing 

temperature (ºC) 

A1 F GTGCGAGTTCGAGAAGGTCA 
374 55 

A1 R GGATGCGGAAGGCASTAGACA 

A2A F CTACCGTATCCGCGAGTTCC 
295 55 

A2A R GCTAAGGAGCTCCACGTCTG 

A2B F CAGAACCCTGGGATGGAACC 
277 55 

A2B R CAGCACAGGGCAAAAATCCC 

A3 F CTGGTGCCGAGGCTATTTCC 
302 55 

A3 R CCTTGCGGACAACTTTGGGA 
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β-actin F CACAGAGCCTCGCCTTTGCC 
282 55-62 

β-actin R CGATGCCGTGCTCGATGGGG 

 

Table 8. Primer sequences for P2X receptors. 

 

 

 

 

 

 

 

 

Receptor Sequence Size (bp) 
Annealing 

temperature (ºC) 

P2X1 F GCTTTCCACGCTTCAAGGTC 
341 58 

P2X1 R GAGGTGACGGTAGTTGGTCC 

P2X2 F GCACAGACGGGTACCTGAAG 
200 58 

P2X2 R GGAGTACTTGGGGTTGCACT 

P2X3 F TGTATCAGACAGCCAGTGCG 
564 60 

P2X3 R CGGATGCCAAAAGCCTTCAG 

P2X4 F TTACGACCAAGGTCAAGGGC 
250 55 

P2X4 R CCTGTTGAGACTCCGTTGCT 

P2X5 F GCAATGTGATGGACGTCAAGG 
263 56 

P2X5 R GTACCCGGAGGAGACAGACT 

P2X6 F GACTTCGTGAAGCCACCTCA 
405 56 

P2X6 R TTGTGGTTCATAGCGGCAGT 

P2X7 F CGGTTGTGTCCCGAGTATCC 
414 56 

P2X7 R AATGCCCATTATTCCGCCCT 
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Table 9. Primer sequences for P2Y receptors. 

 

 

 

 

 

 

 

 

Receptor Sequence Size (bp) 
Annealing 

temperature (ºC) 

P2Y1 F GTTCAATTTGGCTCTGGCCG 
326 55 

P2Y1 R TTTTGTTTTTGCGGACCCCG 

P2Y2 F CCGCACCCTCTACTACTCCT 
243 

58 

One-taq Master Mix P2Y2 R TCAGTTCTGTCGGATCTGCG 

P2Y4 F CCCCAACCCTATGGCTCTTC 
427 60 

P2Y4 R TGGTCAAACTCTTCAGGCCG 

P2Y6 F GCTCTCACTGTCATCGGCTT 
391 

58 

One-taq Master Mix P2Y6 R TCTGCCATTTGGCTGTGAGT 

P2Y11 F CTACAGAGCGTATAGCCTGGTGCTG 
365 58 

P2Y11 R CCATGTAGAGTAGAGGGTGGACACA 

P2Y12 F ACTGGGAACAGGACCACTGA 
698 55 

P2Y12 R CAGAATTGGGGCACTCAGC 

P2Y13 F TTCCCAGCCCTCTACACAGT 
461 55 

P2Y13 R GGCCCCTTTAAGGAAGCACA 

P2Y14 F CGGAAGTGGCACAAAGCATC 
370 60 

P2Y14 R CCCTAAACGGCTGGCATAGA 
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2.6 RNA sequencing 
 
RNA was extracted as stated in the previous section 2.4.1, but RNA quality was double-checked 
using the RNA ScreenTape® in the 4150 TapeStation (Agilent Technologies). This technology 
allows the evaluation of total RNA integrity determined by the RNA integrity number equivalent 
(RINe). Traditionally, the integrity was assessed by using electrophoresis in an agarose gel with 
ethidium bromide showing the two bands for ribosomal RNA subunits (rRNA), 28S and 18S. 
However, this method is believed to be inconsistent today. The RNA integrity number is more 
accurate than UV spectrophotometric measurements or ribosomal RNA ratios. In the 
TapeStation, the sample is separated in the tape channels according to different molecular 
weights, and a laser detects the small amounts. The system will produce an electropherogram 
correlating the amount of RNA with the fluorescence change registered, calculating the ratio 
of the two ribosomal bands. The RIN number is then calculated using a machine-learning 
algorithm that uses more information than the ratio of ribosomal subunits but is still highly 
dependent on these two parameters. The range for the RIN score number is 1 to 10, and higher 
RIN values refer to a higher RNA integrity (Sheng et al., 2017). 
 
Samples from HMEC-1 cells were sent to Novogen for Transcriptome Sequencing (Cambridge, 
UK). The company required a minimum RINe of 4, and that was previously checked in-house. 

For this, samples were prepared using 1 L of RNA, mixed with 5 L of RNA ScreenTape Sample 
Buffer® room temperature equilibrated. The mix was spun down and vortexed for 1 minute at 
2000 rpm. Then, the sample was denaturised by a heat shock for 3 minutes at 72ºC. Samples 
were placed in ice for 2 minutes to stop the reaction and directly loaded to the RNA 
ScreenTape® (Agilent Technologies). The TapeStation Controller Software automatically 
calculated the RINe (Figure 4). 
 
Novogen prepared the RNA libraries and sequenced the samples according to the human 
genome using Illumina PE150 technology. Bioinformatics Analysis provided as the 
quantification of gene expression level as FPKM (Fragments Per Kilobase of transcript sequence 
per millions base pairs sequenced), a normalisation of the raw counts which considered the 
effect of sequencing depth (total read counts, millions) and gene length (kilobase) for the read 
counts at the same time. This type of normalisation is very well-established in RNA-seq 
experiments (Mortazavi et al., 2008). 
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Figure 4. Four human microvascular endothelial cell (HMEC-1) samples with different levels of RNA 
degradation were analysed using the 4150 TapeStation from Agilent Technologies. (A) Gel images of 
the electronic ladder plus the four samples with their respective determined RINe values are shown 
under the gel image. On a scale of 1 to 10, 10 represents intact RNA, while a RINe of 1 represents a 
highly degraded RNA sample. (B) Table displaying the four sample results indicating the specific area 
calculated of the ribosomal subunits and the concentration of the samples tested. (C) Representative 
electropherograms of the electronic ladders, a strongly degraded RNA sample (RINe 2), and a highly 
intact RNA sample (RINe 10). 
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2.7 Western Blotting 

Western Blotting technique was employed to detect protein expression of P2X4, P2Y2 and 
P2Y11 receptors in human microvascular endothelial cells (HMEC-1).  

2.7.1 Protein extraction and quantification 

Cells were washed twice with ice-cold PBS at pH 8 when they reached 70-80% confluency in 

culture. Cells were scratched on ice in 500 L of ice-cold PBS, and cell lysates in the PBS were 
collected in 1.5mL Eppendorf tubes. Cells were then centrifuged at 4.000 g for 20 minutes at 

4ºC, and the pellet was resuspended in 20 L of ice-cold solubilisation buffer. The buffer 
contained 150 mM sodium chloride (NaCl), 1 mM magnesium chloride, 1 mM calcium chloride, 
2% (v/v) Triton X-100, 20 mM Tris hydrochloric acid at pH 7.6, and protease inhibitor cocktail 
(CompleteTM tablets, Roche). The mix was then homogenised in a rotation wheel for 2 hours in 
the cold room and centrifuged to pellet the cell debris at 12.000 x g for 20 minutes at 4ºC.  

The supernatant was collected, and the protein concentration was calculated using a 
colorimetric PierceTM BCA protein assay (Sigma-Aldrich, UK). This assay has been extensively 
used as it is usually less variable than other colorimetric assays, such as the Bradford assay 
(Bradford, 1976), and can be used in microwell plates. The principle of this assay is the protein 
capacity to reduce copper (II) (Cu2+) to copper (I) (Cu+) in a protein concentration-dependent 
manner. Bicinchoninic acid can form a purple complex with Cu+ when chelates with this 
reduced copper, whose absorbance is maximal at 562nm. The absorbance at this wavelength 
will be directly proportional to protein concentration (Smith et al., 1985; Wiechelman et al., 
1988). The absorbance of the albumin calibration curve is set according to manufacturer 
instructions, and from there, the protein concentration of the samples can be calculated. 

Protein samples were consistently prepared with 25 or 50 g of total protein extract in a final 

volume of 25 L sample buffer dithiothreitol (50 mM, DTT) supplemented and boiled for 5 
minutes at 96 ºC. The sample buffer contained 240 mM Tris-HCl at pH 6.8, 12% (w/v) sodium 
dodecyl sulphate (SDS), 0.05% (w/v) bromophenol blue and 30% (v/v) glycerol (with a final 
concentration of 50 mM DTT). 

2.7.2 SDS-PAGE and membrane transference 
 
SDS-PAGE (sodium dodecyl sulphate polyacrylamide gel electrophoresis) is a technique used 
to separate different proteins based on their molecular weight. Proteins have more or less 
intrinsic electrostatic charge, attracting them to the opposite charge direction and moving 
through the gel through which an electric current is applied. In this gel electrophoresis type, 
the SDS detergent will uniform all protein charges after the boiling preincubation. Then, 
proteins will possess the same mass-charge ratio, and their traveling speed through the gel will 
be determined by their mass, so heavier proteins will travel slower than lighter ones (Gallagher, 
2012). 
 
Precast SDS polyacrylamide (4-12% gradient) Bolt™ Bis-Tris Plus Mini Protein Gels (Invitrogen) 
were used when available in-house. For these gels, 20X Bolt™ MES SDS Running Buffer was 
used to ensure the best running conditions. When unavailable, the acrylamide gel was 
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prepared composed of 5% (v/v) acrylamide stacking and 10% (w/v) acrylamide resolving gel 
(Table 10). In this case, the electrophoresis running buffer consisted of 25 mM Tris, 192 mM 
glycine, and 0.1% (w/v) SDS. The gels ran at 90V for approximately 90 minutes using the 
Precision Plus Dual Colour Bio-Rad as a ladder (Bio-Rad Laboratories, UK). 
 

Proteins were then transferred to an Immobilon-P polyvinylidene difluoride (PDVF; 0.45 m 
pore size; Millipore, UK) membrane using ice-cold transfer buffer consisting of 25 mM Tris, 192 
mM glycine, and 20% (v/v) methanol in a mini trans tank blot at 90V for 90 minutes in the cold 
room. 
 

2.7.3 Membrane blocking and protein imaging 
 
Membranes were blocked in blocking solution (Table 11) for a minimum of 1 hour at room 
temperature on a rocking platform. After blocking, membranes were blotted with the specific 
primary antibody (Table 12) at 4 ºC overnight when 5% (w/v) semi-skimmed milk blocking 
solution was used or 3 hours at room temperature in the case or any other blocking solution 
composition and before the secondary antibody, membranes were washed thrice for 10 
minutes at RT on a rocking platform. The washing solution was PBS-T when the milk-based 
blocking was used, but TBS-T was used in all other cases. Immediately after, membranes were 
incubated for 1-2 hours at RT with the specific horseradish peroxidase (HRP) conjugated 
secondary antibody prepared in a blocking solution (containing Tween-20 in all cases). In the 
case of β-actin detection, the secondary antibody was already conjugated, so the last step 
wasn’t required. The membranes were then washed thrice for 10 minutes at RT and directly 
incubated in PierceTM ECL detection reagent (Fisher Scientific, ref. 32106) for 2 minutes. 
Membranes were imaged on a ChemiDocTM Imaging System (Bio-Rad Laboratories, UK). 
 
Some membranes were re-probed by stripping the antibodies from the blot for 40 minutes in 
a 0.2M sodium hydroxide (NaOH) solution, which was sequentially washed thrice, blocked for 
an hour, and incubated with the additional primary antibody. 
 
Table 10. Stacking and resolving gel composition. 

Stacking acrylamide gel Resolving acrylamide gel 

125 mM Tris pH 6.8, 5 % (v/v) acrylamide 30% 
37.5:1, 0.1 % (w/v) SDS, 0.05 % (v/v) 

ammonium persulphate (APS), 0.1% (v/v) 
tetramethyl ethylenediamine (TEMED)  

375 mM Tris pH 8.8, 10 % (v/v) acrylamide 30% 
37.5:1, 0.1 % (w/v) SDS, 0.05 % (v/v) ammonium 

persulphate (APS), 0.05 % (v/v) tetramethyl 
ethylenediamine (TEMED) 
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Table 11. Blocking solutions configuration. 

Blocking solution Washing solution 
Primary antibody 

solution 
Secondary antibody 

solution 

5% (w/v) semi-
skimmed milk in PBS-
T (1X PBS, 0.1% (v/v) 

Tween-20 (Sigma-
Aldrich)) 

PBS-T 

5% (w/v) semi-
skimmed milk in PBS-T 

(1X PBS, 0.1% (v/v) 
Tween-20) 

5% (w/v) semi-
skimmed milk in PBS-T 

(1X PBS, 0.1% (v/v) 
Tween-20) 

1% (w/v) bovine 
serum albumin, and 

10% sucrose in 1X TBS 

TBS-T 
 

1% (w/v) bovine serum 
albumin in TBS-T (1X 

TBS, 0.1% (v/v) Tween-
20) 

1% (w/v) bovine 
serum albumin, and 

10% sucrose in TBS-T 
(1X TBS, 0.1% (v/v) 

Tween-20) 

5% sucrose in 1X TBS 

5% sucrose in TBS-T 
(1X TBS, 0.1% (v/v) 

Tween-20) 

10% (w/v) bovine 
serum albumin in 1X 

TBS 

10% (w/v) bovine 
serum albumin in TBS-
T (1X TBS, 0.1% (v/v) 

Tween-20) 
 

Table 12. List of antibodies used for Western Blotting. 

Name Source Host Identifiers Dilution 

anti-β-actin Sigma-Aldrich 
mouse 

monoclonal- HRP 
conjugated 

A3854 1:3000 

anti-P2X4 Alomone Labs rabbit polyclonal APR-002 1:1000 

anti-P2Y2 
Alomone Labs rabbit polyclonal APR-010 1:1000 

Abcam mouse polyclonal ab168535  

anti-P2Y11 
Alomone Labs rabbit polyclonal APR-015 1:1000 

Abcam rabbit polyclonal ab180739 1:100-1:1000 

anti-rabbit Invitrogen 
goat-HRP 

conjugated 
A16096 1:1000 

anti-rabbit 
F(ab’)2 

Abcam 
goat-HRP 

conjugated 
ab6112 1:2000 

 

2.7.4. Data analysis for western blot imaging 
 
Western blot images were semi-quantified, comparing the relative amount of the protein of 
interest against the relative expression of β-actin, our loading control, for normalization. 
Images exported from the ChemiDocTM Imaging System were saved as a JPEG file and were 
analysed using Image J (Fiji is Just ImageJ version 1.53; UK). 
 
For each image, a rectangular region of interest (ROI) was defined around the protein of 
interest band, avoiding the possible surrounding background. This ROI should be of consistent 
size and shape across all lanes and was used to perform every single measurement in each 
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independent image. The ROI length was set for the most prominent protein of interest band 
to ensure a good fit of all the present bands in the blot. The total pixel intensity for each lane's 
protein of interest bands was measured and saved by moving the ROI between lanes (left-right 
movement, avoiding changes in ROI height position between lanes). In the same way, 
background measurements for each lane were taken using the same ROI selecting an area 
above or below the protein of interest band.  
 
In a total white pixel ROI, the intensity value is 0, as stands for the absence of colour. On the 
contrary, a total black pixel ROI will have an intensity value of 255, representing this number 
as the highest intensity of colour possible in the analysis image. Thus, the first step of 
normalisation of the protein of interest band intensity value is the inversion of each ROI 
intensity value by subtracting from the highest intensity of colour possible ROI (255 – ROI). The 
same was done for the background measurements. Then, the amount of net protein was 
calculated by subtracting the background inverted intensity from the protein of interest 
inverted intensity previously calculated. The analysis of the relative expression β-actin was 
performed as previously described, and net β-actin protein loading control value was used to 
normalised as ratio values of the relative amount of the protein of interest (net protein of 
interest/net β-actin protein). This ratio normalisation allows us to compare different conditions 
and technical repeats, as it reduces the variability caused by protein loading error, for instance. 
 
Semi-quantitative results are presented along this thesis in bar charts, indicating the relative 
expression levels of the protein of interest between different cell lines. Graphs were done using 
the OriginPro software, and statistical analysis was performed as declared in section 2.3.3. 
 

2.8 Nitrite (NO2-) measurement 
 
Nitric oxide (NO) is a crucial physiological messenger in the vascular system, regulating vascular 
tone upon calcium influx. One way to study nitric oxide changes is by measuring one of the two 
breakdown products of nitric oxide, nitrite (NO2-) (Bredt et al., 1994; Dawson et al., 1996). Nitric 
oxide quickly oxidizes to nitrite, which is much more stable and easier to quantify. For this, the 
Griess Reagent System is broadly used in biology to measure changes in nitric oxide indirectly. 
The system is based on the diazotization reaction described by Griess but with multiple 
modifications. A diazotization reaction consists of two significant steps. First, the nitrite present 
in the biological sample reacts with sulfanilamide to form a diazonium ion specimen, which, in 
turn, will react with N-(1-naphthyl) ethylenediamine dihydrochloride (NED) to produce an azo 
compound. This azo compound results in an azo dye whose absorbance can be measured 
between 520-550 nm. Both reactions are catalysed under acidic conditions (phosphoric acid 
specifically) (Green et al., 1982). 
 

This system can be used to test the concentration of NO2- in experimental liquid samples. In 
this study, the quantification of nitrite was quantified in HMEC-1 serum-free culture media 
(MCDB-153). Sensitivity of the system depends on the liquid matrix in study, so for that 
comparison of the representative nitrite standard references curves was performed in 
standard bath solution (SBS) and serum-free culture media (MCDB-153). The standard curve 
reference showed that serum-free culture media was an equally good matrix to perform the 
experiments (Figure 5). The nitrite concentration detention limit is 2.5 µM in ultrapure 
deionized distilled water, as described by the fabricant (Promega).  
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Samples came from starved cells that were either drug-treated or unstimulated. 50 µL of 
experimental samples were freshly transferred and plated in triplicate in a 96-well flat-bottom 
assay plate. Each well was mixed with the same volume of the sulfanilamide solution and 
incubated at room temperature, protected from light for 10 minutes. This preincubation is 
relevant, as sulfanilamide and NED compete for nitrite in the reaction. Following the 10-minute 
incubation, the same volume of NED solution was added to the sample mix and preincubated 
again for another 10 minutes in the same conditions. After this time, the sample's absorbances 
were ready to be measured between 538 nm within 30 minutes, as colour may fade after this 
time. A standard curve was prepared for each assay in a 0-100 µM range following the same 
preparation as experimental samples. A nitrite standard reference curve was created with the 
data extracted from this standard curve performed in each independent experiment. Average 
absorbance values for the known concentrations were plotted as a Known Y with the known 
concentrations (0-100 µM) as a function of X.  Finally, to determine each experimental sample's 
nitrite concentration, the average absorbance values for each sample are compared to the 
nitrite standard reference curve. 
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Figure 5. Nitrite measurement specifications.(A) Griess-based diazotization reaction where a 
sulfanilamide reacts with the nitrite in the solution to form a diazonium ion specimen. When this 
specimen reacts with NED, it will produce an azo compound whose absorbance can be measured to 
quantify an experimental sample's nitrite content indirectly. Nitrite standard reference curve 

performed in (B) standard bath solution (SBS) and (C) serum-free MCBD medium.  
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Chapter 3. Investigating the contribution 
of the purinergic receptors in 
endothelial cells' calcium homeostasis. 
 

3.1 Introduction 
 
The endothelium, the monolayer of specialized cells lining the blood vessels, is recognized not 
only for its canonical function as a barrier but also for its dynamic participation in regulating 
vascular tone, blood flow, and various signalling cascades (Félétou, 2011). It plays a crucial role 
in controlling the trafficking of ions, small and large molecules, and immune cells across the 
vessel wall, thereby contributing to maintaining tissue homeostasis (Aslam et al., 
2021). Calcium is one of these ions and plays an essential role in the endothelium as a second 
messenger in numerous cell biology processes such as angiogenesis or flow-induced 
vasodilation (Gerhold et al., 2016; Tsai et al., 2015). 
 
As previously detailed in the Introduction section 1.3.1, P2 purinergic receptors have been 
reported to mediate some of these responses; however, the identity of the receptor 
contributing to the calcium-induced responses remains in discussion. P2X4 has been proposed 
as a mediator of shear stress-induced calcium currents in the endothelium and further flow-
dependent regulation of vascular tone (Yamamoto, Korenaga, Kamiya, Ando, et al., 2000). In 
contrast, others fail to prove the contribution of the channel in the calcium-evoked responses 
(Raqeeb et al., 2011; Wang et al., 2015). P2Y2 can also contribute to high shear stress-induced 
responses due to the activation of the PLC pathway and, in turn, the release of calcium from 
the stores (Li et al., 2022; Raqeeb et al., 2011). In addition, purinergic signalling helps maintain 
the integrity of the endothelial barrier, which is crucial for preventing the passage of harmful 
substances from the bloodstream into surrounding tissues. ATP and other nucleotides released 
from vascular cells or applied exogenously can interact with endothelial purinoceptors and 
influence the barrier function of the endothelium. P2Y1 has been proposed as an endothelial 
barrier protector through a calcium-dependent pathway (Aslam et al., 2021). 
 
Furthermore, it has been established that endothelial calcium signals are pivotal in promoting 
angiogenesis by recruiting various calcium-sensitive decoders in response to pro-angiogenic 
signals, including basic fibroblast growth factor (bFGF) and vascular endothelial growth factor 
(VEGF) (Moccia et al., 2019). VEGF is the master regulation of angiogenesis. VEGF receptor 2, 
which is the central signalling VEGF receptor in vascular endothelial cells, recruits PLCβ3 
through phosphorylation at serine 537 and 1105 and leads to the PLC activation pathway 
causing a pro-angiogenic increase in the intracellular calcium (Li et al., 2011; Moccia et al., 
2019). Membrane receptors from other families, such as Orai and TRPC channels, have been 
proposed to contribute to the VEGF calcium-dependent response (J. Li et al., 2015; Li et al., 
2011). Of the purinergic receptors family, P2X7 and P2Y11 have been proposed to induce 
vessel normalisation in a calcium-dependent manner (Avanzato et al., 2016).  
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3.2 Aims 
 
The aim of this study was to investigate the contribution of the purinergic receptors in 
endothelial calcium signalling, using both a biomolecular and a pharmacological strategy. The 
specific objectives were as follows: 
 

1. To identify the purinergic receptors at the transcriptional level and pharmacologically 
prove the derived candidates’ involvement in nucleotide-induced calcium responses in 
human microvascular endothelial cells (HMEC-1). 

2. To elucidate the possible purinergic contribution of purinergic receptors in vascular 
endothelial growth factor (VEGF) calcium signalling mechanism in HMEC-1 cells. 

3. To confirm the protein expression of the proposed pharmacological functional 
candidates and determine the specificity of the observed responses in HMEC-1 cells. 

4. To complement this study with insights into the novel detected mechanism involving 
P2Y11 and VEGF-dependent responses in a primary cell line, human umbilical vein 
endothelial cells (HUVEC). 

 

3.3 Results 
 

3.3.1. Membrane receptors RNA sequencing profile of human microvascular 
endothelial cells (HMEC-1)  
 
RNA sequencing was performed using HMEC-1 cells as a model to elucidate the transcriptional 
profile of membrane receptors with established roles in endothelial physiology. Although this 
study focuses on the role of purinergic receptors, the expression of other receptors was 
considered to have a better understanding of how calcium homeostasis can be regulated in 
the vascular endothelium.  
 
The data is exposed as normalised gene expression levels for the expected number of 
fragments per kilobase of transcript sequence per millions of the base pairs sequenced (FPKM) 
(Figure 1). Zero FPKM indicated no gene expression, and greater FPKM values represented 
higher quantitative gene expression levels. On that basis, the purinergic receptor expression 
at the mRNA level of two ligand ion channels, P2X4 and P2X5, and the expression of three other 
G protein coupled receptors, ADORA2B, P2Y2 and P2Y11, was determined. P2Y receptors 
showed a more prominent expression than P2X4. In contrast, the expression of P2X5 was 
deficient, and it was not further pursued in the study as there is a lack of pharmacological tools 
for further characterization (Figure 1-A).  
 
In the same way, all the vascular endothelial growth factor receptors (VEGFR1,2,3) were 
ascertained, and VEGFR2 was detected at grander levels. In the case of the vascular endothelial 
growth factors, all showed expression in HMEC-1 cells (VEGFA, B, C, D). However, it was a 
substantial expression of VEGFB, followed by VEGFC and VEGFA. VEGFD was the only 
undetected (Figure 1-B). In the case of mechanosensitive channels, PIEZO1 represented the 
most evident expression among all the studied, and TRPV4 was detected but at much lower 
levels if compared, showing a mRNA expression relatively similar to P2X4 (Figure 1-C).  On the 
other hand, in the store-operated (CRAC) channels expression, both the pore-forming proteins 
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ORAI (1-3) and the calcium store sensor (stromal interaction molecule; STIM1,2) were 
expressed, with ORAI1 being the most extended at the mRNA level (Figure 1-D). 
 
The mRNA expression pattern observed in HMEC-1 validated this study's following stages of 
pharmacological profiling. Only receptors indicating expression were further characterised. 
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Figure 1. Normalised gene expression for the expected number of FPKM levels in various receptor 

families in human microvascular endothelial cells (HMEC-1). (A) Purinergic receptors of the three 
main subtypes were expressed in different levels, considering the expression of P2X4, P2X5, 
P2Y2, P2Y11, and ADORAA2B (the adenosine receptor A2B).   (B) All vascular endothelial 
growth factor (VEGF) receptors (R1, R2, R3) and ligands (A, B, C, D) were detected except for 
the VEGF D ligand subtype.  (C) In the case of the mechanosensitive channels, both this 
receptor and TPRV4 expression were detected. (D) Similarly, all store-operated (CRAC) channel 
members were expressed in HMEC-1. Each bar represents an average of three equal samples 
in FPKM. 
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3.3.2. Characterisation of the purinergic receptors signalling in human 
microvascular endothelial cells (HMEC-1). 
 
As indicated in section 3.3.1, a range of purinergic receptors are expressed in HMEC-1 cells. 
P2X4 is an ionotropic permeable non-selective purinergic receptor whose activity can be 
assessed by recording changes in the intracellular calcium concentration using Fura-2AM dye, 
as described in the Methods section 2.3.  In contrast, P2Y2 and P2Y11 are metabotropic 
purinergic receptors, and their activity can be assessed using the same strategy as both induce 
an increase in calcium levels upon nucleotide activation.  
 

3.3.2.1 Nucleotide-evoked calcium responses of human microvascular 
endothelial cells (HMEC-1) 
 
Ionotropic and metabotropic receptors demonstrate different potencies and efficacies, 
reflecting their respective pathways for increasing calcium levels. ATP is a full agonist of P2X4 
(Coddou et al., 2011), P2Y2 (Burnstock, 2014), and P2Y11 (Gruenbacher et al., 2019), and 
therefore, the early experiments were performed to determine potency and efficacy of ATP in 
HMEC-1 cells. Estimating these parameters helped to understand the functional expression of 
the previously reported mRNA-expressed receptors in this cell line. ATP elicited intracellular 
calcium response in a concentration-dependent manner (0.01 to 300 µM) with maximal 
activity at 300 µM for the peak (100.27 ± 2.9%) and for the area under the curve (AUC) (100.68 
± 3%). The half-maximal effective concentration (EC50) for the peak was 568 ± 161 nM and 742 
± 161 nM for the AUC (Figure 2).  The peak represents the initial rapid calcium response while 
the area under the curve evaluates the sustained phase response of a drug. Figure 2-C depicts 
time-resolved calcium responses upon ATP stimulation from 0.03 to 300 µM. This stimulation 
evoked an initial response followed by a slow and sustained phase that decayed to 
approximately 65% above baseline. All concentrations showed the same slow, sustained 
desensitisation phase. 
 
In the absence of extracellular calcium, the maximal responses elicited by ATP were 
significantly decreased by 54.32% for the peak and 28.86% for the AUC. However, the half-
maximal effective concentration did not significantly change when the cells were exposed to 
ATP in a calcium-free saline bath solution (Figure 3). The residual calcium responses indicated 
at least some contribution dependent on P2Y receptors with a clear dependency on 
extracellular calcium, which could indicate some P2X activity. 
 
To gain insights into the expression pattern exposed by the RNA sequencing, the effects of 
exogenous UTP, ADP, and UDP were assessed to provide a more comprehensive 
characterisation of the pharmacological profile of HMEC-1 cells, as different receptors display 
different specificity for different nucleotides. Applying these three nucleotides elicited a 
calcium response in HMEC-1 cells with a considerable rightward shift of ADP and UDP 
concentration-response curves compared to the ATP curve (Figure 4). The four nucleotides 
were ranked in order of their EC50: ATP = UTP (ns) > ADP > UDP, showing, in general, very similar 
maximal responses.  However, UTP exhibited a significantly greater maximal response than 
ATP. These effects are consistent for the peak and AUC calculated parameters (Table 1). 
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Figure 2. ATP elicits intracellular calcium responses in human microvascular endothelial cells (HMEC-1). 
Concentration-response curves for the peak (A) and AUC (B) magnitude of intracellular Ca2+ responses 
elicited by ATP (0.01-300 µM; N=5). (C) Averaged time-resolved intracellular Ca2+ responses elicited by 
ATP from 30 µM to 30 nM in HMEC-1 cells over 250 seconds (N=5). All data were normalised (*) to 30 
µM ATP and fit the Hill1 equation with the EC50 values showed in the graphs. Data are represented as 
mean ± SEM. 

 
 
 
 
 
 
 
 
___________________________ 
(*) Data normalisation was always done at 30 µM ATP when this agonist was studied. 
(**) Arrows (  ) indicate the maximum response in the control (untreated) curve. 
(***) F/F0 refers to the Fura2 ratio, meaning F340/F380. 
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Figure 3. Extracellular calcium removal impacted the ATP-evoked response in human microvascular 
endothelial cells (HMEC-1). Concentration-response curves for the peak (A) and AUC (B) magnitude of 
intracellular Ca2+ responses elicited by ATP (0.01-300 µM; N=5) in the presence (0.01-300 µM; closed 
rhombus; N=3) or absence (0.01-300 µM; open rhombus; N=5) of extracellular calcium. All data were 
normalised to 30 µM ATP in the presence of extracellular calcium and fit the Hill1 equation with the 
EC50 and maximal response values showed in table (C). Asterisks show statistical significance relative to 
ATP potency and ATP % of maximal response (p ns> 0.05, p*<0.05, p**<0.01, p***<0.001). Data are 
represented as mean ± SEM. 
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Figure 4. ATP, UTP, ADP and UDP elicit intracellular calcium responses in human microvascular 
endothelial cells (HMEC-1). Concentration-response curves for the peak (A) and AUC (B) magnitude of 
intracellular Ca2+ responses elicited by ATP (0.01-300 µM; pink closed circles; N=5), UTP (0.002-300 µM; 
green closed squares; N=5), ADP (0.002-300 µM; orange closed triangles; N=5) and UPD (0.01-1000 
µM; blue closed rhombus; N=5).  All data were normalised to 30 µM ATP and fit the Hill1 equation with 
the EC50 values showed in the graphs. Comparison of peak (C) and AUC (D) EC50 values for ATP, UTP, 
ADP and UDP responses (N=5 for each nucleotide). Asterisks show statistical significance relative to ATP 
potency (p ns> 0.05, p*<0.05, p**<0.01, p***<0.001). Data are represented as mean ± SEM.  
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Table 1. Summary of nucleotides-evoked responses in human microvascular endothelial cells (HMEC-1). EC50 statistical analysis was performed against the ATP 
control curve in saline solution. Efficacy p-value is the statistical comparison between ATP maximal response in saline solution and ATP maximal response in the 
presence of the applied compound (whose concentration might differ from the previous one). 

 
Table 2. Effects of broad-spectrum antagonists and ATP scavengers (apyrase) on the ATP-evoked responses in human microvascular endothelial cells (HMEC-
1). EC50 statistical analysis was performed against the ATP control curve in saline solution. Efficacy p-value is the statistical comparison between ATP maximal 
response in saline solution and ATP maximal response in the presence of the applied compound (whose concentration might differ from the previous one). 

 

Nucleotide 
Concentration 

range, 
µM 

EC50 PEAK 
 

P value 

Maximum 
response 

PEAK 
(µM) 

Maximum 
response 
PEAK (%) 

P value 
EC50 AUC 

 
P value 

Maximal 
response 
AUC (µM) 

Maximal 
response 
AUC (%) 

P value 

ATP  0.01-300 568 ± 161 nM / 300  100.27 ± 2.9 / 742 ± 161 nM / 300 100.68 ± 3.0 / 

UTP   0.002-300 460 ± 80 nM ns 150  115.19 ± 5.4 p<0.05 654 ± 271 nM ns 300 116.39 ± 4.4 p<0.05 

ADP 0.002-300 24 ± 7.1 µM p<0.01 300  82.87 ± 2.9 p<0.01 52.1 ± 19.2 µM ns 300 61.1 ± 2.64 p<0.001 

UDP 0.01-1000 63 ± 11.3 µM p<0.01 300  70.35 ± 2.4 p<0.01 114 ± 20.3 µM p<0.01 300 75.12 ± 3.6 p<0.001 

Agonist 
Agonist range, 

µM 
Antagonist 

Antagonist 
concentration 

EC50 PEAK 
 

P value 
Maximal 
response 

PEAK (µM) 

Maximal response 
PEAK (%) 

P value 

ATP  0.1-300 / / 568 ± 161 nM / 300 100.27 ± 2.9 / 

ATP 0.1-300 Apyrase   10 U/mL  4.98 ± 1.28 µM p<0.001 100 86.1 ± 3.1 p<0.01 

ATP 0.1-300 PPADS   100 µM 868 ± 94 nM ns 300 77.0 ± 4 p<0.01 

ATP 0.1-300 Suramin 100 µM 203 ± 35 nM ns 100 93.97 ± 4.23 p<0.01 

Agonist 
Agonist range, 

µM 
Antagonist 

Antagonist 
concentration 

EC50 AUC 
 

P value 
Maximal 
response 
AUC (µM) 

Maximal response 
AUC (%) 

P value 

ATP  0.1-300 / / 742 ± 161 nM / 300 100.68 ± 3 / 

ATP 0.1-300 Apyrase   10 U/mL  10.5 ± 3.63 µM p<0.001 100 22.4 ± 1.7 p<0.001 

ATP 0.1-300 PPADS   100 µM 1.66 ± 0.28 µM ns 300 86.4 ± 5.7 ns 

ATP 0.1-300 Suramin 100 µM 205 ± 30 nM p<0.05 10 95.3 ± 4.43 ns 
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3.3.2.2 ATP-evoked calcium responses of human microvascular endothelial 
cells (HMEC-1) are mediated by phospholipase C (PLC) activation, leading to the 
subsequent release of calcium from intracellular stores. 
 
To investigate the contribution of the two P2 purinergic receptor families in the ATP-evoked 
responses, the PLC pathway inhibitor U73122 was applied to check the impact on the 
intracellular calcium concentration elicited by the nucleotide. The phospholipase C is a 
component of the downstream signalling pathway initiated by activating Gαq-coupled P2Y 
receptors. Inhibition of the PLC enzyme compromises the release of inositol triphosphate (IP3) 
and diacylglycerol (DAG) and, in turn, the calcium release from stores. The ATP responses were 
entirely abolished in the presence of 5 µM of the PLC inhibitor compared with the 
concentration-response curve in the absence of U73122 (Figure 5-A, B), suggesting a 
predominance of P2Y receptors in the ATP-evoked responses. The representative time-
resolved intracellular calcium responses in Figure 5-C demonstrated the absence of response 
upon 30 µM ATP stimulation. 
 
In addition, thapsigargin (10 µM) was also used to investigate further the possible role of store-
operated calcium responses in HMEC-1. Thapsigargin is a potent non-competitive inhibitor of 
the calcium ATPase pumps (SERCA), responsible for transporting calcium ions into the 
sarco/endoplasmic reticulum. It works by obstructing calcium uptake, depleting calcium stores, 
and raising intracellular calcium levels in the cell (Kijimag et al., 1991). Stores depletion with 
thapsigargin at two different preincubation times, 5 (Figure 6-A) and 25 (Figure 6-B) minutes, 
prevented any ATP-evoked responses, reinforcing the PLC inhibition assay findings. 
Furthermore, the preincubation with thapsigargin significantly affected the calcium baseline 
concentration before experimentation, indicating a complete depletion of stores before ATP 
injection. The drug effect was more prominent when measuring after 5 than 25 minutes of 
preincubation (Figure 6-C). However, the preincubation time did not impact the effect on the 
dose-response curve (Figure 6-A, B).  
 
These two inhibitors and many others used in the following sections were not soluble in 
deionised water, and DMSO was used as the solvent instead. Strict solvent control was 
performed to mitigate potential solvent-related influences on the ATP dose-response curve. 
The presence of DMSO at 0.1% and 0.2% (v/v) did not alter the ATP potencies when compared 
with EC50 calculated from the ATP dose response curve in saline solution (SBS) (Figure 7-E). 
However, there was a slight effect at 10 µM in the 0.1% DMSO curve (Figure 7-A, B), and a 
slightly potentiating trend can be found from 3 to 10 µM in the 0.2% DMSO peak dose-
response curve (Figure 7-C). Thereby, to ensure consistency in experimental conditions in this 
study, drugs solved in DMSO will always be compared to their respective dose-response 
solvent-controlled (0.1 or 0.2% DMSO) curve and derived calculated parameters (potency and 
efficacy). 
 
It is crucial to note that the PLC inhibitor assay could not be appropriately plotted with its 
corresponding ATP dose response in 1% DMSO, as it was the only experiment performed in 
these conditions due to a low stock concentration in 100% DMSO (Figure 5-A, B). Therefore, 
this drug could not be diluted to 0.1 or 0.2% DMSO. Statistical significance is not shown as the 
experiments were not performed in the same conditions.  
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Figure 5. Effects of the phospholipase C (PLC) inhibitor U73122 on the ATP-evoked response in human 
microvascular endothelial cells (HMEC-1). Concentration-response curves for the peak (A) and AUC (B) 
magnitude of intracellular Ca2+ responses elicited by ATP (0.01-300 µM; N=3) in the presence (0.01-300 
µM; open rhombus; N=3) or absence (0.01-300 µM; closed rhombus; N=3) of U 73122 5 µM after 30 
minutes preincubation. (C) Averaged time-resolved intracellular Ca2+ responses elicited by ATP 30 µM 
in the presence (light yellow rhombus; N=3) or absence (cyan rhombus; N=3) of U73122 5 µM over 250 
seconds. Data are represented as mean ± SEM. 
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Figure 6. Effects of the sarcoendoplasmic reticulum calcium transport ATPase (SERCA) inhibitor 
thapsigargin on the ATP-evoked response in human microvascular endothelial cells (HMEC-1). ATP 
dose-response curve under control conditions (0.01-300 µM; closed rhombus; N=3) or following sarco-
endoplasmic reticulum Ca2-ATPases inhibition treatment with 10 µM thapsigargin (0.01-300 µM; open 
rhombus; N=3) after 25 (A) or 5 (B) minutes preincubation. All data were normalised to 30 µM ATP and 
fit the Hill1 equation. (C) Cell loading values under control conditions or in the presence of thapsigargin 
at two different times. Asterisks show statistical significance relative to control conditions loading 
values (p ns> 0.05, p*<0.05, p**<0.01, p***<0.001). Data are represented as mean ± SEM. 

 
 
 
 
__________ 
Loading values represent a F340/F380 measurement before the FlexStation experiments. We consider a control 
measurement of the cells for this value to be higher than 1 but lower than 2. The FlexStation is configured to record 
the pharmacological assays performing a baseline subtraction, and therefore, the traces shown and the raw data 
presented in this thesis start at 0. 
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Figure 7. Tolerance of the ATP-evoked response in human microvascular endothelial cells (HMEC-1) to 
0.1% and 0.2% dimethyl sulfoxide (DMSO). Concentration-response curves for the peak (A) (C) and AUC 
(B) (D) magnitude of intracellular Ca2+ responses elicited by ATP in the presence (0.01-300 µM; open 
rhombus; N=5) or absence (0.01-300 µM; closed rhombus; N=5) of 0.1% or 0.2% DMSO.  All data were 
normalised to 30 µM ATP in saline solution and fit the Hill1 equation with the EC50 values showed in 
table (E). Asterisks show statistical significance relative to ATP potency in saline solution (p ns> 0.05, 
p*<0.05, p**<0.01, p***<0.001). Data are represented as mean ± SEM. 
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3.3.2.3 The broad-spectrum P2 antagonists affected the ATP-evoked 
calcium responses of human microvascular endothelial cells (HMEC-1). 
 
Broad-spectrum P2 antagonists were used, as well as apyrase, to continue characterising the 
P2 receptors’ involvement in the ATP-evoked calcium responses in HMEC-1. Pyridoxal-
phosphate-6-azophenyl-2’,4’-disulfonic acid (PPADS), and suramin broadly target P2X and P2Y 
receptors in various degrees, and their effects are strictly species-dependent. On the other 
hand, apyrase is an ATP and ADP scavenger, inhibiting the ATP response by catalysing the 
hydrolysis of ATP to ADP and ADP to AMP by releasing inorganic phosphate (Kettlun et al., 
2005). 
 
The effects of apyrase (10 U/mL) on the ATP dose-response curve control (EC50

PEAK: 568± 
161nM; EC50

AUC: 742± 161 nM) were examined to confirm that observed intracellular calcium 
responses were ATP-dependent. Pre-treatment with apyrase right shifted the ATP dose-
response curve and massively reduced the ATP potency for the peak (4.98 ± 1.28 µM; p<0.001) 
and the area under the curve (10.5± 3.63 µM; p<0.001) (Figure 8-D, Table 2). Furthermore, the 
control ATP-evoked maximal response at 300 µM (ATPmax peak: 100.27 ± 2.9%: ATPmax AUC: 
100.68 ± 3%) was significantly affected in the presence of the enzyme for the peak (ATPmax peak 
85.44 ± 4.14%; p<0.05) and the AUC (ATPmax AUC 20.22 ± 1.94 %; p<0.001) (Figure 8-A, B). 
Accordingly, the maximal response to ATP in the presence of the scavenger was achieved at 
100 µM for the peak (Emax

peak: 86.1 ± 3.1 %; p<0.01) and the AUC (Emax
AUC: 22.4 ± 1.7%; 

p<0.001). When comparing these new maximal responses (efficacies, Emax) with the maximal 
response control at 300 µM ATP in the absence of the apyrase, the response was significantly 
reduced in both curves, and it never managed to achieve the same level of efficacy as the 
control, being this fact much more evident in the AUC curve (Table 2). The representative time-
resolved intracellular calcium responses shown in Figure 8-C illustrated apyrase's significant 
impact on the peak and the massive effect in the area under the curve upon 10 µM ATP 
stimulation compared with the control. In the presence of apyrase, the ATP caused a rapid 
transient increase in the calcium influx with a decay in the response over 30 seconds to the 
baseline, losing the slow desensitisation kinetics observed in the control response. 
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Figure 8. Inhibitory effects of apyrase on the ATP-evoked response in human microvascular endothelial 

cells (HMEC-1). Concentration-response curves for the peak (A) and AUC (B) magnitude of 
intracellular Ca2+ responses elicited by ATP (0.01-300 µM; N=5) in the presence (0.01-300 µM; 
open rhombus; N=5) or absence (0.01-300 µM; closed rhombus; N=5) of apyrase 10 U/mL. (C) 
Averaged time-resolved intracellular Ca2+ responses elicited by ATP 10 µM in the presence 
(light yellow rhombus; N=5) or absence (cyan rhombus; N=5) of apyrase 10 U/mL over 250 
seconds. All data were normalised to 30 µM ATP and fit the Hill1 equation with the EC50 values 
showed in table (D). Asterisks show statistical significance relative to ATP potency (p ns> 0.05, 
p*<0.05, p**<0.01, p***<0.001). Data are represented as mean ± SEM. 
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PPADS is a non-competitive antagonist of all P2X receptors in humans, expecting changes in 
the efficacy upon application of the drug but not in the potency (Delaune et al., 2023). P2X4 
receptor exhibited half-maximal inhibition concentration values in the presence of high 
concentrations of PPADS (>300 µM) (Bo, Kim, et al., 2003; Coddou et al., 2011; Jones et al., 
2000; Khakh et al., 1999; North et al., 2000). However, lower IC50 of 10 µM has been reported 
for the human P2X4 receptor (Jones et al., 2000). In contrast, P2X5 demonstrated the highest 
sensitivity to PPADS with IC50 from 200 to 600 nM (Bo, Jiang, et al., 2003; Coddou et al., 2011).  
Of the P2Y receptors, it has been reported partial inhibition of P2Y1, P2Y4, P2Y6, and P2Y13 
when using PPADS concentrations higher than 10 µM (Charlton et al., 1996a, 1996b; Communi, 
Motte, et al., 1996; Communi, Parmentier, et al., 1996; Marteau et al., 1995; O'Grady et al., 
1996; Robaye et al., 1997). Nevertheless, it is essential to note that no antagonist action was 
observed in human P2Y2 or P2Y11 receptors (Charlton et al., 1996b; Communi et al., 1999). 
 
The effects of PPADS (100 µM) on the ATP dose-response curve control (EC50

PEAK: 568± 161nM; 
EC50

AUC: 742± 161 nM) were examined to investigate if observed intracellular calcium 
responses could be P2X-dependent, as this antagonist is not meant to inhibit P2Y2 or P2Y11 
dependent responses. Pre-treatment with PPADS slightly right-shifted the ATP dose-response 
curve without influencing the ATP potency for the peak (868 ± 94 nM; ns) or the area under 
the curve (1.66 ± 0.28 µM; ns) (Figure 9-D, Table 2). On the contrary, the presence of the 
antagonist significantly reduced the ATP-evoked maximal control response at 300 µM 
(ATPmax

peak: 100.27±2.9%: ATPmax
AUC: 100.68 ± 3%) for the peak (77 ± 4 %; p<0.01) but not for 

the AUC (86.4 ± 5.7%; ns). In this case, the maximal response in the presence of the antagonist 
was consistently achieved at 300 µM (Figure 9-A, B, Table 2). The representative time-resolved 
intracellular calcium responses shown in Figure 9-C illustrated PPADS' significant impact on the 
peak and the area under the curve upon 10 µM ATP stimulation compared with the control. In 
the presence of PPADS, the activation kinetics at 10 µM ATP showed a significant decrease of 
the peak to around 60% above baseline compared to the 80% control response in the absence 
of the antagonist. The slow desensitisation kinetics was conserved with a significant drop over 
the last 90 seconds in the sustained calcium that decayed to approximately 20% above 
baseline, compared to the control that never decayed below 60%. 
 
To further characterise PPADS effects on the ATP-evoked responses, HMEC-1 cells were 
incubated for 30 minutes in a range of antagonist concentrations (0.1 to 300 µM) and 
stimulated with a sub-maximal concentration of ATP (10 µM), and thereby, IC50 was calculated 
(Figure 10-A, B). The half-maximal inhibitory concentration values obtained were 92.5 ± 8.92 
µM for the peak and 136 ± 88 µM for AUC inhibition curves, not far from what has been 
previously reported (North et al., 2000). 
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Figure 9. Inhibitory effects of broad-spectrum P2 receptors antagonist PPADS on the ATP-evoked 
response in human microvascular endothelial cells (HMEC-1). Concentration-response curves for the 
peak (A) and AUC (B) magnitude of intracellular Ca2+ responses elicited by ATP (0.01-300 µM; N=5) in 
the presence (0.01-300 µM; open rhombus; N=5) or absence (0.01-300 µM; closed rhombus; N=5) of 
PPADS 100 µM. (C) Averaged time-resolved intracellular Ca2+ responses elicited by ATP 10 µM in the 
presence (light yellow rhombus; N=5) or absence (cyan rhombus; N=5) of PPADS 100 µM over 250 
seconds. All data were normalised to 30 µM ATP and fit the Hill1 equation with the EC50 values showed 
in table (D). Asterisks show statistical significance relative to ATP potency (p ns> 0.05, p*<0.05, 
p**<0.01, p***<0.001). Data are represented as mean ± SEM. 
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Figure 10. Inhibition concentration-response curves for PPADS on the ATP-evoked response in human 
microvascular endothelial cells (HMEC-1). Inhibition concentration-response curves for the peak (A) 
and AUC (B) magnitude of intracellular Ca2+ responses elicited by 10 µM ATP in the presence (0.1-300 
µM; closed stars; N=5) of PPADS 100 µM.  All data were normalised to 10 µM ATP and fit the Hill1 
equation with the IC50 values showed in the graphs. Data are represented as mean ± SEM.  
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Suramin is frequently a non-competitive antagonist of some homomeric P2X receptors in 
humans (P2X1, P2X3, P2X5 (≤15 µM)) (Bo, Jiang, et al., 2003; Burnstock et al., 2014; Lambrecht, 
2000; Soto et al., 1997), while is weak or inactive for others (P2X2, P2X4, and P2X7) where high 
concentrations of suramin are required to affect the agonist evoked response (≥78 µM-1mM) 
(Burnstock et al., 2014; George et al., 2019; Lambrecht, 2000; Soto et al., 1997). Of the P2Y 
receptors, has been characterised as antagonist of P2Y1, P2Y11 and P2Y13 (≤10 µM) 
(Abbracchio et al., 2012; Communi et al., 1999; Marteau et al., 2003; O'Grady et al., 1996; Von 
Kügelgen et al., 2016), while is weak or inactive for P2Y2 (≥40 µM), P2Y4 and P2Y6 (Charlton et 
al., 1996a; Rafehi et al., 2018; Ralevic et al., 1998; Von Kügelgen et al., 2016). 
 
The effects of suramin (100 µM) on the ATP dose-response curve control (EC50

PEAK: 568 ± 161 
nM; EC50

AUC: 742 ± 161 nM) were examined to investigate if observed intracellular calcium 
responses could be diminished based on the mRNA expression of P2Y2 and P2Y11. Pre-
treatment with suramin slightly left shifted the ATP dose-response curve and increased the 
ATP potency for the AUC (205 ± 30 nM; p<0.05) (Figure 11-B, Table 2) while the peak potency 
remained mainly unchanged (203 ± 35 nM; ns) (Figure 11-A, Table 2). However, there was a 
significant decrease in net calcium when comparing the ATP control maximal response 
concentration at 300 µM (ATPmax

peak: 100.27±2.9%: ATPmax
AUC: 100.68 ± 3%) in the presence of 

suramin for the peak (84.60 ± 2.20 %; p<0.01) and the AUC (84.63 ± 1.90 %; p<0.01) (Figure 
11-A, B). Consequently, the maximal response to ATP in the presence of the antagonist was 
achieved at 100 µM for the peak (93.97 ± 4.23%; p< 0.01) and 10 µM for the AUC (95.3 ± 4.43%; 
ns). When comparing these new maximal responses with the maximal response control at 300 
µM ATP in the absence of the drug, we elucidated that in the case of the AUC, the level of 
efficacy remained unchanged but shifted to a lower concentration of the agonist 10 µM. In 
contrast, in the peak curve, the agonist never achieved the same level of efficacy at 100 µM 
(93.97 ± 4.23; p<0.01), but the lower concentration shift for the maximal response was 
conserved as in the AUC (Table 2). The representative time-resolved intracellular calcium 
responses shown in Figure 11-C illustrated the AUC dose-response curve left shift, with a 
significant increase in the sustained calcium influx upon 300 nM stimulation compared with 
the control. In the presence of suramin, the ATP caused a rapid transient increase in the 
calcium influx with a conserved slow desensitisation kinetics influenced by the increase of the 
sustained net calcium at 300 nM. These results portray unexpected results for a non-
competitive antagonist. A decrease in the maximal response could be expected but not an 
increase in the potency, acting in that case as a positive allosteric modulator of ATP. One 
alternative explanation for the observed effect can be the performance of suramin as an 
ectonucleotidase inhibitor. Ectonucleotidase enzymes hydrolyse ATP into ADP, AMP, and 
adenosine. Suramin can inhibit them (Hourani et al., 1988), preventing the degradation of ATP 
and increasing its potency, as our data showed. (Hourani & Chown, 1988) 
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Figure 11. Unexpected effects of broad-spectrum P2 receptors antagonist suramin on the ATP-evoked 
response in human microvascular endothelial cells (HMEC-1). Concentration-response curves for the 
peak (A) and AUC (B) magnitude of intracellular Ca2+ responses elicited by ATP (0.01-300 µM; N=3) in 
the presence (0.01-300 µM; open rhombus; N=3) or absence (0.01-300 µM; closed rhombus; N=5) of 
suramin 100 µM. (C) Averaged time-resolved intracellular Ca2+ responses elicited by ATP 300 nM in the 
presence (light yellow rhombus; N=3) or absence (cyan rhombus; N=5) of suramin 100 µM over 250 
seconds. All data were normalised to 30 µM ATP and fit the Hill1 equation with the EC50 values showed 
in table (D). Asterisks show statistical significance relative to ATP potency (p ns> 0.05, p*<0.05, 
p**<0.01, p***<0.001). Data are represented as mean ± SEM. 
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3.3.2.4 P2X4 antagonists inconsistently affected the ATP-evoked calcium 
responses of human microvascular endothelial cells (HMEC-1). 
 
Nearly all purinergic receptors exhibit a response to ATP, either directly or through ATP 
breakdown. However, P2X1 to X7, P2Y2, and P2Y11 receptor subtypes demonstrate a higher 
affinity for ATP than other physiological agonists (Burnstock, 2007). From all P2X receptors, 
P2X4 was the only candidate depicted from the RNA sequencing to be functionally expressed 
in HMEC-1 cells, and therefore, its pharmacological characterisation was investigated (Figure 
1).  
 
In recent years, advancements in small molecule development techniques enabled the 
commercialisation of selective P2X4 receptor antagonists. In this study, four different 
antagonists were tested to elicit the involvement of P2X4 in the ATP-evoked calcium responses 
in HMEC-1 cells. As previously described in section 3.3.3, to ensure consistency in experimental 
conditions, these four-antagonist solved in DMSO will always be compared to their respective 
solvent-controlled (0.1 or 0.2% DMSO) dose-response curve and derived calculated 
parameters (potency and efficacy). Three out of the four antagonists (BAY-1797 (3-10 µM), 5-
BDBD (10 µM), and BX 430 (10 µM) failed to significantly alter the ATP dose-response curve. 
 
BAY-1797 is a potent and selective hP2X4 antagonist described by Bayer® in 2019 with a half-
inhibitory concentration of 211 nM. The displayed activity on other P2X channels exhibited 
much higher IC50 values in the micromolar range (>50 μM for the hP2X1, >30 μM for the hP2X2-
3, 8.3 μM for the hP2X3, and 10.6 μM for the hP2X7) (Werner et al., 2019). Two different 
concentrations of BAY-1797 were tested to study the contribution of P2X4 on the ATP-evoked 
calcium responses (EC50

PEAK: 338 ± 52 nM; EC50
AUC: 768 ± 79 nM) (Figure 12). Neither the 3 nor 

10 μM successfully inhibit the calcium responses upon ATP application in the peak and the AUC 
dose-response curves. Isolated significant effects were found at 30 μM ATP in the AUC curve 
when HMEC-1 cells were treated with 3 μM BAY-1797 (Figure 12-B) and at 10 nM ATP in the 
peak curve when the cells were treated with the 10 μM BAY-1979 concentration (Figure 12-F). 
Moreover, the potencies for the peak (527 ± 177 nM; ns) and AUC (1.09 ± 0.307 μM; ns) were 
unaffected (Figure 12-D, H). In addition, no changes were found when comparing the ATP 
control maximal response concentration at 100 µM for the peak (ATPmax

peak: 105 ± 7.6%) and 
at 300 µM for the AUC (ATPmax

AUC: 103 ± 5.1%) in the presence of BAY (Figure 12-A, B, E, F). 
The maximal responses for ATP in the peak and AUC curves in the presence of 3 μM BAY-1797 
were found at 30 μM ATP for the peak and AUC curves, but the level of efficacy remained intact 
(Emax

peak: 108.8 ± 4.1 %; ns) and the AUC (Emax
AUC: 108.9 ± 2.8%; ns) (Table 3, 4). These 

observations align with the isolated significant effect previously mentioned. On the other hand, 
the maximal responses for ATP in the peak and AUC curves in the presence of 10 μM BAY-1797 
were unchanged for the peak and found at 100 μM as in the control curve. At the same time, 
the maximal response of the AUC was achieved at 100 μM ATP instead of 300 μM of the AUC 
control curve, but the level of efficacy was also conserved (Emax

AUC: 101.3 ± 5.4%; ns). The lack 
of inhibitory effects was illustrated in the representative time-resolved intracellular calcium 
responses shown in Figure 12- C, G. Therefore, we concluded that BAY-1797 was insufficient 
to inhibit ATP-evoked responses in HMEC-1 cells.  
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Figure 12. Lack of inhibitory effects of BAY-1797 P2X4 receptor antagonist on the ATP-evoked response 
in human microvascular endothelial cells (HMEC-1). Concentration-response curves for the peak (A) 
and AUC (B) magnitude of intracellular Ca2+ responses elicited by ATP (0.01-300 µM; N=5) in the 
presence (0.01-300 µM; open rhombus; N=5) or absence (0.01-300 µM; closed rhombus; N=5) of BAY-
1797 3 µM. (C) Averaged time-resolved intracellular Ca2+ responses elicited by ATP 30 µM in the 
presence (light yellow rhombus; N=5) or absence (cyan rhombus; N=5) of BAY-1797 3 µM over 250 
seconds. All data were normalised to 30 µM ATP and fit the Hill1 equation with the EC50 values showed 
in table (D). Concentration-response curves for the peak (E) and AUC (F) magnitude of intracellular Ca2+ 
responses elicited by ATP (0.01-300 µM; N=5) in the presence (0.01-300 µM; open rhombus; N=5) or 
absence (0.01-300 µM; closed rhombus; N=5) of BAY-1797 10 µM. (G) Averaged time-resolved 
intracellular Ca2+ responses elicited by ATP 30 µM in the presence (light yellow rhombus; N=5) or 
absence (cyan rhombus; N=5) of BAY-1797 10 µM over 250 seconds. All data were normalised to 30 
µM ATP and fit the Hill1 equation with the EC50 values showed in table (H). Asterisks show statistical 
significance relative to ATP potency (p ns> 0.05, p*<0.05, p**<0.01, p***<0.001). Data are represented 
as mean ± SEM. 
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Table 3. Effects of selective antagonists on the ATP-evoked peak responses in human microvascular endothelial cells (HMEC-1).EC50 statistical analysis was 
performed against the ATP control curve in the appropriate vehicle control. Efficacy p-value is the statistical comparison between ATP maximal response in saline 
solution or saline solution containing 0.1 or 0.2% DMSO and ATP maximal response in the presence of the applied compound. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Agonist 
Agonist 
range, 

µM 
Antagonist 

Antagonist 
concentration 

Target 
EC50 PEAK 

 
P value 

Maximal 
response 

PEAK (µM) 

Maximal response 
PEAK (%) 

P value 

ATP (0.1% DMSO) 0.1-300 - - P2X/P2Y 338 ± 52 nM - 100 105.0 ± 7.6 - 
ATP 0.1-300 AR-C 118925XX 10 µM   P2Y2 51.7 ± 3.1 µM p<0.001 300 70.6 ± 1.3 p<0.001 
ATP 0.1-300 BAY-1797  3 µM   P2X4 527 ± 177 nM    ns 30 108.8 ± 4.1 ns 
ATP 0.1-300 BAY-1797  10 µM   P2X4 469 ± 154 nM    ns 100 101.3 ± 5.4 ns 
ATP 0.1-300 BX430 10 µM   P2X4 392 ± 100 nM    ns 100 103.3 ± 3.8 ns 
ATP 0.1-300 5-BDBD 10 µM   P2X4 444 ± 80 nM    ns 100 99.7 ± 3.2 ns 

ATP (0.2% DMSO) 0.1-300 - - P2X/P2Y 568 ± 165 nM - 100 100.1 ± 4.2 - 
ATP 0.1-300 PSB12062 10 µM   P2X4 160 ± 50 nM    p<0.05 30 64.3 ± 4.4 p<0.001 

ATP (saline) 0.1-300 - - P2X/P2Y 568 ± 161 nM - 300 100.27 ± 2.9 - 
ATP 0.1-300 NF157 5 µM   P2Y11 542 ± 56 nM   ns 300 107.9 ± 1.5 p<0.05 
ATP 0.1-300 MRS 1754 100 nM A2B 1.30 ± 0.9 µM ns 300 106.1 ± 4.0 ns 
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Table 4. Effects of selective antagonists on the ATP-evoked AUC responses in human microvascular endothelial cells (HMEC-1). EC50 statistical analysis was 
performed against the ATP control curve in the appropriate vehicle control. Efficacy p-value is the statistical comparison between ATP maximal response in saline 
solution or saline solution containing 0.1 or 0.2% DMSO and ATP maximal response in the presence of the applied compound. 

 

 
 
 
 
 
 
 
 
 
 
 
 

Agonist 
Agonist 
range, 

µM 
Antagonist 

Antagonist 
concentration 

Target 
EC50 AUC 

 
P value 

Maximal 
response 
AUC (µM) 

Maximal response 
AUC (%) 

P value 

ATP (0.1% DMSO) 0.1-300 / / P2X/P2Y 768 ± 79 nM / 300 103 ± 5.1 / 
ATP 0.1-300 AR-C 118925XX 10 µM   P2Y2 87.5 ± 1.3 µM p<0.01 300 25.4 ± 2.5 p<0.001 
ATP 0.1-300 BAY-1797  3 µM   P2X4 1.09 µM ± 307 nM   ns 30 108.9 ± 2.8 ns 
ATP 0.1-300 BAY-1797  10 µM   P2X4 718 ± 123 nM     ns 100 105.5 ± 5.8 ns 
ATP 0.1-300 BX430 10 µM   P2X4 1.02 µM ± 153 nM ns 100 104.9 ± 3.2 ns 
ATP 0.1-300 5-BDBD 10 µM   P2X4 909 ± 80 nM      ns 100 98.6 ± 5.3 ns 

ATP (0.2% DMSO) 0.1-300 / / P2X/P2Y 901 ± 232 nM / 100 109.4 ± 4.8 / 
ATP 0.1-300 PSB12062 10 µM   P2X4 184 ± 55 nM     p<0.05 300 53.3 ± 4.8 p<0.05 

ATP (saline) 0.1-300 / / P2X/P2Y 742 ± 161 nM / 300 100.68 ± 3 / 
ATP 0.1-300 NF157 5 µM   P2Y11 1.05 µM ± 83 nM   ns 300 107.7 ± 1.8 ns 
ATP 0.1-300 MRS 1754 100 nM A2B 1.85 ± 1.25 µM ns 300 106.4 ± 3.1 ns 
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The second P2X4 antagonist investigated was 5-BDBD. It was the first described hP2X4 
antagonist by Bayer® in 2004, and it is 17 times less potent (IC50= 3710 nM) than BAY-1797 
(Werner et al., 2019). 10 μM of 5-BDBD was applied to study the contribution of P2X4 on the 
ATP-evoked calcium responses (Figure 13). 5-BDBD could not inhibit any calcium responses 
upon ATP application in the peak and the AUC dose-response curves (Figure 13-A, B), and both 
potencies were unaffected by the presence of the antagonist (EC50

PEAK: 444 ± 80 nM, ns; 
EC50

AUC: 909 ± 80 nM, ns) (Fig 13-D).  No change was found when comparing the ATP control 
maximal response concentration at 100 µM for the peak (ATPmax

peak: 105 ± 7.6%) and at 300 
µM for the AUC (ATPmax

AUC: 103 ± 5.1%) in the presence of 5-BDBD for the peak (99.7 ± 3.2, ns) 
and the AUC (98.6 ± 5.3, ns) (Figure 13-A, B). Nevertheless, in the case of the AUC, the maximal 
response for ATP in the presence of 10 μM 5-BDBD was found at 100 μM ATP instead of 300 
μM. Consistently, the level of efficacy remained intact (Table 4). The representative time-
resolved intracellular calcium responses depicted in Figure 13-C demonstrated the described 
absence of inhibitory effects. As a result, we have concluded that 10 μM 5-BDBD was not 
effective in inhibiting ATP-induced responses in HMEC-1 cells. 
 
The third P2X4 antagonist examined was BX 430. It was described by Ase et al. in 2015, and it 
is 4 times less potent (IC50= 780 nM) than BAY-1797 (Ase et al., 2015; Werner et al., 2019). As 
previously reported for the previous antagonist, 10 μM of BX430 could not impede any calcium 
responses upon ATP application in the peak and the AUC dose-response curves (Figure 14-A, 
B), and both potencies were unaffected by the presence of the antagonist (EC50

PEAK: 392 ± 100 
nM, ns; EC50

AUC: 1.02 ± 0.153 µM, ns) (Fig 14-D).  When comparing the ATP control maximal 
response, there was no change at 100 µM for the peak (ATPmax

peak: 105 ± 7.6%) and at 300 µM 
for the AUC (ATPmax

AUC: 103 ± 5.1%) in the presence of BX 430 (ATPmax
peak: 103.3 ± 3.8, ns; 

ATPmax
AUC: 104.9 ± 3.2%, ns) (Figure 14-A, B). However, in the case of the AUC, the maximal 

response for ATP in the presence of 10 μM BX430 was observed at 100 μM ATP instead of the 
300 μM ATP concentration in the control curve. Nonetheless, the level of efficacy remained 
unaffected (Table 4). The representative time-resolved intracellular calcium responses 
exemplified in Figure 14-C demonstrated the absence of inhibitory effects. Therefore, we have 
concluded that 10 μM BX 430 did not have any inhibitory effects on the ATP-induced responses 
in HMEC-1 cells. 
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Figure 13. Lack of inhibitory effects of 5-BDBD P2X4 receptor antagonist on the ATP-evoked response 
in human microvascular endothelial cells (HMEC-1). Concentration-response curves for the peak (A) 
and AUC (B) magnitude of intracellular Ca2+ responses elicited by ATP (0.01-300 µM; N=5) in the 
presence (0.01-300 µM; open rhombus; N=5) or absence (0.01-300 µM; closed rhombus; N=5) of 5-
BDBD 10 µM. (C) Averaged time-resolved intracellular Ca2+ responses elicited by ATP 30 µM in the 
presence (light yellow rhombus; N=5) or absence (cyan rhombus; N=5) of 5-BDBD 10 µM over 250 
seconds. All data were normalised to 30 µM ATP and fit the Hill1 equation with the EC50 values showed 
in table (D). Asterisks show statistical significance relative to ATP potency (p ns> 0.05, p*<0.05, 
p**<0.01, p***<0.001). Data are represented as mean ± SEM. 

 
 
 
 
 
 
 
 
 
 

B A 

C D 

1E-8 1E-7 1E-6 1E-5 1E-4

0

20

40

60

80

100

120

n
o

rm
a
li
z
e
d

 C
a

2
+
 r

e
s
p

o
n

s
e
s
 %

 p
e
a
k
 c

o
n

tr
o

l 

(3
0

 
M

 A
T

P
 0

.1
%

 D
M

S
O

) 

log[ATP] (M)

PEAK

- 5-BDBD 10 M

+ 5-BDBD 10 M

 

ns

ns

ns

ns

ns

ns
ns

ns
ns ns

1E-8 1E-7 1E-6 1E-5 1E-4

0

20

40

60

80

100

120

n
o

rm
a
li
z
e
d

 C
a

2
+
 r

e
s
p

o
n

s
e
s
 %

 a
u

c
 c

o
n

tr
o

l 

(3
0

 
M

 A
T

P
 0

.1
%

 D
M

S
O

)

log[ATP] (M)

AUC
- 5-BDBD 10 M

+ 5-BDBD 10 M

 

ns ns
ns

ns

ns

ns

ns
ns

ns ns

0

20

40

60

80

100

120

In
tr

a
c
e
llu

la
r 

[C
a

2
+
] 

F
u
ra

2
 (

F
/F

0
) 

  

(%
 p

e
a
k
 3

0
 

M
 A

T
P

)

30 sec

30 M ATP

- 5-BDBD 10 M 

+ 5-BDBD 10 M 



 95 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14.  Lack of inhibitory effects of BX 430 P2X4 receptor antagonist on the ATP-evoked response 
in human microvascular endothelial cells (HMEC-1). Concentration-response curves for the peak (A) 
and AUC (B) magnitude of intracellular Ca2+ responses elicited by ATP (0.01-300 µM; N=5) in the 
presence (0.01-300 µM; open rhombus; N=5) or absence (0.01-300 µM; closed rhombus; N=5) of BX430 
10 µM. (C) Averaged time-resolved intracellular Ca2+ responses elicited by ATP 30 µM in the presence 
(light yellow rhombus; N=5) or absence (cyan rhombus; N=5) of BX430 10 µM over 250 seconds. All 
data were normalised to 30 µM ATP and fit the Hill1 equation with the EC50 values showed in table (D). 
Asterisks show statistical significance relative to ATP potency (p ns> 0.05, p*<0.05, p**<0.01, 
p***<0.001). Data are represented as mean ± SEM. 
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To further complement this pharmacological profiling and given the lack of effects using hP2X4 
selective antagonists, 1321N1 astrocytoma cells stably expressing the human P2X4 receptor, 
were utilised to double-check the known ability of one of the selective antagonists, BX 430 in 
this case, to inhibit hP2X4 ATP-dependent evoked responses. In this way, we could exclude any 
concern of unexpected antagonist behaviour.  
 
ATP was applied to confirm whether the human P2X4 receptor was functionally active in this 
model. ATP elicited intracellular calcium response in a concentration-dependent manner (30 
to 0.3 µM; dark blue square) (Figure 15). Contrarily, ATP did not cause an endogenous calcium 
response in parental 1321N1 astrocytoma cells (Figure 16-A), proving that the ATP calcium 
responses were due to human P2X4 receptors. 30 μM ATP calcium response was not 
significantly different than the vehicle control-induced response (Figure 16-B). Cell viability was 
confirmed using ionomycin 1 μM, that effectively evoked a robust intracellular calcium 
response (Figure 16-C). Ionomycin is a well-known intracellular calcium-inducer. It is an 
ionophore that increases calcium concentration in the intracellular space by directly facilitating 
the transport of calcium ions across the plasma membrane (Dedkova et al., 2000). 
 
10 μM BX 430 significantly blocked the ATP-evoked responses at 30 and 3 μM 1321N1 
astrocytoma cells stably expressing the human P2X4 receptor, confirming the canonical 
antagonist effect of the molecule. The representative time-resolved intracellular calcium 
responses exemplified in Figure 15-A, B demonstrated these inhibitory effects. Therefore, we 
agreed that 10 μM BX 430 is an effective tool for inhibiting the P2X4 ATP-dependent calcium 
responses in human cells. 
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Figure 15. Inhibitory effects on ATP-evoked Ca2+ responses after treatment with BX 430 selective 
human P2X4 receptor antagonist in 1321N1 human P2X4 stable astrocytoma cells.Averaged time-
resolved intracellular Ca2+ responses elicited by ATP 30 µM (A), 3 µM (B) and 300 nM (C) in the presence 
(light blue square; N=3) or absence (dark blue square; N=3) of BX430 10 µM over 250 seconds. (D) 
Comparison of peak magnitude of intracellular Ca2+ responses induced by ATP at three different 
concentrations in the presence (light blue square; N=3) or absence (dark blue square; N=3) of BX430 
10 µM. All data were normalised to 30 µM ATP Asterisks show statistical significance relative to ATP 
peak (p ns> 0.05, p*<0.05, p**<0.01, p***<0.001). Data are represented as mean ± SEM. 
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Figure 16. ATP did not cause an endogenous calcium response in 1321N1 parental astrocytoma cells. 
(A) Concentration-response curves for the peak magnitude of intracellular Ca2+ responses elicited by 
ATP (0.03-30 µM; N=5). (B) Comparison of peak magnitude of intracellular Ca2+ responses induced by 
the injection of vehicle control (blank) or 30 µM (N=5). (C) Averaged time-resolved intracellular Ca2+ 
responses elicited by ATP 30 µM (grey square; N=5) and ionomycin 1 µM (light yellow rhombus; N=5) 
over 250 seconds. Asterisks show statistical significance relative to ATP 30 µM (p ns> 0.05, p*<0.05, 
p**<0.01, p***<0.001). Data are represented as mean ± SEM. 
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The fourth P2X4 antagonist examined was PSB12062. It was described by Hernandez-Olmos et 
al. in 2012, and it is 7 times less potent (IC50= 1.38 μM) than BAY-1797 (Hernandez-Olmos et 
al., 2012; Werner et al., 2019). In contrast with the three previous antagonists, 10 μM of 
PSB12062 impacted the ATP dose-response curve control (EC50

PEAK: 568± 165 nM; EC50
AUC: 

901± 232 nM). The presence of the antagonist significantly increased the ATP potency for the 
peak (160 ± 50 nM, p<0.05) and the area under the curve (184 ± 55 nM, p<0.05) (Figure 17-D, 
Table 3, 4). Furthermore, the presence of the antagonist led to a substantial reduction in 
calcium responses at all consecutive ATP concentrations from 300 µM to 3 µM, after which the 
effect diminished (Figure 17-A, B). Accordingly, the ATP control maximal response to ATP at 
100 µM (ATPmax

peak: 100.1 ± 4.2 %; ATPmax
AUC: 109.4 ± 4.8%) in the presence of PSB12062 was 

significantly reduced (ATPmax
peak: 59.42 ± 4.43%, p<0.001; ATPmax

AUC: 50.64 ± 4.07 %, p<0.001). 
Consequently, the maximal response in the presence of the inhibitor was achieved at 30 µM 
for the peak (64.3 ± 4.4 %; p<0.001) and the at 300 µM for the AUC (53.3 ± 4.8 %; 
p<0.05). When comparing these new maximal responses with the maximal response control at 
100 µM ATP in the absence of the PSB12062, the cells never managed to achieve the same 
level of efficacy as the control (Table 3, 4). The representative time-resolved intracellular 
calcium responses shown in Figure 17-C illustrated PSB12062's significant impact on the peak 
and the area under the curve upon 30 µM ATP stimulation compared with the control. In the 
presence of this antagonist, the activation kinetics at 30 µM ATP showed a significant decrease 
of the peak to around 60% above baseline compared to the 100 % control response in the 
absence of the antagonist. The slow desensitisation kinetics was conserved, but the decay, in 
this case, reached approximately 20% above baseline, compared to the control, which never 
decayed below 60%. These results portray unexpected results for a non-competitive negative 
allosteric modulator (Hernandez-Olmos et al., 2012). A decrease in the efficacy could be 
expected but not an increase in the potency, acting in that case as a positive allosteric 
modulator of ATP. 
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Figure 17. Inhibitory effects of PSB12062 P2X4 receptor antagonist on the ATP-evoked response in 
human microvascular endothelial cells (HMEC-1). Concentration-response curves for the peak (A) and 
AUC (B) magnitude of intracellular Ca2+ responses elicited by ATP (0.01-300 µM; N=5) in the presence 
(0.01-300 µM; open rhombus; N=5) or absence (0.01-300 µM; closed rhombus; N=5) of PSB12062 10 
µM. (C) Averaged time-resolved intracellular Ca2+ responses elicited by ATP 30 µM in the presence (light 
yellow rhombus; N=5) or absence (cyan rhombus; N=5) of PSB12062 10 µM over 250 seconds. All data 
were normalised to 30 µM ATP and fit the Hill1 equation with the EC50 values showed in table (D). 
Asterisks show statistical significance relative to ATP potency (p ns> 0.05, p*<0.05, p**<0.01, 
p***<0.001). Data are represented as mean ± SEM. 
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3.3.2.5 P2X4 positive allosteric modulator, ivermectin, had an unexpected 
impact on the ATP-evoked calcium responses of human microvascular endothelial 
cells (HMEC-1). 
 
Ivermectin is a selective positive allosteric modulator of the human and rodent P2X4 receptor, 
which acts by potentiating the ATP-evoked currents and slowing the rate of receptor 
deactivation (Gao et al., 2015; Khakh et al., 1999; Priel et al., 2004; Stokes et al., 2020; 
Weinhausen et al., 2022). This modulator has been defined as type I/II (mixed) of the positive 
allosteric modulators, meaning it left-ward shifts the dose-response curve and increases the 
maximum response (Stokes et al., 2020). 
 
In an attempt to isolate possible P2X4 contribution to the ATP-evoked responses, cells were 
treated with 3 µM ivermectin, and the rise in intracellular calcium response was measured 
when stimulating with three different concentrations of ATP (3 µM, 0.3 µM, and 0.1 µM) in the 
presence and the absence of the modulator. Ivermectin significantly decreased, instead of 
potentiating, the ATP-induced calcium response at 3 µM, while the other 2 concentrations in 
the study were unaffected (Figure 18-A, D). In Figure 18-E a representative calcium-response 
trace revealed this significant impact on the peak and the area under the curve upon 3 µM ATP 
stimulation compared with the control. In the presence of ivermectin, the activation kinetics 
at 3 µM ATP showed a significant decrease of the peak to around 90% response above baseline 
compared to the 100 % control response in the absence of the modulator. The slow 
desensitisation kinetics persisted, but the decay reached approximately 20% above baseline, 
compared to the control, which never decayed below 60%. In these assays, either potentiation 
or non-affection of the ATP response was anticipated. However, the reduction observed 
opened the door to decipher the unexpected outcome further.  
 
Ivermectin has been shown to inhibit at the micromolar range calcium ATPase (SERCA) 
channels, responsible for the calcium reuptake in the endoplasmic reticulum. As thapsigargin 
is a potent non-competitive SERCA inhibitor, it leads to the depletion of the calcium stores by 
blocking calcium uptake (Pimenta et al., 2010). In these assays, cells were again treated with 3 
µM ivermectin, and the rise in intracellular calcium response was measured when stimulated 
with 200 nM thapsigargin. Ivermectin significantly decreased the thapsigargin-induced calcium 
response at 200 nM (Figure 18-B, D), which portrayed its cited effect in the SERCA channels 
and indirectly assessed the effect in the previously described ATP-induced responses. As shown 
in Figure 18-F, thapsigargin trace kinetics, in the absence of ivermectin, presented a sustained 
calcium response characterised by the prolonged increase in intracellular calcium over 
approximately four minutes, reaching its highest peak as the response progressed. This fashion 
was conserved in the presence of ivermectin but illustrated the significant reduction in the 
peak and the AUC in the presence of the modulator. Therefore, ivermectin is an effective tool 
for regulating the depletion of the calcium responses in human cells, and the inhibitory effects 
observed are probably due to one of its noncanonical effects.  
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Figure 18. Unexpected effects of ivermectin in human microvascular endothelial cells (HMEC-1). Comparison of peak (A) and AUC (C) magnitude of intracellular 
Ca2+ responses induced by ATP at three different (3 µM, 300 nM and 100 nM) concentrations in the presence (light blue; N=4) or absence (dark blue; N=4) of 
ivermectin 3 µM. (E) Averaged time-resolved intracellular Ca2+ responses elicited by ATP 3 µM, 300 nM and 100 nM in the presence (light blue rhombus; N=4) 
or absence (dark blue rhombus; N=4) of ivermectin 3 µM over 250 seconds. All data were normalised to 3 µM ATP. Comparison of peak (B) and AUC (D) 
magnitude of intracellular Ca2+ responses induced by thapsigargin at 200 nM in the presence (light green; N=5) or absence (dark green; N=5) of ivermectin 3 
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µM. (F) Averaged time-resolved intracellular Ca2+ responses elicited by thapsigargin 200 nM in the presence (light green rhombus; N=4) or absence (dark green 
rhombus; N=4) of ivermectin 3 µM over 250 seconds. All data were normalised to 200 nM thapsigargin. Asterisks show statistical significance relative to ATP 
peak (p ns> 0.05, p*<0.05, p**<0.01, p***<0.001). Data are represented as mean ± SEM.
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3.3.2.6 P2Y2 selective antagonist significantly affected the ATP and UTP-
evoked calcium responses of human microvascular endothelial cells (HMEC-1). 
 
Of the P2Y metabotropic receptors, P2Y2 and P2Y11 proved a higher affinity for ATP than other 
physiological agonists (Burnstock, 2007). Furthermore, as previously stated, both P2Y2 and 
P2Y11 were identified as potential candidates for functional expression in HMEC-1 cells based 
on RNA sequencing data (Figure 1).  
 
P2Y2 is equally sensitive to ATP and UTP. Therefore, both nucleotides are valuable tools to 
investigate this receptor functional activity. The selective and competitive antagonist, AR-C 
118925XX, was utilised to determine if P2Y2 was involved in the ATP and UTP-evoked calcium 
responses in HMEC-1. AR-C 118025XX half maximal inhibitory concentrations for the human 
P2Y2 were described by Rafehi et al., 2017. The antagonist inhibited ATP-induced calcium 
responses with an IC50 value of 57.4 nM. The potency decreased when inhibiting UTP-evoked 
calcium responses with an IC50 value of 72.1 nM when P2Y2 receptors were recombinantly 
expressed in 1321N1 astrocytoma cells. However, these values were notably increased when 
reported in endothelial cells (Muoboghare et al., 2019). (Rafehi et al., 2017) 
 
First, the effects of AR-C 118925XX (10 µM) on the ATP dose-response curve control (EC50

PEAK: 
338 ± 52 nM; EC50

AUC: 768 ± 79 nM) were explored. As AR-C was not soluble in deionised water, 
DMSO was used as the solvent. As described in section 3.3.3, this antagonist was always 
compared to its respective solvent-controlled 0.1 % DMSO ATP dose-response curve (Figure 7-
A, B) and derived calculated parameters (potency and maximal response) (Table 3, 4) to ensure 
consistency in experimental conditions. Pre-treatment with AR-C 118925XX (10 µM) right-
shifted the ATP dose-response curve and significantly reduced the ATP potency for the peak 
(51.7± 3.1 µM, p<0.001) and the area under the curve (87.5 ± 1.3 µM, p<0.001), diverting the 
potencies to the micromolar scale. (Figure 19-A, B, Table 3, 4).  Furthermore, the presence of 
the antagonist significantly affected the control ATP maximal response (ATPmax

peak: 105.0 ± 7.6 
%; ATPmax

AUC: 103 ± 5.1 %) at 100 µM for the peak (ATPmax
peak:  53.03 ± 2.62 %, p<0.001) and at 

300 µM for the AUC (ATPmax
AUC: 25.4 ± 2.5 %, p<0.001) (Figure 19-A, B). Accordingly, the 

maximal response to ATP in the presence of AR-C was achieved at 300 µM for the peak (70.6 
± 1.3 %; p<0.001). When comparing this new maximal response with the control response in 
the absence of the antagonist, the level of efficacy was significantly reduced in both curves, 
and it never managed to achieve the same level of efficacy as the control being this fact much 
more evident in the AUC curve (Table 4).  The representative time-resolved intracellular 
calcium responses shown in Figure 19-C illustrated AR-C's significant impact on the peak and 
the massive effect in the area under the curve upon 30 µM ATP stimulation compared with the 
control. In the presence of AR-C, the ATP caused a rapid transient increase in the calcium influx. 
However, it was much weaker (25%) than the control response (100%). There was a quick 
decay in the response over approximately 60 seconds to the baseline, losing the slow 
desensitisation kinetics observed in the control response. 
 
To further characterise AR-C 118925XX effects on the ATP-evoked responses, HMEC-1 cells 
were incubated for 30 minutes in a range of antagonist concentrations (0.312 to 10 µM) and 
stimulated with a sub-maximal concentration of ATP (10 µM) and thereby, IC50 was calculated 
(Figure 20-A, B). The half-maximal inhibitory concentration values obtained were 1.77 ± 0.73 
µM for the peak and 559 ± 173 nM for AUC inhibition curves. The representative time-resolved 
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intracellular calcium responses shown in Figure 20-C depicted 1.25 µM AR-C's significant 
impact on the peak and the area under the curve upon 10 µM ATP stimulation compared with 
the control. In the presence of AR-C, the ATP caused a rapid transient increase in the calcium 
influx, but it was weaker (60%) than the control response (100%). There was a relatively quick 
decay in the response over approximately 2 minutes to the baseline, losing the slow 
desensitisation kinetics observed in the control response. These results were not far from what 
has been previously reported in endothelial cells. 
 
Secondly, the effects of AR-C 118925XX (10 µM) on the UTP dose-response curve control 
(EC50

PEAK: 450 ± 241 nM; EC50
AUC: 673 ± 198 nM) were investigated. As in the case of the ATP 

control dose-response curves, strict solvent control was performed to mitigate potential 
solvent-related influences on the UTP dose-response curve (Figure 21). The presence of DMSO 
at 0.1% (v/v) did not alter the UTP potencies when compared with EC50 calculated from UTP in 
saline solution (SBS) (Figure 21-C). However, to guarantee consistency in experimental 
conditions, drugs solved in DMSO will always be compared to their respective dose-response 
solvent-controlled (0.1 % DMSO) curve. Pre-treatment with AR-C 118925XX (10 µM) right-
shifted the UTP dose-response curve and significantly reduced the UTP potency for the peak 
(14.3 ± 3.7 µM; p<0.05) and the area under the curve (22.2 ± 8.3 µM, p<0.05), diverting the 
potencies to the micromolar scale, precisely in the same fashion seen in the ATP dose-response 
(Figure 22-A, B). Similarly, the presence of the antagonist significantly affected the control UTP-
evoked maximal response at 200 µM (UTPmax

peak: 106.37 ± 3.65 %; UTPmax
AUC: 111.6 ± 3.02%) 

for the peak (35.18 ± 1.48 %, p<0.001) and the AUC (10.63 ± 1.26 %, p<0.001) (Figure 22-A, B). 
The representative time-resolved intracellular calcium responses shown in Figure 22-C 
illustrated AR-C's massive impact on the peak and the area under the curve upon 30 µM UTP 
stimulation compared with the control. Likewise, the influence on the trace kinetics resembles 
what was observed in the time-resolved intracellular calcium responses to ATP (Figure 19-C). 
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Figure 19. Inhibitory effects of AR-C 118925XX P2Y2 receptor antagonist on the ATP-evoked response 
in human microvascular endothelial cells (HMEC-1).Concentration-response curves for the peak (A) and 
AUC (B) magnitude of intracellular Ca2+ responses elicited by ATP (0.01-300 µM; N=5) in the presence 
(0.01-300 µM; open rhombus; N=5) or absence (0.01-300 µM; closed rhombus; N=5) of AR-C 118925XX 
10 µM. (C) Averaged time-resolved intracellular Ca2+ responses elicited by ATP 30 µM in the presence 
(light yellow rhombus; N=5) or absence (cyan rhombus; N=5) of AR-C 10 µM over 250 seconds. All data 
were normalised to 30 µM ATP and fit the Hill1 equation with the EC50 values showed in table (D). 
Asterisks show statistical significance relative to ATP potency (p ns> 0.05, p*<0.05, p**<0.01, 
p***<0.001). Data are represented as mean ± SEM. 
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Figure 20. Inhibition concentration-response curves for AR-C 118925XX (P2Y2 receptor antagonist) on 
the ATP-evoked response in human microvascular endothelial cells (HMEC-1). Inhibition concentration-
response curves for the peak (A) and AUC (B) magnitude of intracellular Ca2+ responses elicited by 10 
µM ATP in the presence (0.312-10 µM; closed stars; N=5) of AR-C. All data points showed statistical 
significance p**<0.01 compared to ATP 10 µM control concentration. (C) Averaged time-resolved 
intracellular Ca2+ responses elicited by ATP 10 µM in the presence (light yellow rhombus; N=5) or 
absence (cyan rhombus; N=5) of AR-C 1.25 µM over 250 seconds. All data were normalised to 10 µM 
ATP and fit the Hill1 equation with the IC50 values showed in the graphs. Data are represented as mean 
± SEM. 
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Figure 21. Tolerance of the UTP-evoked response in human microvascular endothelial cells (HMEC-1) 
to 0.1% dimethyl sulfoxide (DMSO). Concentration-response curves for the peak (A) and AUC (B) 
magnitude of intracellular Ca2+ responses elicited by UTP in the presence (0.002-60 µM; open rhombus; 
N=5) or absence (0.002-60 µM; closed rhombus; N=5) of 0.1% DMSO.  All data were normalised to 30 
µM UTP in saline solution and fit the Hill1 equation with the EC50 values showed in table (C). Asterisks 
show statistical significance relative to UTP potency (p ns> 0.05, p*<0.05, p**<0.01, p***<0.001). Data 
are represented as mean ± SEM. 
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Figure 22. Inhibitory effects of AR-C 118925XX P2Y2 receptor antagonist on the UTP-evoked response 
in human microvascular endothelial cells (HMEC-1). Concentration-response curves for the peak (A) 
and AUC (B) magnitude of intracellular Ca2+ responses elicited by UTP (0.002-60 µM; N=5) in the 
presence (0.002-60 µM; open rhombus; N=5) or absence (0.002-60 µM; closed rhombus; N=5) of AR-C 
118925XX 10 µM. (C) Averaged time-resolved intracellular Ca2+ responses elicited by UTP 30 µM in the 
presence (yellow light rhombus; N=5) or absence (cyan rhombus; N=5) of AR-C 10 µM over 250 seconds. 
All data were normalised to 30 µM UTP and fit the Hill1 equation with the EC50 values showed in table 
(D). Asterisks show statistical significance relative to UTP potency (p ns> 0.05, p*<0.05, p**<0.01, 
p***<0.001). Data are represented as mean ± SEM. 
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3.3.2.7 P2Y11 selective antagonist did not affect the ATP-evoked calcium 
responses of human microvascular endothelial cells (HMEC-1). 

P2Y11 is the last P2 receptor candidate for functional expression in HMEC-1 cells, as indicated 
by the RNA sequencing data (Figure 1).  Signalling through P2Y11 can be mediated by Gαq or 
Gαs-type G proteins. Gαq-type G proteins activate the PLC pathway, depleting intracellular 
calcium stores and inducing a detectable change in cytosolic calcium levels. In contrast, Gαs-
type G proteins activate the adenylate cyclase pathway, leading to cAMP production (Communi 
et al., 1997; Qi et al., 2001). The selective competitive antagonist, NF157, was utilised to 
determine if P2Y11 was involved in the ATP-evoked calcium responses in HMEC-1 (IC50 463 ± 
59 nM; P2Y11 receptors recombinantly expressed in 1321N1 astrocytoma cells) (Ullmann et 
al., 2005). 
 
The effects of NF157 (5 µM) on the ATP dose-response curve control (EC50

PEAK: 568± 161 nM; 
EC50

AUC: 742 ± 161nM) were examined. Isolated significant effects were found at 0.01 µM ATP 
in the AUC curve (Figure 23-B) and at 300 and 10 µM ATP in the peak curve (Figure 23-A), when 
comparing the cells in the presence or the absence of the P2Y11 inhibitor. However, these 
changes represented potentiation effects, did not follow a trend, and were minimal. In 
addition, upon treatment, the potencies were unaffected (EC50

PEAK: 542± 56nM, ns; EC50
AUC: 

1.05 ± 83 nM, ns) (Figure 23-D, Table 3, 4). The representative time-resolved intracellular 
calcium responses in Figure 23-C documented the described absence of inhibitory effects. As 
a result, we concluded that 5 µM NF157 was ineffective in inhibiting ATP-induced responses in 
HMEC-1 cells. 
 

3.3.2.8 A2B selective antagonist did not affect the ATP-evoked calcium 
responses of human microvascular endothelial cells (HMEC-1). 
 
Adenosine, but not ATP, activates four subtypes of G protein-coupled adenosine receptors (A1, 
A2A, A2B, and A3). However, exogenous ATP can be hydrolysed by a cascade of 
ectonucleotidases converting ATP to adenosine, which could activate them (Yegutkin, 2014). 
Just one candidate was present at the RNA sequencing performed in HMEC-1 cells, the A2B 
receptor. A2B can couple with a Gαq and Gαs-type G protein receptor. Even so, for further 
implications of A2B later in this study, the lack of effect in the ATP-evoked response was 
double-checked using the selective antagonist, MRS 1754.  
 
Then, the effects of MRS 1754 (100 nM) on the ATP dose-response curve control (EC50

PEAK: 
568± 161 nM; EC50

AUC: 742 ± 161nM) were examined. MRS 1754 could not inhibit any calcium 
responses upon ATP application in the peak and the AUC dose-response curves (Figure 24-A, 
B), and both potencies were unaffected (EC50

PEAK: 1.30 ± 0.9 µM, ns; EC50
AUC: 1.85 ± 1.25 µM, 

ns) by the presence of the antagonist (Figure 24- D). No change was found when comparing 
the ATP control maximal response at 300 µM (ATPmax

peak: 100.27 ± 2.9 %; ATPmax
AUC: 100.68 ± 

3%) in the presence of the antagonist for the peak (106.1 ± 4 %; ns) and the AUC (106.4 ± 3.1 
%; ns) (Figure 24-A, B, Table 3, 4). The representative time-resolved intracellular calcium 
responses in Figure 24-C confirmed the described absence of inhibitory effects. As a result, we 
confirmed that 100 nM MRS 1754 was ineffective in inhibiting ATP-induced responses in 
HMEC-1 cells. 
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Figure 23. Lack of inhibitory effects of NF157 P2Y11 receptor antagonist on the ATP-evoked response 
in human microvascular endothelial cells (HMEC-1). Concentration-response curves for the peak (A) 
and AUC (B) magnitude of intracellular Ca2+ responses elicited by ATP (0.01-300 µM; N=5) in the 
presence (0.01-300 µM; open rhombus; N=5) or absence (0.01-300 µM; closed rhombus; N=5) of NF157 
5 µM. (C) Averaged time-resolved intracellular Ca2+ responses elicited by ATP 30 µM in the presence 
(light yellow rhombus; N=5) or absence (cyan rhombus; N=5) of NF157 5 µM over 250 seconds. All data 
were normalised to 30 µM ATP and fit the Hill1 equation with the EC50 values showed in table (D). 
Asterisks show statistical significance relative to ATP potency (p ns> 0.05, p*<0.05, p**<0.01, 
p***<0.001). Data are represented as mean ± SEM. 
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Figure 24. Inhibitory effects of MRS 1754 A2B receptor antagonist on the ATP-evoked response in 

human microvascular endothelial cells (HMEC-1). Concentration-response curves for the peak (A) 
and AUC (B) magnitude of intracellular Ca2+ responses elicited by ATP (0.01-300 µM; N=5) in 
the presence (0.01-300 µM; open rhombus; N=5) or absence (0.01-300 µM; closed rhombus; 
N=5) of MRS 1754 100 nM. (C) Averaged time-resolved intracellular Ca2+ responses elicited by 
ATP 30 µM in the presence (light yellow rhombus; N=5) or absence (cyan rhombus; N=5) of 
MRS 1754 100 nM over 250 seconds. All data were normalised to 30 µM ATP and fit the Hill1 
equation with the EC50 values showed in table (D). Asterisks show statistical significance 
relative to ATP potency (p ns> 0.05, p*<0.05, p**<0.01, p***<0.001). Data are represented as 
mean ± SEM. 
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3.3.3. Characterisation of the vascular endothelial growth factor calcium 
signalling in human microvascular endothelial cells (HMEC-1). 
 
As pointed out in section 3.3.1, the three vascular endothelial growth factor receptors (VEGFR-
1, 2, and 3) were expressed in HMEC-1 cells. VEGFR-1 and 2 are the principal members of the 
family involved in endothelial function. VEGFR-1 and VEGFR-2 are closely related receptor 
tyrosine kinases (RTKs) that share common and distinct ligands. VEGFR-1 is considered a 
kinase-impaired RTK, with its kinase activity inhibited by a single amino acid substitution in its 
kinase domain and carboxyl terminus. In contrast, VEGFR-2 is a highly active kinase that triggers 
various signalling pathways, including intracellular calcium release in endothelial cells (Rahimi, 
2006). 
 
Both receptors bind to the vascular endothelial growth factor A (VEGF-A). VEGF-A serves as a 
fundamental inducer of endothelial cell activities, notably in controlling vascular permeability 
and promoting angiogenesis (Li et al., 2011). VEGFR-1 binds VEGF-A with a much higher affinity 
than VEGFR2 (de Vries et al., 1992), but VEGFR-2 is the only one capable of eliciting a calcium 
response VEGF-A-dependent (Cudmore et al., 2012). The VEGFR-1's ability to modulate this 
biological response is limited to its capacity to heterodimerize with VEGFR-2 (Cudmore et al., 
2012; Rahimi, 2006). The VEGR-A-induced calcium increase through VEGFR-2 occurs due to 
calcium release from intracellular stores and the simultaneous entry of calcium through 
various channels, collectively maintaining the elevated cytosolic calcium levels (Li et al., 2011). 
 

3.3.3.1 VEGF165-evoked calcium responses of human microvascular 
endothelial cells (HMEC-1) 
 
In humans, various alternatively spliced isoforms of the VEGF-A are expressed, including those 
consisting of 121, 145, 165, 183, 189, and 206 amino acids (aa) in length. Among these 
isoforms, VEGF165 (165 aa) is considered the most abundant and potent (Robinson et al., 2001), 
thereby, the one used to characterize the VEGFR-2 evoked response in this cell line.  
 
VEGF165 elicited intracellular calcium response in a concentration-dependent manner (0.3 to 
100 ng/mL) with maximal activity at 30 ng/mL for the peak (111.6 ± 4.3 %) and at 100 ng/mL 
for the area under the curve (AUC) (100 %). The peak's calculated half-maximal effective 
concentration (EC50) was 2.85 ± 1 ng/mL and the AUC EC50 was 3.5 ± 1.3 ng/mL (Figure 
25). Figure 25-C depicts time-resolved calcium responses upon VEGF165 stimulation from 0.3 
to 100 ng/mL. This stimulation did not elicit a rapid or transient response but is characterised 
by a delayed, slower, and more sustained calcium release over four minutes. Calcium levels 
continue to rise over time and reach their highest point as the response progresses, and, 
therefore, the peak response is observed towards the end of the response period in almost all 
concentrations applied. In general, rapid increases in intracellular calcium correlate to Ca2+ 
release from intracellular stores, whereas slower increases in intracellular calcium result from 
calcium influx from the extracellular space. The trace kinetics shown in Figure 25-C could then 
indicate some ion channel-mediated calcium entry contribution from the extracellular milieu. 
 
In the absence of extracellular calcium, the VEGF165 control maximal responses elicited were 
significantly decreased at 30 ng/mL by 48.5 ± 4.3 % (p<0.001) for the peak and at 100 ng/mL 
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41.6 ± 56.2 % (p<0.05) for the AUC. Despite an increased tendency in the half-maximal effective 
concentrations, the absence of extracellular Ca2+ did not significantly alter VEGF165 potency 
(EC50

PEAK: 6.44 ± 2.9 ng/mL, ns; EC50
AUC: 10 ± 3.2, ns) (Figure 26-E). The impact of the absence 

of extracellular calcium in the VEGF165 response is major, as illustrated in the time-resolved 
calcium responses shown in Figure 26-C, D. At 3 ng/mL, VEGF165 lost its ability to elicit calcium 
response, and at 10 ng/mL, the response was reduced from 80% to approximately 20% above 
baseline. This significant effect on the calcium responses indicated at least some ion channel-
mediated calcium entry contribution from the extracellular milieu. On the other hand, the 
residual calcium responses indicated some contribution dependent on calcium release from 
intracellular stores. 
 
A double-check was performed to ensure the lack of VEGFR-1 calcium response using its 
selective ligand, VEGF-B. Two isoforms of mature VEGF-B containing 167 or 186 amino acid 
(aa) residues exist, VEGF167 and VEGF186. Both VEGF-B isoforms bind VEGFR-1 but not VEGFR-
2 (Olofsson et al., 1998), so if any calcium responses were observed, we could attribute some 
of the VEGF165 calcium responses to this receptor activity.  
 
VEGF167 did not evoke intracellular calcium responses when HMEC-1 cells were exposed to a 
range of ligand concentrations (1 to 100 ng/mL) (Figure 27). Recorded intracellular calcium at 
100 ng/mL VEGF167 responses were not significantly different from the vehicle control 
injection-derived recording, inferring the inability of this factor to cause any event in this cell 
line (Figure 27-B). In Figure 27-C, time-resolved intracellular Ca2+ responses representative 
traces clearly illustrated the lack of this response compared to the VEGF165 evoked response in 
the same vehicle control. 
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Figure 25. VEGF165 elicits intracellular calcium responses in human microvascular endothelial cells 
(HMEC-1). Concentration-response curves for the peak (A) and AUC (B) magnitude of intracellular Ca2+ 
responses elicited by VEGF165 (0.3-100 ng/mL; N=8). (C) Averaged time-resolved intracellular Ca2+ 
responses elicited by VEGF165 from 0.3 ng/mL to 100 ng/mL in HMEC-1 cells over 250 seconds (N=8). All 
data were normalised to 100 ng/mL VEGF165 and fit the Hill1 equation with the EC50 values showed in 
the graphs. Data are represented as mean ± SEM. 

 
 
 
 
 
 
___________________________ 
(*) Data normalisation was always done at 100 ng/mL VEGF165 when this agonist was studied. 
(**) Arrows (  ) indicate the maximum response in the control (untreated) curve. 
(***) F/F0 refers to the Fura2 ratio, meaning F340/F380. 
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Figure 26. Extracellular calcium removal impacted the VEGF165-evoked response in human 
microvascular endothelial cells (HMEC-1). Concentration-response curves for the peak (A) and AUC (B) 
magnitude of intracellular Ca2+ responses elicited by VEGF165 in the presence (0.3-100 ng/mL; closed 
pentagon; N=8) or absence (0.3-100 ng/mL; open pentagon; N=3) of extracellular calcium. (C) Averaged 
time-resolved intracellular Ca2+ responses elicited by VEGF165 3 ng/mL (C) or 10 ng/mL (D) in the 
presence (orange pentagon; N=8) or absence (cyan pentagon; N=3) of extracellular calcium over 250 
seconds. All data were normalised to 100 ng/mL VEGF165 and fit the Hill1 equation with the EC50 and 
maximal response values showed in table (E). Asterisks show statistical significance relative to VEGF165 
potency and VEGF165 % of maximal response (p ns> 0.05, p*<0.05, p**<0.01, p***<0.001). Data are 
represented as mean ± SEM. 
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Figure 27. VEGF167 did not elicit intracellular calcium response in human microvascular endothelial cells 
(HMEC-1). Concentration-response curve for the peak (A) magnitude of intracellular Ca2+ responses 
elicited by VEGF167 (1-100 ng/mL in 0.04% HCl; N=5) and VEGF165 (1-100 ng/mL in saline solution; N=8). 
(B) Comparison of peak magnitude of intracellular Ca2+ responses induced by the injection of vehicle 
control (blank) or 100 ng/mL VEGF167 (N=5) in saline solution containing 0.04% of HCl. (C) Averaged 
time-resolved intracellular Ca2+ responses elicited by VEGF165 (orange pentagon) and VEGF167 (cyan 
pentagon) from 0.3 ng/mL to 100 ng/mL over 250 seconds (N=5). All data were normalised to 100 
ng/mL VEGF165  in 0.04% HCl where indicated and fit the Hill1 equation. Data are represented as mean 
± SEM.  
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3.3.3.2 VEGF165-evoked calcium responses are mediated by phospholipase 
C (PLC) activation in human microvascular endothelial cells (HMEC-1) 
 
As cited above, one of the pathways in the VEGR-A-evoked calcium responses through VEGFR-
2 occurs due to calcium release from intracellular stores. Therefore, the phospholipase C route 
should be implicated.  
 
The PLC pathway inhibitor U73122 was applied to check the impact on the intracellular calcium 
concentration elicited by the VEGF165. The VEGF165 responses were entirely abolished in the 
presence of 5 µM of the PLC inhibitor compared with the concentration-response curve in the 
absence of U73122 (Figure 28), suggesting a dependency on intracellular stores of calcium 
release in the VEGF165-evoked responses. As in the case of the ATP dose response in the 
presence of U73122, statistical significance is not shown as the experiments were not 
performed in the same conditions due to a different percentage of DMSO in the vehicle 
control. 
 
As in the case of the ATP dose-response, thapsigargin was also used to investigate further the 
possible role of VEGF165 store-operated calcium responses. Stores depletion with 1 µM 
thapsigargin caused an unexpected disruption in the VEGF165 dose-dependent curve (Figure 
29-A). Not just for the significant increase caused by the two lower concentrations (Figure 29- 
A, B) but the random nature of the responses in the presence of the drug within the same 
biological repeat (Figure 29-C, D), thapsigargin was then considered a useless tool to 
characterise this response further.  
 
As previously described in section 3.3.2.2., to ensure consistency in experimental conditions, 
all drugs solved in DMSO in this section will always be compared to their respective solvent-
controlled VEGF165 0.1 % DMSO dose-response curve (Figure 30-A, B) and derived calculated 
parameters (potency and efficacy) (Figure 30-C).  
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Figure 28. Effects of the phospholipase C (PLC) inhibitor U73122 on the VEGF165 -evoked response in 
human microvascular endothelial cells (HMEC-1). Concentration-response curves for the peak (A) and 
AUC (B) magnitude of intracellular Ca2+ responses elicited by VEGF165 in the presence (0.3-100 ng/mL; 
open pentagon; N=5) or absence (0.3-100 ng/mL; closed pentagon; N=5) of U 73122 5 µM. (C) Averaged 
time-resolved intracellular Ca2+ responses elicited by VEGF165 10 ng/mL in the presence (cyan pentagon; 
N=5) or absence (orange pentagon; N=5) of U 73122 5 µM over 250 seconds. All data were normalised 
to 100 ng/mL VEGF165  and fit the Hill1 equation. Data are represented as mean ± SEM. 
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Figure 29. Effects of the sarcoendoplasmic reticulum calcium transport ATPase (SERCA) inhibitor, 
thapsigargin, on the VEGF165 -evoked response in human microvascular endothelial cells (HMEC-1). 
Concentration-response curves for the peak (A) and AUC (B) magnitude of intracellular Ca2+ responses 
elicited by VEGF165 in the presence (0.3-100 ng/mL; open pentagon; N=5) or absence (0.3-100 ng/mL; 
closed pentagon; N=5) of thapsigargin 1 µM. (C, D) Representative time-resolved intracellular Ca2+ 
responses elicited by VEGF165 100 ng/mL of the five repeats of the same biological repeat in the 
presence (N=1) of thapsigargin 1 µM over 250 seconds. All data were normalised to 100 ng/mL VEGF165 
in 0.1% DMSO and fit the Hill1 equation. Asterisks show statistical significance relative to VEGF165 
potency (p ns> 0.05, p*<0.05, p**<0.01, p***<0.001). Data are represented as mean ± SEM. 
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Figure 30. Tolerance of the VEGF165 -evoked response in human microvascular endothelial cells (HMEC-
1) to 0.1% dimethyl sulfoxide (DMSO). Concentration-response curves for the peak (A) and AUC (B) 
magnitude of intracellular Ca2+ responses elicited by VEGF165 in the presence (0.3-100 ng/mL; open 
pentagon; N=5) or absence (0.3-100 ng/mL; closed pentagon; N=8) of 0.1% DMSO.  All data were 
normalised to 100 ng/mL VEGF165  in saline solution and fit the Hill1 equation with the EC50 values 
showed in table (C). Asterisks show statistical significance relative to VEGF165 potency (p ns> 0.05, 
p*<0.05, p**<0.01, p***<0.001). Data are represented as mean ± SEM. 
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3.3.3.3 The broad-spectrum P2 antagonists affected the VEGF165-evoked 
calcium responses of human microvascular endothelial cells (HMEC-1). 
 
Apyrase and PPADS were used to investigate the P2 receptors’ involvement in the VEGF165-
evoked calcium responses in HMEC-1. 
 
The effects of apyrase (10 U/mL) on the VEGF165 dose-response curve control (EC50

PEAK: 2.85 ± 
1 ng/mL; EC50

AUC: 3.49 ± 1.3 ng/mL) were examined to study the hypothetical purinergic 
regulation of the VEGF165-dependant calcium responses. Pre-treatment with apyrase slightly 
right shifted the VEGF165 dose-response curve without a significant impact on the VEGF165 
potency for the peak (6.17 ± 2.7 ng/mL; ns) and the area under the curve (4.19 ± 2.5 ng/mL; 
ns) (Figure 31-D, Table 5). On the contrary, the presence of the enzyme significantly affected 
the control VEGF165 maximal response (VEGF165 max

peak: 111.59 ± 4.32 %; VEGF165 max
AUC: 100%) 

at 30 ng/mL for the peak (76.69 ± 8.28 %; p<0.01) and at 100 ng/mL the AUC (50.1 ± 5.66 %; 
p<0.01). (Figure 31-A, B).  Therefore, the level of efficacy was diminished in the presence of 
apyrase (Table 5). The representative time-resolved intracellular calcium responses shown in 
Figure 31-C illustrated apyrase's significant impact on the peak and the area under the curve 
upon 10 ng/mL VEGF165 stimulation compared with the control. In the presence of apyrase, the 
VEGF165 conserved its slow and delayed calcium increase kinetics. However, it depicted a 
significant decrease in the late peak, which reached approximately 40% above baseline 
compared to the VEGF response in the absence of the enzyme, which reached almost 90% of 
the control response.  
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Figure 31. Inhibitory effects of apyrase on the VEGF165 -evoked response in human microvascular 
endothelial cells (HMEC-1). Concentration-response curves for the peak (A) and AUC (B) magnitude of 
intracellular Ca2+ responses elicited by VEGF165 in the presence (0.3-100 ng/mL; open pentagon; N=5) 
or absence (0.3-100 ng/mL; closed pentagon; N=8) of apyrase 10 U/mL. (C) Averaged time-resolved 
intracellular Ca2+ responses elicited by VEGF165 10 ng/mL in the presence (cyan pentagon; N=5) or 
absence (orange pentagon; N=8) of apyrase 10 U/mL over 250 seconds. All data were normalised to 
100 ng/mL VEGF165  in saline solution and fit the Hill1 equation with the EC50 values showed in table (D). 
Asterisks show statistical significance relative to VEGF165 potency (p ns> 0.05, p*<0.05, p**<0.01, 
p***<0.001). Data are represented as mean ± SEM. 
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Pre-treatment with PPADS also right-shifted the VEGF165 dose-response curve (EC50
PEAK: 2.85 ± 

1 ng/mL; EC50
AUC: 3.49 ± 1.3 ng/mL) but more consistently than apyrase, significantly 

influencing the VEGF165 potency for the peak (17.6 ± 4.8 ng/mL, p<0.01) or the area under the 
curve (363 ± 312 ng/mL, p<0.01) (Figure 32-D, Table 5). In addition, the presence of PPADS 
significantly reduced the VEGF165 control maximal response (VEGF165 max

peak: 111.59 ± 4.32 %; 
VEGF165 max

AUC: 100%) at 30 ng/mL for the peak (73.80 ± 4.37 %; p<0.001) and at 100 ng/mL for 
the AUC 76.73 ± 5.93 %; p<0.01). In this case, the peak maximal response in the presence of 
the antagonist was shifted and achieved at 100 ng/mL (Figure 32-A, Table 5). When comparing 
this new maximal response with the maximal response control at 30 ng/mL VEGF165 in the 
absence of the PPADS, the efficacy was significantly reduced (87.21 ± 6.65 %; p<0.01), and it 
never managed to achieve the same level of efficacy as the control, as in the case of the 
AUC (Table 5). The representative time-resolved intracellular calcium responses shown 
in Figure 32-C illustrated PPADS' significant impact on the peak and the area under the curve 
upon 10 ng/mL VEGF165 stimulation compared with the control. In the presence of PPADS, the 
activation kinetics at 10 ng/mL VEGF165 conserved its slow and delayed calcium increase 
kinetics, as in the case of the apyrase, but with a much bigger significant decrease in the late 
peak, which reached approximately 20% above baseline compared to the VEGF response in 
the absence of the antagonist, which reached almost 90%.  
 
To further characterise PPADS effects on the VEGF165-evoked responses, HMEC-1 cells were 
incubated for 30 minutes in a range of antagonist concentrations (0.01 to 300 µM) and 
stimulated with 30 ng/mL VEGF165, and thereby, IC50 was calculated. The half-maximal 
inhibitory concentration values obtained were 67.6 ± 18.9 µM for the peak and 57.7 ± 22.9 µM 
for the AUC inhibition curves (Figure 33-A, B). 
 
Hence, we concluded that both molecules had a significant impact on the VEGF165 dose-
dependent curve, and these effects should be further explored by utilising selective 
antagonists of the P2 purinergic receptors proposed candidates in HMEC-1, as previously 
systematically performed in the ATP response curve. 
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Figure 32. Inhibitory effects of broad-spectrum P2 receptors antagonist PPADS on the VEGF165 -evoked 
response in human microvascular endothelial cells (HMEC-1). Concentration-response curves for the 
peak (A) and AUC (B) magnitude of intracellular Ca2+ responses elicited by VEGF165 in the presence (0.3-
100 ng/mL; open pentagon; N=5) or absence (0.3-100 ng/mL; closed pentagon; N=8) of PPADS 100 µM. 
(C) Averaged time-resolved intracellular Ca2+ responses elicited by VEGF165 10 ng/mL in the presence 
(cyan pentagon; N=5) or absence (orange pentagon; N=8) of PPADS 100 µM over 250 seconds. All data 
were normalised to 100 ng/mL VEGF165  in saline solution and fit the Hill1 equation with the EC50 values 
showed in table (D). Asterisks show statistical significance relative to VEGF165 potency (p ns> 0.05, 
p*<0.05, p**<0.01, p***<0.001). Data are represented as mean ± SEM. 
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Figure 33. PPADS inhibition dose-response curves for VEGF165 in human microvascular endothelial cells 
(HMEC-1). Inhibition concentration-response curves for the peak (A) and AUC (B) magnitude of 
intracellular Ca2+ responses elicited by 30 ng/mL VEGF165 in the presence (0.01-300 µM; closed stars; 
N=5) of PPADS 100 µM.  All data were normalised to 30 ng/mL VEGF165 and fit the Hill1 equation with 
the IC50 values showed in the graphs. Data are represented as mean ± SEM. 
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3.3.3.4 P2X4 antagonists inconsistently affected the VEGF165-evoked 
calcium responses of human microvascular endothelial cells (HMEC-1). 
 
Of all the P2X receptors, P2X4 was the candidate identified from the RNA sequencing data to 
be functionally expressed in HMEC-1 cells whose participation in the ATP-dependant responses 
was previously described. As the responses were ambiguous and just one of the selective 
antagonists, PSB12062, impacted the calcium responses, its potential role in the VEGF165 
response was investigated using this molecule, and the most potent P2X4 selective antagonist 
described, BAY-1797, that could not modify the ATP control responses. Thereby, we could have 
a better understanding of the possible P2X4 involvement in VEGF165-dependent effects. 
 
10 μM of BAY-1797 was applied to study the contribution of P2X4 on the VEGF-evoked calcium 
responses (Figure 34). The antagonist could not inhibit any calcium responses upon VEGF165 
application in the peak and the AUC dose-response (Figure 34-A, B), and both potencies curves 
(EC50

PEAK: 4.20 ± 0.99 ng/mL; EC50
AUC: 6.2 ± 1.2 ng/mL) were unaffected by the presence of the 

antagonist (peak: 4.96 ± 0.58 ng/mL; ns; AUC: 9.2 ± 1.7 ng/mL; ns) (Figure 34-D). An isolated 
significant effect was found at 0.30 ng/mL VEGF in the peak curve when HMEC-1 cells were 
treated with 10 μM BAY-1797 (Figure 34-A), but the change showed potentiation and was an 
isolated effect. No change was found when comparing the VEGF165 control maximal response 
(30 ng/mL VEGF165 max

peak:103.5 ± 6.3 %; 100 ng/mL VEGF165 max
AUC: 100%) in the presence of 

BAY-1797 for the peak (109.4 ± 6.3%; ns) and the AUC (110.5 ± 7.5%; ns) (Figure 34-A, B), and 
therefore, the level of efficacy remained intact (Table 6, 7). The representative time-resolved 
intracellular calcium responses in Figure 34-C demonstrated the described absence of 
inhibitory effects. As a result, we have concluded that 10 μM BAY-1797 was ineffective in 
inhibiting VEGF165-induced responses in HMEC-1 cells. 
 
The other selective antagonist investigated it was PSB12062. Contrarily as previously reported 
for BAY-1797, 10 μM of PSB12062 somehow impeded calcium responses upon VEGF165 

application in the peak and the AUC dose-response curves (Figure 35-A, B), but both potencies 
were unaffected by the presence of the antagonist (peak: 2.97 ± 1.8 ng/mL; ns; AUC: 2.94 ± 
1.79 ng/mL; ns) (Figure 35-D). When comparing the VEGF165 control maximal response in the 
presence of 10 μM PSB12062, there was a significant change for both peak (68.5 ± 1.3 %; 
p<0.01) and AUC (±; p<0.05) Figure 35-A, B. Nevertheless, in the case of the AUC, the maximal 
response for VEGF165 in the presence of 10 μM PSB12062 was found at 30 ng/mL VEGF165 

instead of 100 ng/mL. When comparing this new maximal response with the maximal response 
control at 100 ng/mL in the absence of the PSB12062, the response was significantly reduced 
(treated 30 ng/mL VEGF165, 55 ± 2.5 %; p<0.01) and, consistently, it never achieved the same 
level of efficacy as the control (Table 6, 7). The representative time-resolved intracellular 
calcium responses shown in Figure 35-C illustrated PSB12062's significant impact on the peak 
and the area under the curve upon 10 ng/mL VEGF165 stimulation compared with the control. 
In the presence of PSB12062, the VEGF165 response conserved its slow and delayed calcium 
increase kinetics. However, it depicted a significant decrease in the late peak, which reached 
approximately 30% above baseline compared to the VEGF response in the absence of the 
enzyme, which reached almost 90%. Accordingly, we have determined that 10 μM PSB12062 
unexpectedly inhibited VEGF165-induced responses in HMEC-1 cells. 
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Figure 34. Lack of inhibitory effects of BAY-1797 P2X4 receptor antagonist on the VEGF165 -evoked 
response in human microvascular endothelial cells (HMEC-1). Concentration-response curves for the 
peak (A) and AUC (B) magnitude of intracellular Ca2+ responses elicited by VEGF165 in the presence (0.3-
100 ng/mL; open pentagon; N=5) or absence (0.3-100 ng/mL; closed pentagon; N=5) of BAY1797 10 
µM. (C) Averaged time-resolved intracellular Ca2+ responses elicited by VEGF165 10 ng/mL in the 
presence (cyan pentagon; N=5) or absence (orange pentagon; N=5) of BAY1797 10 µM over 250 
seconds. All data were normalised to 100 ng/mL VEGF165  in 0.1% DMSO and fit the Hill1 equation with 
the EC50 values showed in table (D). Asterisks show statistical significance relative to VEGF165 potency 
(p ns> 0.05, p*<0.05, p**<0.01, p***<0.001). Data are represented as mean ± SEM. 
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Figure 35. Inhibitory effects of PSB12062 P2X4 receptor antagonist on the VEGF165 -evoked response in 
human microvascular endothelial cells (HMEC-1). Concentration-response curves for the peak (A) and 
AUC (B) magnitude of intracellular Ca2+ responses elicited by VEGF165 in the presence (0.3-100 ng/mL; 
open pentagon; N=5) or absence (0.3-100 ng/mL; closed pentagon; N=5) of PSB12062 10 µM. (C) 
Averaged time-resolved intracellular Ca2+ responses elicited by VEGF165 10 ng/mL in the presence (cyan 
pentagon; N=5) or absence (orange pentagon; N=5) of PSB12062 10 µM over 250 seconds. All data 
were normalised to 100 ng/mL VEGF165  in 0.1% DMSO and fit the Hill1 equation with the EC50 values 
showed in table (D). Asterisks show statistical significance relative to VEGF165 potency (p ns> 0.05, 
p*<0.05, p**<0.01, p***<0.001). Data are represented as mean ± SEM. 
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3.3.3.5 P2Y2 selective antagonist did not affect the VEGF165-evoked calcium 
responses of human microvascular endothelial cells (HMEC-1). 
 
Of all the P2Y receptors, P2Y2 was the candidate identified from the RNA sequencing data to 
be functionally expressed in HMEC-1 cells whose inhibition impacted the ATP dose-response 
curve. As the ATP responses were undoubtedly inhibited by AR-C 118925XX, its potential role 
in the VEGF165 response was investigated using this antagonist.  
 
10 μM AR-C 118925XX could not inhibit any calcium responses upon VEGF165 application in the 
peak and the AUC dose-response curves (EC50

PEAK: 4.20 ± 0.99 ng/mL; EC50
AUC: 6.2 ± 1.2 

ng/mL) (Figure 36-A, B), and both potencies were unaffected by the presence of the antagonist 
(peak: 5.81 ± 1.1 ng/mL; ns; AUC: 24.1 ± 15.3 ng/mL; ns) (Figure 36-D). No change was found 
when comparing the VEGF165 control maximal response (30 ng/mL VEGF165 max

peak:103.5 ± 6.3 
%; 100 ng/mL VEGF165 max

AUC: 100%) in the presence of AR-C for the peak (95.15 ± 7.26 %; ns) 
or the AUC (90.6 ± 9.9%; ns) (Figure 36-A, B). However, in the case of the peak, the maximal 
response for VEGF165 in the presence of 10 μM AR-C was found at 100 ng/mL VEGF165 instead 
of 30 ng/mL of the control curve (88.4 ± 6.7%; ns). Once again, the efficacy remained 
intact (Table 6, 7). The representative time-resolved intracellular calcium responses in Figure 
36-C confirmed the described absence of inhibitory effects. As a result, we have concluded 
that 10 μM AR-C was ineffective in inhibiting VEGF165-induced responses in HMEC-1 cells. 
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Figure 36. Lack of inhibitory effects of AR-C 118925XX P2Y2 receptor antagonist on the VEGF165 -
evoked response in human microvascular endothelial cells (HMEC-1). Concentration-response curves 
for the peak (A) and AUC (B) magnitude of intracellular Ca2+ responses elicited by VEGF165 in the 
presence (0.3-100 ng/mL; open pentagon; N=8) or absence (0.3-100 ng/mL; closed pentagon; N=5) of 
AR-C 118925XX 10 µM. (C) Averaged time-resolved intracellular Ca2+ responses elicited by VEGF165 10 
ng/mL in the presence (cyan pentagon; N=8) or absence (orange pentagon; N=5) of AR-C 118925XX 10 
µM over 250 seconds. All data were normalised to 100 ng/mL VEGF165  in 0.1% DMSO and fit the Hill1 
equation with the EC50 values showed in table (D). Asterisks show statistical significance relative to 
VEGF165 potency (p ns> 0.05, p*<0.05, p**<0.01, p***<0.001). Data are represented as mean ± SEM. 
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Table 5. Effects of broad-spectrum antagonists on the VEGF165-evoked responses in human microvascular endothelial cells (HMEC-1). EC50 statistical analysis 
was performed against the VEGF165 control curve in saline solution. Efficacy p-value is the statistical comparison between VEGF165maximal response in saline 
solution and VEGF165maximal response in the presence of the applied compound (whose concentration might differ from the previous one). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Agonist 
Agonist range, 

µM 
Antagonist 

Antagonist 
concentration 

EC50 PEAK 
 

P value 
Maximal 
response 

PEAK (µM) 

Maximal response 
PEAK (%) 

P value 

VEGF165 0.3-100 / / 2.85 ± 1 / 30 111.6 ± 4.3 / 

VEGF165 0.3-100 Apyrase   10 U/mL  6.17 ± 2.7 ns 30 76.69 ± 8.28 p<0.01 
VEGF165 0.3-100 PPADS   100 µM 17.6 ± 4.8  p<0.01 100 50.10 ± 5.66 p<0.01 

Agonist 
Agonist range, 

µM 
Antagonist 

Antagonist 
concentration 

EC50 AUC 
 

P value 
Maximal 
response 
AUC (µM) 

Maximal response 
AUC (%) 

P value 

VEGF165 0.3-100 / / 3.5 ± 1.3 / 100 100 / 

VEGF165 0.3-100 Apyrase   10 U/mL  4.19 ± 2.5 ns 100 50.10 ± 5.66 p<0.01 
VEGF165 0.3-100 PPADS   100 µM 363 ± 312 µM p<0.01 100 87.21 ± 6.65 p<0.01 
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Table 6. Effects of selective antagonists on the VEGF165-evoked peak responses in human microvascular endothelial cells (HMEC-1). EC50 statistical analysis was 

performed against the VEGF165 control curve in the appropriate vehicle control. Efficacy p-value is the statistical comparison between VEGF165maximal response in 
saline solution and VEGF165maximal response in the presence of the applied compound (whose concentration might differ from the previous one). 

 
 
 
 
 
 
 
 
 

Agonist Agonist 
range, 
ng/mL 

Antagonist Antagonist 
concentration  

Target EC50  PEAK, 
   ng/mL 

P value Maximal 
response,  

ng/mL     

Maximal response  
(%) 

P value 

VEGF165 (0.1% 
DMSO) 

0.3-100 / / VEGR-1,2 4.20 ± 0.99 / 30 103.5 ± 6.3 / 

VEGF165 0.3-100 AR-C 118925XX 10 µM   P2Y2 5.81 ± 1.1 ns 100 88.4 ± 6.7 ns 
VEGF165 0.3-100 BAY-1797  10 µM   P2X4 4.96 ± 0.58 ns 30 109.4 ± 6.3  ns 
VEGF165 0.3-100 PSB12062 10 µM   P2X4 2.97 ± 1.8    ns 30 68.5 ± 1.3  p<0.01 
VEGF165 0.3-100 SQ 22536  1 µM   Adenylyl 

cyclase 
1.92 ± 0.6 ns 30 102.8 ± 4 ns 

VEGF165 0.3-100 SQ 22536  10 µM   Adenylyl 
cyclase 

3.86 ± 0.7 ns 30 107.3 ± 5.2 ns 

VEGF165 0.3-100 SQ 22536, 
NF157 

10 µM   Adenylyl 
cyclase, 

P2Y11 

16.4 ± 2.8 p<0.01 100 112.1 ± 5.3 ns 

VEGF165 (saline) 0.3-100 / / VEGR-1,2 2.85 ± 1 / 30 111.6 ± 4.3 / 

VEGF165 0.3-100 NF157 5 µM   P2Y11 19.9 ± 2.9 p<0.001 100 109.4 ± 3.5 ns 
VEGF165 0.3-100 MRS 1754 100 nM A2B 9.28 ± 2.9 p<0.05 30 101.6 ± 5 ns 
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Table 7.  Effects of selective antagonists on the VEGF165-evoked AUC responses in human microvascular endothelial cells (HMEC-1). EC50 statistical analysis was 

performed against the VEGF165 control curve in the appropriate vehicle control. Efficacy p-value is the statistical comparison between VEGF165maximal response in 
saline solution and VEGF165maximal response in the presence of the applied compound (whose concentration might differ from the previous one). 

 
 
 
 
 
 
 
 

Agonist Agonist 
range, 
ng/mL 

Antagonist Antagonist 
concentration  

Target EC50  AUC, 

   ng/mL 

P value Maximal 
response,  

ng/mL     

Maximal 
response  

(%) 

P value 

VEGF165 (0.1% 
DMSO) 

0.3-100 / / VEGR-
1,2 

6.2 ± 1.2  / 100 100  / 

VEGF165 0.3-100 AR-C 118925XX 10 µM   P2Y2 24.1 ± 15.3  ns 100 90.6 ± 9.9  ns 
VEGF165 0.3-100 BAY-1797  10 µM   P2X4 9.2 ± 1.7  ns 100 110.5 ± 7.5  ns 
VEGF165 0.3-100 PSB12062 10 µM   P2X4 2.9 ± 1.8 ns 30 55 ± 2.5  p<0.01 
VEGF165 0.3-100 SQ 22536  1 µM   Adenylyl 

cyclase 
3.1 ± 0.9  ns 30 94.4 ± 5.7 ns 

VEGF165 0.3-100 SQ 22536  10 µM   Adenylyl 
cyclase 

6.1 ± 1 ns 30 107 ± 12.9  ns 

VEGF165 0.3-100 SQ 22536, 
NF157 

10 µM   Adenylyl 
cyclase,  

P2Y11 

13 ± 2.1 p<0.05 100 125.3 ± 6.4 p<0.05 

VEGF165 (saline) 0.3-100 / / VEGR-
1,2 

3.5 ± 1.3  / 100 100 / 

VEGF165 0.3-100 NF157 5 µM   P2Y11 51.6 ± 21.1  p<0.001 100 117.2 ± 5.6  p<0.05 
VEGF165 0.3-100 MRS 1754 100 nM A2B 11.6 ± 5.8  ns 100 100.5 ± 2.8  ns 
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3.3.3.6 P2Y11 selective antagonist significantly inhibited the VEGF165-
evoked calcium responses of human microvascular endothelial cells (HMEC-1). 
 
Of all the P2 purinergic receptors, P2Y11 is the last candidate identified from the RNA 
sequencing that could have a potential impact on the VEGF165 calcium-induced responses. 
None of the other P2 receptors selective antagonists affected the VEGF165 response, including 
AR-C 118925XX, which dramatically reduced the ATP-evoked calcium responses. Therefore, 
P2Y11 is the last candidate that could be involved in the VEGF165 response. 
 
The effects of NF157 (5 μM), the selective P2Y11 antagonist, on the VEGF165 dose-response 
curve control (EC50 PEAK: 2.85 ± 1 ng/mL; EC50 AUC: 3.49 ± 1.3 ng/mL) were investigated. Pre-
treatment with NF157 right shifted the VEGF165 dose-response curve (Figure 37-A, B), and 
massively reduced the VEGF165 potency for the peak (19.9 ± 2.9 ng/mL; p<0.001) and the area 
under the curve (51.6 ± 21.1 ng/mL; p<0.001) (Figure 37-D, Table 6, 7). Furthermore, the 
presence of the inhibitor significantly affected the control VEGF165-evoked maximal response 
(30 ng/mL VEGF165 max

peak: 111.6 ± 4.3 %; 100 ng/mL VEGF165 max
AUC: 100 %) for the peak (94.62 

± 4.54 %; p<0.05) and the AUC (117.2 ± 5.6 %; p<0.05). Interestingly, in the AUC, the presence 
of the inhibitor caused an increase in the maximal response (Figure 37-B, Table 7). In addition, 
the maximal response to VEGF165 in the presence of NF157 was achieved at 100 ng/mL for the 
peak (109.4 ± 3.5 %; ns) instead of 30 ng/mL as the control curve, but the level of efficacy 
remained unaffected for the peak (Table 6). It is remarkable, in this case, the powerful effect 
of the drug on the calcium evoked responses from 1 to 10 ng/mL (Figure 37-A, B). As shown in 
Figure C, at 10 ng/mL, in the presence of the antagonist, the response was reduced from 80% 
in control conditions to approximately 20% above baseline. 
 
To further characterise NF157 effects on the VEGF165-evoked responses, HMEC-1 cells were 
incubated for 30 minutes in a range of antagonist concentrations (0.1875 to 5 µM) and 
stimulated with a sub-maximal concentration of VEGF165 (10 ng/mL) and thereby, IC50 was 
calculated (Figure 38-A, B). The half-maximal inhibitory concentration values obtained were 
1.23 ± 0.4 ng/mL for the peak and 1.25 ± 0.3 ng/mL for AUC inhibition curves, not far from 
what has been previously described. The representative time-resolved intracellular calcium 
responses shown in Figure 38-C depicted 1.25 µM NF157's significant impact on the peak and 
the area under the curve upon 10 ng/mL VEGF165 stimulation compared with the control. In 
the presence of the antagonist, the response was reduced from 80% in control conditions to 
approximately 40% above baseline. As a result, we have concluded that NF157 was effective 
in inhibiting VEGF165-induced responses in HMEC-1 cells.  
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Figure 37. Inhibitory effects of NF157 P2Y11 receptor antagonist on the VEGF165 -evoked response in 
human microvascular endothelial cells (HMEC-1). Concentration-response curves for the peak (A) and 
AUC (B) magnitude of intracellular Ca2+ responses elicited by VEGF165 in the presence (0.3-100 ng/mL; 
open pentagon; N=10) or absence (0.3-100 ng/mL; closed pentagon; N=8) of NF157 5 µM. (C) Averaged 
time-resolved intracellular Ca2+ responses elicited by VEGF165 10 ng/mL in the presence (cyan pentagon; 
N=10) or absence (orange pentagon; N=8) of NF157 5 µM over 250 seconds. All data were normalised 
to 100 ng/mL VEGF165 and fit the Hill1 equation with the EC50 values showed in table (D). Asterisks show 
statistical significance relative to VEGF165 potency (p ns> 0.05, p*<0.05, p**<0.01, p***<0.001). Data 
are represented as mean ± SEM. 
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Figure 38. VEGF165 inhibition dose-response curves for NF157 in human microvascular endothelial cells 
(HMEC-1). Inhibition concentration-response curves for the peak (A) and AUC (B) magnitude of 
intracellular Ca2+ responses elicited by 10 ng/mL VEGF165 in the presence (0.1875-5 µM; closed stars; 
N=5) of NF157. (C) Averaged time-resolved intracellular Ca2+ responses elicited by VEGF165 10 ng/mL in 
the presence (cyan start; N=5) or absence (orange start; N=5) of NF157 1.25 µM over 250 seconds. All 
data were normalised to VEGF165 10 ng/mL and fit the Hill1 equation with the IC50 values showed in the 
graphs. Data are represented as mean ± SEM.  
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3.3.3.7 VEGF165-evoked calcium responses P2Y11-dependent are mediated 
by the adenylyl cyclase pathway in human microvascular endothelial cells (HMEC-
1). 
 
As explained in section 3.3.2.7, P2Y11 signalling can be mediated by the PLC or the adenylyl 
cyclase pathway. That is the case because P2Y11 can be a Gαq-type or Gαs-coupled receptor. 
When studying the effects of NF157 in the ATP dose-response curve, no significant effects were 
observed, and therefore, there were two direct interpretations. The first was that P2Y11 is not 
expressed in HMEC-1 at the protein level, and the second, Gαs-type G proteins mediate P2Y11 
signalling. The NF157 impact in the VEGF165 calcium responses proposed expression of P2Y11 
at the protein level, then we hypothesised if the adenylyl cyclase signalling pathway could 
mediate the previously reported effects in the VEGF165 responses. For that, SQ 22536, a 
selective AC pathway inhibitor (IC50=1 μM) (Harris et al., 1979), was used to test this 
hypothesis. 
 
Two different concentrations of SQ 22536 were tested to study the contribution of the AC 
pathway on the VEGF165-evoked calcium responses (EC50

PEAK: 4.20 ± 0.99 ng/mL; EC50
AUC: 6.2 ± 

1.2 ng/mL) (Figure 39). Neither the 1 nor 10 μM successfully inhibit the calcium responses upon 
VEGF165 application and the potencies were unaffected (Figure 39-D, H). No change was found 
either when comparing the VEGF165-evoked maximal responses (30 ng/mL VEGF165 

max
peak:103.5 ± 6.3 %; 100 ng/mL VEGF165 max

AUC: 100%) in the presence of SQ 22536 under both 
treatments (Figure 39-A, B, E, F, and Table 6,7).  However, both dose-response curves 
presented a subtle leftward shift that was demonstrated with significant potentiation effects 
from 0.3 to 3 ng/mL responses in both curves and treatments, more intensified this effect at 
the lower concentration of SQ 22536 (1 μM). Furthermore, the time-resolved intracellular 
calcium responses in Figure 39-C illustrated this slight potentiation effect at 3 ng/mL when the 
cells were treated with 1 μM SQ 22536. This effect was not conserved at 10 μM SQ 22536 
(Figure 39-G), whose potentiation trend is less obvious. 
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Figure 39. Unexpected effects of SQ 22536 adenylyl cyclase inhibitor on the VEGF165 -evoked response 

in human microvascular endothelial cells (HMEC-1). Concentration-response curves for the peak 
(A) and AUC (B) magnitude of intracellular Ca2+ responses elicited by VEGF165 in the presence 
(0.3-100 ng/mL; open pentagon; N=5) or absence (0.3-100 ng/mL; closed pentagon; N=5) of 
SQ 22536 1 µM. (C) Averaged time-resolved intracellular Ca2+ responses elicited by VEGF165 3 
ng/mL in the presence (cyan pentagon; N=5) or absence (orange pentagon; N=5) of SQ 22536 
1 µM over 250 seconds. All data were normalised to 100 ng/mL VEGF165 and fit the Hill1 
equation with the EC50 values showed in table (D). Concentration-response curves for the peak 
(E) and AUC (F) magnitude of intracellular Ca2+ responses elicited by VEGF165 in the presence 
(0.3-100 ng/mL; open pentagon; N=5) or absence (0.3-100 ng/mL; closed pentagon; N=5) of 
SQ 22536 10 µM. (G) Averaged time-resolved intracellular Ca2+ responses elicited by VEGF165 
3 ng/mL in the presence (cyan pentagon; N=5) or absence (orange pentagon; N=5) of SQ 22536 
10 µM over 250 seconds. All data were normalised to 100 ng/mL VEGF165 and fit the Hill1 
equation with the EC50 values showed in table (H). Asterisks show statistical significance 
relative to VEGF165 potency (p ns> 0.05, p*<0.05, p**<0.01, p***<0.001). Data are represented 
as mean ± SEM. 
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These results were difficult to interpret, and potentiation of the calcium response was not 
expected. Trying to gain a better understanding of the hypothetical involvement of the AC 
pathway in the P2Y11-dependent VEGF165-evoked calcium responses, the effect of a combined 
pre-treatment with NF157 5 μM and SQ 022536 10 μM was investigated. This combined 
treatment right shifted the VEGF165 dose-response curve (EC50

PEAK: 4.20 ± 0.99 ng/mL; EC50
AUC: 

6.2 ± 1.2 ng/mL) more obviously for the peak but consistently also for the AUC (Figure 40-A, 
B), reducing the VEGF165 potency for the peak (16.4 ± 2.8 ng/mL; p<0.01) and the AUC (13 ± 
2.1 ng/mL; p<0.05). Furthermore, the presence of both drugs significantly affected the control 
VEGF165-evoked maximal response at 100 ng/mL (100%) for the AUC (125.3 ± 6.4; p<0.05), 
showing an improved efficacy than in the absence of the drugs. The peak maximal control 
response observed at 30 ng/mL remained unchanged (±; ns). In addition, the maximal response 
to VEGF165 in the presence of both drugs for the peak was achieved at 100 ng/mL (112.1 ± 5.3 
%; ns), but when comparing this new maximal response with the maximal response at 30 ng/mL 
in the absence of the treatment, the level of efficacy was conserved. There was an evident 
impact on the time-resolved trace kinetics (Figure 40-C). Compared to the control, in the 
absence of treatment, the stimulation with VEGF165 did elicit a rapid response. It was a much 
lower sustained response with the difference that reached its maximum peak early after the 
agonist injection at approximately 20% above baseline. In comparison, the control showed a 
late sustained peak response of around 80%. 
 
The VEGF165 potency fold change comparison between the co-application of both drugs and 
the effect of the NF157 is shown in Figure 41. A fold change comparison was required as both 
assays were conducted using different vehicle controls. SQ 22536 stock required solubilisation 
in DMSO, while NF157 was prepared in deionised water. Therefore, the combined assay 
statistical significance was calculated compared to the dose-response control parameters at 
0.1% DMSO. In contrast, the NF157 assay was calculated compared to the dose-response 
control parameters in saline solution (SBS). Following a 30-minute incubation with the NF157 
P2Y11 antagonist, there was a 7-fold increase in VEGF165 peak EC50, directly translated as a 7-
fold decrease in potency. However, when the NF157 P2Y11 antagonist was co-incubated with 
the SQ 22536 adenylyl cyclase inhibitor, the effect was partially mitigated, resulting in a 3.9-
fold decrease in potency compared to the control. The effect was much more pronounced in 
the area under the curve. After a 30-minute incubation with the NF157 P2Y11 antagonist, there 
was a robust 14.8-fold increase in VEGF165 EC50. Yet, when the NF157 P2Y11 antagonist was co-
incubated with the SQ 22536 adenylyl cyclase inhibitor, the effect was partially prevented, 
resulting in a 2.1-fold decrease in potency compared to the control. As a result, we concluded 
that there is an involvement of the AC pathway in the P2Y11 involvement NF157-dependent 
VEGF165-induced responses. 
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Figure 40. Effects of the combination of NF157 P2Y11 antagonist and SQ 22536 adenylyl cyclase 
inhibitor on the VEGF165-evoked response in human microvascular endothelial cells (HMEC-1). 
Concentration-response curves for the peak (A) and AUC (B) magnitude of intracellular Ca2+ responses 
elicited by VEGF165 in the presence (0.3-100 ng/mL; open pentagon; N=5) or absence (0.3-100 ng/mL; 
closed pentagon; N=5) of NF157 5 µM and SQ 22536 10 µM. (C) Averaged time-resolved intracellular 
Ca2+ responses elicited by VEGF165 10 ng/mL in the presence (cyan pentagon; N=5) or absence (orange 
pentagon; N=5) of NF157 5 µM and SQ 22536 10 µM over 250 seconds. All data were normalised to 
100 ng/mL VEGF165  in 0.1% DMSO and fit the Hill1 equation with the EC50 values showed in table (D). 
Asterisks show statistical significance relative to VEGF165 potency (p ns> 0.05, p*<0.05, p**<0.01, 
p***<0.001). Data are represented as mean ± SEM. 
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Figure 41. VEGF165 potency fold change comparison between the effects of NF157 P2Y11 antagonist 
and the co-application with SQ 22536 adenylyl cyclase inhibitor in human microvascular endothelial 
cells (HMEC-1). (Left) There was a 7-fold change increase in the VEGF165 peak EC50 after 30 minutes of 
incubation with the NF157 P2Y11 antagonist while the co-preincubation of NF157 P2Y11 antagonist 
and SQ 22536 adenylyl cyclase inhibitor partially prevented the effect leading to 3.9-fold change 
potency decrease compared to the control. (Right) There was a 14.8-fold change increase in the VEGF165 

AUC EC50 after 30 minutes of incubation with the NF157 P2Y11 antagonist while the co-preincubation 
of NF157 P2Y11 antagonist and SQ 22536 adenylyl cyclase inhibitor partially prevented the effect 
leading to 2.1-fold change potency decrease compared to the control.  
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3.3.3.8 A2B selective antagonist significantly affected the VEGF165-evoked 
calcium responses of human microvascular endothelial cells (HMEC-1). 
 
As explained in section 3.3.2.8, A2B can couple with a Gαq and Gαs-type G protein receptor. 
When studying the effects of MRS 1754 in the ATP dose-response curve, no significant effects 
were observed. However, as we just explained in the case of P2Y11, a potential involvement of 
the AC pathway can be involved in the VEGF165-induced calcium responses. Here, we tested 
the potential inhibition of VEGF165-evoked responses using MRS 1754 to elicit any matching 
behaviour, as seen in the P2Y11 selective inhibition. 
 
The effects of MRS 1754 (100 nM), the selective A2B antagonist, on the VEGF165 dose-response 
curve control (EC50 PEAK: 2.85 ± 1 ng/mL; EC50 AUC: 3.49 ± 1.3 ng/mL) were investigated. Pre-
treatment with MRS 1754 right shifted the VEGF165 dose-response curve (Figure 42-A, B), and 
reduced the VEGF165 potency for the peak (9.28 ± 2.9 ng/mL; p<0.05) but not for the area under 
the curve (11.6 ± 5.8 ng/mL; ns) (Figure 42-D, Table 6, 7). Furthermore, the presence of the 
inhibitor did not affect the control VEGF165-evoked maximal response (30 ng/mL VEGF165 

max
peak: 111.6 ± 4.3 %; 100 ng/mL VEGF165 max

AUC: 100 %) for the peak (101.6 ± 5%; ns) or the 
AUC (100.5 ± 2.8 %; ns). As shown in Figure 42-C, at 10 ng/mL, in the presence of the 
antagonist, the response was reduced from 80% in control conditions to approximately 40% 
above baseline. As a result, we have concluded that MRS 1754 effectively inhibited VEGF165-
induced responses in HMEC-1 cells. 
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Figure 42. Inhibitory effects of MRS 1754 A2B receptor antagonist on the VEGF165 -evoked response 
in human microvascular endothelial cells (HMEC-1). Concentration-response curves for the peak (A) 
and AUC (B) magnitude of intracellular Ca2+ responses elicited by VEGF165 in the presence (0.3-100 
ng/mL; open pentagon; N=10) or absence (0.3-100 ng/mL; closed pentagon; N=8) of MRS 1754 100 nM. 
(C) Averaged time-resolved intracellular Ca2+ responses elicited by VEGF165 10 ng/mL in the presence 
(cyan pentagon; N=5) or absence (orange pentagon; N=8) of MRS 1754 100 nM over 250 seconds. All 
data were normalised to 100 ng/mL VEGF165 and fit the Hill1 equation with the EC50 values showed in 
table (D). Asterisks show statistical significance relative to VEGF165 potency (p ns> 0.05, p*<0.05, 
p**<0.01, p***<0.001). Data are represented as mean ± SEM. 
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3.3.4. P2 purinergic receptors protein profile of human microvascular endothelial 
cells (HMEC-1).  
 
In the previous sections, we described the P2 receptors transcriptome profile in HMEC-1 cells 
(section 3.3.1), as well as tried to gain insights into the four purinergic receptors candidates 
(P2X4, P2Y2, P2Y1, and A2B) contribution to the ATP- and VEGF165-dose response with the 
pharmacological characterisation described in the previous sections (sections 3.3.2 and 3.3.3). 
Immunoblotting was used to confirm which P2 receptor was expressed at the protein level in 
HMEC-1 and, thereby, have a tool to interpret the previous results. 
 

3.3.4.1 P2X4 protein expression was not detected in human microvascular 
endothelial cells (HMEC-1). 
 
RNA sequencing depicted the presence of P2X4 at the mRNA level. However, an ambiguous 
contribution to the calcium responses was reported. The majority of the P2X4 selective 
antagonist did not impact either the ATP-evoked calcium responses, but PSB12062 did. Then, 
to ascertain the protein expression of P2X4, whole-cell P2X4 levels in HMEC-1 were 
investigated by western blot. 
 
Along with whole-cell lysates of HMEC-1 cells (25 μg), lysates from parental (negative control, 
-) and stable expressing hP2X4 1321N1 astrocytoma cells (positive control, +) were used to 
elucidate the presence of P2X4 (Figure 43). Parental astrocytoma cells are void of any ATP-
induced responses, as shown in Figure 16 and other previously reported (Bianchi et al., 1999) 
Therefore, they should be a reasonable negative control of the absence of P2X4. Contrastingly, 
1321N1 astrocytoma cells stably expressing hP2X4 demonstrated their ability to evoke ATP 
responses (Figure 15), responses not detected in the untransfected parental cells, giving 
assurance the response is P2X4 dependent, and the receptor was expressed at the protein 
level in that cell line. 
 
The expected P2X4 specific band at 60KDa was detected in hP2X4 astrocytoma cells (Figure 43; 
Lane 2, + sample), and that was not the case of the parental astrocytoma cells, where just 
unspecific banding at lower molecular weights was detected (Figure 43-Lane 1, - sample), 
confirming the ability of the anti-P2X4 antibody (Alomone, APR-002) to detect specific P2X4 
protein expression. The unspecific banding in the parental astrocytoma was also detected in 
hP2X4 astrocytoma cells (50 KDa, 30 KDa), but it did not comprise the specific protein 
detection. HMEC-1 cells sample lane was void of banding, proving the lack of P2X4 protein 
expression in this cell line (Figure 43-Lane 3,? sample). β-Actin was also immunoblotted as a 
positive loading control and used to perform the hP2X4 densiometric analysis in the different 
cells investigated (Figure 43-B), as described in the methods section 2.7.4.  The statistical 
analysis reported significant differences between the protein expression levels of human P2X4 
in hP2X4 astrocytoma cells and parental astrocytoma (p<0.05) and HMEC-1 cells (P<0.05), 
illustrating the absence of P2X4 protein in HMEC-1 cells. 
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Figure 43. P2X4 is not expressed in human microvascular endothelial cells (HMEC-1) at the protein level 
(60 KDa). (A) Representative immunoblot for hP2X4 in 1321N1 parental astrocytoma cells (1-Parental, 
- sample), 1321N1 stable transfected hP2X4 astrocytoma cells (2-hP2X4, + sample) and human 
microvascular endothelial cells (3-HMEC-1, sample ?). (B) Semi-quantitative immunoblot analysis of 
relative expression of hP2X4 in studied cells lines. Asterisks show statistical significance relative to P2X4 
expression in 1321N1 stable transfected hP2X4 astrocytoma cells (p ns> 0.05, p*<0.05, p**<0.01, 
p***<0.001). Data are represented as mean ± SEM (N=5).  
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3.3.4.2 P2Y2 protein expression was ambiguously detected in human 
microvascular endothelial cells (HMEC-1). 
 
RNA sequencing described the presence of P2Y2 at the mRNA, and AR-C 118925XX, its selective 
antagonist, impacted the ATP and UTP-evoked calcium responses in a significant manner. Then, 
to ascertain the protein expression of P2Y2, whole-cell protein levels in HMEC-1 were studied 
by western blot. As well as whole-cell lysates of HMEC-1 cells (25 μg), lysates from 1321N1 
stable expressing hP2X4 or parental astrocytoma cells (negative control, -) were employed to 
investigate the presence of P2Y2. 
 
The expected P2Y2 specific band at 50KDa was detected in HMEC-1 (Figure 44; Lane 3 and 4, 
+ sample) at two different denaturalisation conditions. Nonetheless, that was also the case of 
the stable expressing hP2X4 1321N1 astrocytoma cells (Figure 44; Lane 1 and 2, - sample), 
illustrating the inability of the anti-P2Y2 antibody (Alomone, APR-010) to detect specific P2Y2 
protein expression. β-Actin was also immunoblotted as a positive loading control and used to 
perform the hP2Y2 densiometric analysis in the different cells investigated. In this case, relative 
protein levels were not compared as the western blots simultaneously for both cell lines were 
repeated twice (N=2; mean ± SEM) (Figure 44-B). The first blot was performed using just HMEC-
1 cells (N=1).  
 
Considering these results, a second anti-P2Y2 antibody (Abcam, ab168535) was tested to prove 
the protein expression of P2Y2. In the initial phase, different blocking solutions were tested to 
ensure the best conditions for protein detection using HMEC-1 and parental 1321N1 
astrocytoma cells. No bands were detected in HMEC-1 or parental 1321N1 astrocytoma 
cells (40 μg) (Figure 45-A, B); N=1) at two different blocking conditions (10% BSA or 5% milk-
based solution). The β-Actin positive loading control confirmed that the Western blot 
proceeded successfully and the presence of the protein in the PVDF membrane (Figure 45-A). 
However, the expected P2Y2-specific but very faint band at 42 KDa was detected in a non-
mammalian 5% sucrose-based blocking solution in both cell lines (Figure 45-A, B; N=1).   
 
Then, the sucrose-based blocking solution was the selected one to try to elucidate the specific 
expression of P2Y2 in HMEC-1, as it was the only one giving bands at the appropriate weight. 
As in the case of the Alomone anti-P2Y2 antibody, the expected P2Y2 specific band at 42KDa 
was detected in HMEC-1 (Figure 45-C) and this it was also the case of the parental 1321N1 
astrocytoma cells (Figure 45-C). The statistical analysis did not report significant differences 
between the protein expression levels of human P2Y2 in HMEC-1 and parental astrocytoma 
cells (ns) (Figure 45-D), complicating the assessment of P2Y2 protein expression in HMEC-1 
cells. 
 
Because of the unexpected protein expression of P2Y2 in parental astrocytoma cells, a third 
cell line was used to check the antibody specificity one more last time. Non-transfected 293T 
HEK cell lysate (40 μg) was used as a negative control to test the lack of banding when probing 
with the P2Y2 Abcam antibody, as the manufacturer described in the product datasheet 
(Figure 45-E). Three HEK lysate samples were probed and showed a much fainter banding 
pattern at the specific P2Y2 expected weight (Figure 45-E). The statistical analysis showed 
significant differences between the protein expression levels of human P2Y2 in non-
transfected 293T HEK and HMEC-1 cells (p<0.05), inferring the possibility of the antibody's 
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ability to detect P2Y2. Furthermore, there was also a statistical difference between non-
transfected 293T HEK and parental 1321N1 astrocytoma cells (p<0.01) (Figure 45-F), being this 
result much more challenging to justify.  
 
It is important to note that this last statistical analysis refers to the comparison of 6 different 
HMEC-1, 4 parental astrocytoma, and 3 non-transfected 293T HEK cell lysates samples 
(technical repeats) and not biological repeats, as being through this whole study due to the 
lack of time in the laboratory. 
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Figure 44. Ambiguous P2Y2 protein expression levels comparison of whole-cell extracts of human 
microvascular endothelial cells (HMEC-1) and human P2X4 1321N1 parental astrocytoma cells using 
milk-based blocking solution and anti-P2Y2 antibody from Alomone (APR-015) (50 KDa). (A) 
Representative immunoblot for P2Y2 in P2X4 1321N1 parental astrocytoma cells and human 
microvascular endothelial cells (HMEC-1). (B) Semi-quantitative immunoblot analysis of relative 
expression of P2Y11 in both cell lines. Data are represented as mean ± SEM (N=3). 
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Figure 45. Determination of the blocking solution to use for P2Y2 protein expression levels comparison of whole-cell extracts of human microvascular 
endothelial cells (HMEC-1) and human P2X4 1321N1 parental astrocytoma cells using anti-P2Y2 antibody from Abcam (ab168535) (42 KDa).  (A) Representative 
immunoblot for P2Y2 in P2X4 1321N1 parental astrocytoma cells and human microvascular endothelial cells (HMEC-1) comparing three different blocking 
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solutions (N=1). (B) Semi-quantitative immunoblot analysis of relative expression of P2Y2 in both cell lines for the three different blocking solutions (N=1). (C) 
Sucrose-based blocking solution performed better than BSA/sucrose or BSA-based blocking solutions showing bands at the expected weight. (D) Semi-
quantitative immunoblot analysis of relative expression of P2Y2 in both cell lines in sucrose-based blocking solution (N=3).  (E) Representative immunoblot for 
P2Y2 in untransfected HEK cells (N=3). (F) Semi-quantitative immunoblot analysis of relative expression of P2Y2 in the three cell lines in sucrose-based blocking 
solution (N=3). Data are represented as mean ± SEM (N=3). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 46. Ambiguous P2Y11 protein expression levels comparison of whole-cell extracts of HMEC-1 and 1321N1 parental astrocytoma cells using milk-based 
blocking solution and anti-P2Y11 antibody from Alomone (APR-015) (50 KDa). (A) Representative immunoblot for P2Y11 in 1321N1 parental astrocytoma cells 
and human microvascular endothelial cells (HMEC-1). (B) Semi-quantitative immunoblot analysis of relative expression of P2Y11 in both cell lines. Data are 
represented as mean ± SEM (N=3). 
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3.3.4.3 P2Y11 protein expression was detected in human microvascular 
endothelial cells (HMEC-1). 
 
RNA sequencing also described the presence of P2Y11 at the mRNA, and NF157, its selective 
antagonist, impacted significantly the VEGF165 but not the ATP-evoked calcium responses. 
Then, to verify the protein expression of P2Y11, whole-cell protein levels in HMEC-1 cells were 
investigated by immunoblot. As well as whole-cell lysates of HMEC-1 cells (25 μg), lysates from 
1321N1 parental astrocytoma cells (negative control, -) were utilized to explore the presence 
of the receptor. 
 
Firstly, as previously described for P2Y2, the anti-P2Y11 Alomone (APR-015) antibody was 
probed due to its availability in-house. The expected P2Y11-specific band at 50KDa was 
detected in HMEC-1 and this was also the case in the 1321N1 astrocytoma parental cells 
(Figure 46), depicting again the incapability of the anti-P2Y11 antibody (Alomone, APR-015) to 
detect specific P2Y11 protein expression. In this case, relative protein levels were not 
compared as the western blots simultaneously for both cell lines were repeated twice. The first 
blot used hP2X4 1321N1 astrocytoma cells instead of parentals as a theoretical negative 
control. Therefore, the comparison shown in Figure 46-B is a representative plot of an 
independent technical repeat. Again, as in the case of P2Y2, these results complicated the 
assessment of P2Y11 protein expression in HMEC-1 cells. 
 
A second anti-P2Y11 antibody (Abcam, ab180739) was tested to prove the protein expression 
of P2Y11. In the initial phase, different blocking solutions were tested to ensure the best 
conditions for protein detection using HMEC-1 and parental 1321N1 astrocytoma cells. No 
bands were detected in HMEC-1 or parental 1321N1 astrocytoma cells using a milk-based 
blocking solution at two different denaturalisation conditions and total protein lysate 
concentrations (Figure 47-A). That was the case, too, when using two different BSA-based 
blocking solutions (1% BSA/10% sucrose and 10% BSA solution) (Figure 47-B, C) and the 
commercial EveryBlot® blocking buffer from Bio-Rad (Figure 47-E). The β-Actin positive loading 
controls confirmed that the Western blot proceeded successfully and the presence of the 
protein in the PVDF membrane. Surprisingly, the expected P2Y11-specific but faint band at 43 
KDa was detected in a non-mammalian 5% sucrose-based blocking solution in both cell lines 
(Figure 47-B, C).  Therefore, the sucrose-based blocking solution was the selected one to clarify 
the specific expression of P2Y11 in HMEC-1, as it was the only one giving bands at the 
appropriate weight. Using fresh lysate samples (50 μg), the expected P2Y11-specific band at 
43 KDa was detected in HMEC-1 (Figure 48-A), and this was also the case in the parental 
1321N1 astrocytoma cells but in a significantly lower fashion when using fresh lysate samples. 
The statistical evaluation of the densitometric analysis reported significant differences 
between the protein expression levels of human P2Y11 in HMEC-1 and parental astrocytoma 
cells (p<0.05) (Figure 48-B), figuring a specific significant P2Y11 protein expression in HMEC-1 
cells. 
 
An anti-rabbit HRP conjugated secondary antibody was used in these western blots. This 
antibody detects heavy and light chains of the primary antibody. To investigate further the 
presence of bands in the astrocytoma parental negative control, we hypothesised that the 
unexpected banding could be derived from non-specific secondary antibody detection. To test 
that, two lysate samples, one for HMEC-1 and the other for parental astrocytoma cells, were 
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probed with the secondary antibody directly after blocking. In this way, the membrane was 
never exposed to a primary antibody, and no banding should be detected. However, non-
specific signals were detected in both lysate samples (Figure 48-C, D). Therefore, some 
detected signals in these conditions might come from the secondary antibody non-specific 
signalling. Suppose we subtract this signalling (Figure 48-D) from the primary antibody probed 
blot (Figure 48-B), the remaining signals will illustrate a minimal banding presence for 
astrocytoma parental cells and a detectable remaining banding for HMEC-1 cells. 
 
Another type of HRP-conjugated secondary antibody (anti-rabbit F(ab’)2) was available in-
house, and it was also tested to check if it could reduce the non-specific secondary antibody 
previously detected. Again, two lysate samples of each cell line were probed with the 
secondary antibody directly after 5% sucrose-based blocking. Anti-rabbit F(ab’)2 antibody 
detected low molecular weight bands of approximately 30 KDa, as well as non-specific bands 
at approximately 40 and 50 KDa, that could be misinterpreted as P2Y11-specific 43 KDa band 
(Figure 47-D). Therefore, this secondary antibody was not further considered an alternative to 
the regular HRP-conjugated secondary antibody. 
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Figure 47. Determination of which blocking solution to use for P2Y11 protein expression levels 
comparison of whole-cell extracts of HMEC-1 and 1321N1 parental astrocytoma cells with anti-P2Y11 
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antibody from Abcam (ab180739) (43 KDa). (A) Lack of specificity for P2Y11 Abcam antibody when using 
milk-based blocking solution and goat anti-rabbit secondary antibody at different boiling conditions in 
1321N1 astrocytoma and HMEC-1 cells. (B) Sucrose-based blocking solution performed better than 
BSA/sucrose or BSA-based blocking solutions showing bands at the expected weight. (C) Semi-
quantitative immunoblot analysis of relative expression of P2Y11 in these previous blocking solutions, 
being sucrose-based solution the one showing desired relative expression of P2Y11. (D) Lack of 
specificity for P2Y11 in 1321N1 parental astrocytoma and human microvascular endothelial (HMEC-1) 
cells in sucrose-based blocking solution and goat anti-rabbit F(ab’)2 secondary antibody. (E) Lack of 
specificity for P2Y11 Abcam antibody when using EveryBlot blocking solution and goat anti-rabbit 
F(ab’)2 secondary antibody in 3 samples of 1321N1 astrocytoma and HMEC-1 cells.  
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Figure 48. P2Y11 is expressed in human microvascular endothelial cells (HMEC-1) at the protein level 
(43 KDa). (A) Representative immunoblot of the P2Y11 protein expression levels comparison of 3 
different biological whole-cell extracts of human microvascular endothelial cells (HMEC-1) and 1321N1 
parental astrocytoma cells using sucrose-based blocking solution and anti-P2Y11 antibody from Abcam 
(ab180739). (B) Semi-quantitative immunoblot analysis of relative expression of P2Y11 in both cells 
lines. (C) Representative immunoblot of protein sample in secondary antibody for studying unspecific 
background bands. (D) Semi-quantitative immunoblot analysis of relative expression of secondary 
antibody-derived bands. Asterisks show statistical significance relative to P2Y11 expression in 1321N1 
astrocytoma cells (p ns> 0.05, p*<0.05, p**<0.01, p***<0.001). Data are represented as mean ± SEM 
(N=3 technical repeats). 

 
 
 

A 

P2Y11 
Abcam (ab180739)

 
 

B 

 Astrocytoma parental

HMEC-1

0.0

0.5

1.0

re
la

ti
v
e
 h

P
2
Y

1
1
 p

ro
te

in
 l
e
v
e
l 
(a

.u
.) *

ᵦ-actin 

50 

37 

25 

15 

50 

37 

25 

15 

Astrocytoma parental HMEC-1 

ᵦ-actin 

5% sucrose /Goat α-Rb  

D 

 Astrocytoma parental

HMEC-1

0.0

0.5

1.0

re
la

ti
v
e
 p

ro
te

in
 l
e
v
e
l 
s
e
c
o

n
d

a
ry

 a
n

ti
b

o
d

y
 (

a
.u

.)

ᵦ-actin 

50 

37 

15 

25 

Goat α-Rb 

5% sucrose 

C 



 158 

3.3.5. Purinergic receptor mRNA expression profile of human umbilical vein 
endothelial cells (HUVECs). 
 
Human umbilical vein endothelial cells (HUVECs) are primary cells isolated from the umbilical 
cord, and they are considered a good in-vitro model for studying human vascular endothelial 
physiology. HUVECs have been previously used as a tool to characterise VEGF-dependent 
calcium responses and the relevance of other membrane receptors to vascular endothelial 
growth factor (VEGF) physiology (J. Li et al., 2015; Li et al., 2011). We found interesting to 
investigate the VEGF P2Y11-dependent responses, as previously documented in HMEC-1 cells, 
in a primary cell line as the next stage in this study. For this, the first step was to characterise 
at the mRNA level the presence of P2Y11 and the other purinergic receptors in HUVECs, as the 
expression pattern might affect the output of the investigating responses. 
 
Initial studies were performed in human brain to confirm specificity and functionality of the 
primers. Once the primers were validated as useful tool for this study, every technical repeat 
was designed to run in parallel a known positive human brain cDNA sample with a HUVEC 
sample for each gene in study. In addition, β-Actin, the housekeeping gene served as a positive 
control for all the PCR reactions. β-Actin detention was even more relevant in the assays where 
the interrogated gene was not detected since detecting the housekeeping gene in HUVECs 
demonstrated a good quality cDNA and not just the well-performed PCR reaction. A non-
reverse transcriptase enzyme control was performed for each gene to control cDNA-specific 
derived band and not genomic DNA contamination. Besides this control, negative water control 
was done in every PCR run, where the cDNA was substituted by water and exposed to the 
transcriptase enzyme as the interrogated samples to ensure the sampling was not 
contaminated with an unknown and non-desired cDNA. 
 
Following the validation of the primers, the expression of purinergic receptors mRNA 
transcripts was examined. Table 8 and Figures 49 and 50 summarize the results obtained for 
this profiling.  
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Table 8. Non quantitative RT-PCR expression profile of purinergic receptors in human brain and 
umbilical vein endothelial cells (HUVEC). A √ means gene was detected, a (√) means the gene is detected 
but not consistently, and × means the gene was not detected, as shown in Figures 49 and 50. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Gene Human brain Human umbilical vein endothelial cells, 
HUVEC 

A1 √  × 

A2A √ √ 

A2B √ √ 

A3 √ × 

P2X1 (√) × 

P2X2 √ × 

P2X3 (√) × 

P2X4 √ √ 

P2X5 √ √ 

P2X6 √ × 

P2X7 √ √ 

P2Y1 √ √ 

P2Y2 √ √ 

P2Y4 √ √ 

P2Y6 √ √ 

P2Y11 √ (√) 

P2Y12 √ √ 

P2Y13 √ × 

P2Y14 √ √ 
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Figure 49. Non-quantitative RT-PCR expression profile of adenosine and P2X receptors in human brain 
and HUVEC cells. (A) Detection of adenosine (P1) receptors expression showing bands detected for 
ADORA1 (A1) (374 bp), ADORA2A (A2A) (295 bp), ADORA2B (A2B) (277 bp) and ADORA3 (A3) (302 bp) 
in human brain and ADORA2A (A2A) (295 bp) while ADORA2B (A2B) (277 bp) were detected in HUVEC 
(N=5). (B) Detection of P2X1-3 expression showing bands for P2X1 (341 bp), P2X2 (200 bp) and P2X3 
(564 bp) in human brain. None of these receptors were detected in HUVECs. (C) Detection of P2X4-7 
expression showing bands for P2X4 (250 bp), P2X5 (263 bp), P2X6 (405 bp) and P2X7 (414 bp) in human 
brain while P2X4 (250 bp), P2X5 (263 bp) and P2X7 (414 bp)  were detected in HUVECs (N=3). Primers 
amplify all splicing variants of the selected gene. RT+, reverse transcriptase cDNA samples; RT-, no 
reverse transcriptase enzyme control samples. 
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Figure 50. Non-quantitative RT-PCR expression profile of P2Y receptors in human brain and umbilical 
vein endothelial cells (HUVEC).  (A) Detection of P2Y1 and P2Y2 purinoreceptors expression showing 
bands for P2Y1 (326 bp) and P2Y2 (243 bp) in human brain and HUVECs. (B) Detection of P2Y4 and P2Y6 
purinoreceptors expression showing bands for P2Y4 (427 bp) and P2Y6 (391 bp) in human brain and 
HUVECs. (C) Detection of P2Y11 expression showing a band (365 bp) in human brain. In HUVECs, two 
out of three independent samples showed a band (365 bp). (D) Detection of P2Y12-13 purinoreceptors 
expression showing bands detected for P2Y12 (698 bp), P2Y13 (461 bp) and P2Y14 (370 bp) in human 
brain while P2Y12 (698 bp) and P2Y14 (370 bp) were detected in HUVECs (N=3).  Primers amplify all 
splicing variants of the selected gene. RT+, reverse transcriptase cDNA samples; RT-, no reverse 
transcriptase enzyme control samples. 
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As shown in Table 8 and Figure 49, non-quantitative analysis of mRNA transcripts revealed that 
HUVEC cells expressed two P1 receptor subtypes, A2A and A2B (Figure 49-A), and three P2X 
receptors, P2X4, P2X5 and P2X7 (Figure 49-B, C). Remarkably, P2X1 and P2X3 were not 
consistently detected, meaning the detection of the band in the human brain fluctuated. 
However, a band in a HUVEC sample was never detected in P2X1 or P2X3 positive human brain 
assays.  
 
Almost all P2Y receptors but P2Y13 were detected (Table 8, Figure 50). However, P2Y11 
demonstrated an inconsistent expression pattern in HUVEC cells. Two technical repeats with 
three distinct biological samples each showed specific bands for P2Y11 in 2 out of the 3 
biological repeats (Figure 50-C). This lack of consistency suggests low receptor expression even 
though P2Y11 could yet potentially contribute to the VEGF calcium responses. 
 
 

3.3.6. Characterisation of the vascular endothelial growth factor calcium 
signalling in human umbilical vein endothelial cells (HUVECs). 
 
The mRNA expression profile of the vascular endothelial growth factor receptors could not be 
performed in HUVECs due to the lack of time for this study. However, there is substantial 
literature supporting VEGFR-2 as the mediator of the VEGF-dependent calcium responses in 
this cell line (J. Li et al., 2015; Li et al., 2011). Thus, we directly performed the pharmacological 
profiling upon VEGF165 stimulation. 
 

3.3.6.1 VEGF165-evoked calcium responses in human umbilical vein 
endothelial cells (HUVECs). 
 
VEGF165 elicited intracellular calcium response in a concentration-dependent manner (0.3 to 
100 ng/mL) with maximal activity at 10 ng/mL for the peak (148.85 ± 17.9 %) and at 30 ng/mL 
for the area under the curve (AUC) (125.89 ± 10.45%). The peak's calculated half-maximal 
effective concentration (EC50) was 1.7 ± 0.4 ng/mL for the peak and 2.4 ± 0.4 ng/mL for the 
AUC (Figure 51-A, B). Figure 51-C depicts time-resolved calcium responses upon VEGF165 
stimulation from 0.3 to 100 ng/mL. This stimulation elicited a relatively rapid and sustained 
response at high ligand concentrations (10 to 100 ng), but this kinetic fashion was lost at 
concentrations lower than 10 ng/mL. From 0.3 to 3 ng/mL, VEGF165 did not elicit a rapid 
response. However, it was characterised by a delayed, slower, and more sustained calcium 
release over four minutes, with the peak response observed towards the end of the 
response. Thereby, we confirmed the ability of HUVECs to respond to the ligand and evoke 
VEGF165-dependent calcium responses. 
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Figure 51. VEGF165 elicits intracellular calcium responses in human umbilical vein endothelial cells 
(HUVEC). Concentration-response curves for the peak (A) and AUC (B) magnitude of intracellular Ca2+ 
responses elicited by VEGF165 (0.3-100 ng/mL; N=6). (C) Averaged time-resolved intracellular Ca2+ 
responses elicited by VEGF165 from 0.3 ng/mL to 100 ng/mL in HUVEC cells over 250 seconds (N=6). All 
data were normalised to 100 ng/mL VEGF165 and fit the Hill1 equation with the EC50 values showed in 
the graphs. Data are represented as mean ± SEM.  

 
 
 
 
 
 
 
 
___________________________ 
(*) Data normalisation was always done at 100 ng/mL VEGF165 when this agonist was studied. 
(**) Arrows (  ) indicate the maximum response in the control (untreated) curve. 
(***) F/F0 refers to the Fura2 ratio, meaning F340/F380. 
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3.3.6.2 The broad-spectrum P2 antagonist, PPADS, affected the VEGF165-
evoked calcium responses of human umbilical vein endothelial cells (HUVECs). 
 
In HMEC-1 cells, the broad-spectrum P2 antagonist, PPADS, had a significant impact on the 
VEGF165-evoked calcium responses, and therefore, it was proposed to investigate the potential 
same effect in HUVECs. Due to the difficulties in the HUVECs' availability and their culturing 
times, this assay was performed just once as a proof of concept.  
 
Pre-treatment with PPADS also right-shifted the VEGF165 dose-response curve as in the case of 
the HMEC-1 cells (Figure 52). Preliminarily, the presence of PPADS reduced the VEGF165-
evoked maximal control response for the peak at 10 ng/mL (VEGF max

PEAK 58.20 ± 6.61) but not 
for the AUC at 30 ng/mL VEGF max

AUC 112.23 ± 14.4). The representative time-resolved 
intracellular calcium responses shown in Figure 52-C illustrated PPADS' impact on the peak and 
the area under the curve upon 10 ng/mL VEGF165 stimulation compared with the control. In 
the presence of PPADS, the activation kinetics at 10 ng/mL VEGF165 conserved its relatively 
rapid calcium increase kinetics but with a larger decrease in the peak, which reached 
approximately 50% above baseline compared to the VEGF response in the absence of the 
antagonist, which reached almost 110%.  
 
Considering these results as a positive proof of concept, we moved forward to investigate the 
possible involvement of P2Y11. 
 

3.3.6.3 P2Y11 selective antagonist did not affect the VEGF165-evoked 
calcium responses of human umbilical vein endothelial cells (HUVECs). 
 
In the same way as in section 3.3.2 and 3.3.3, the selective competitive antagonist, NF157, was 
utilised to determine if P2Y11 was involved in the VEGF165-evoked calcium responses in 
HUVECs.  
 
The effects of NF157 (5 µM) on the VEGF dose-response curve control (EC50

PEAK: 1.7 ± 0.4 
ng/mL; EC50

AUC: 2.4 ± 0.4 ng/mL) were examined. Isolated significant effects were found at 100 
ng/mL in the peak and the area under the curve when comparing the cells in the presence or 
the absence of the P2Y11 inhibitor and the control VEGF-evoked maximal response at 10 ng/mL 
for the peak and 30 ng/mL for the AUC were unchanged (Figure 52-A, B). In addition, upon 
treatment, the potencies were also unaffected (EC50 PEAK: 1.55 ± 0.17 ng/mL; ns; EC50 AUC: 1.6 
± 0.2 ng/mL; ns) (Figure 52-D). The representative time-resolved intracellular calcium 
responses in Figure 52-C documented the described isolated potentiation effects at the higher 
concentration of 100 ng/mL. These changes represented potentiation effects and did not 
follow a trend, considering them challenging to interpret. As a result, we concluded that 5 µM 
NF157 was ineffective in inhibiting VEGF-induced responses in HUVECs as it did in HMEC-1 
cells. 
 
 
 
 
 



 166 

1E-6 1E-5 1E-4

0

20

40

60

80

100

120

140

160

180

n
o

rm
a
li
z
e
d

 C
a

2
+
 r

e
s
p

o
n

s
e
s
 %

 a
u

c
 c

o
n

tr
o

l 
(1

0
0

 n
g

/m
L

 V
E

G
F

)

log[VEGF165] (mg/mL)

- PPADS 30 M

+ PPADS 30 M

AUC

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 52. Preliminary inhibitory effects of broad-spectrum P2 receptors antagonist PPADS on the 
VEGF165 -evoked response in human umbilical vein endothelial cells (HUVEC). Concentration-response 
curves for the peak (A) and AUC (B) magnitude of intracellular Ca2+ responses elicited by VEGF165 in the 
presence (0.3-100 ng/mL; open pentagon; N=1) or absence (0.3-100 ng/mL; closed pentagon; N=6) of 
PPADS 100 µM. (C) Averaged time-resolved intracellular Ca2+ responses elicited by VEGF165 10 ng/mL in 
the presence (blue square; N=1) or absence (pink square; N=6) of PPADS 100 µM over 250 seconds. All 
data were normalised to 100 ng/mL VEGF165  in saline solution and fit the Hill1 equation. Data are 
represented as mean ± SEM. 
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Figure 53. Lack of inhibitory effects of NF157 P2Y11 receptor antagonist on the VEGF165 -evoked 
response in human umbilical vein endothelial cells (HUVEC). Concentration-response curves for the 
peak (A) and AUC (B) magnitude of intracellular Ca2+ responses elicited by VEGF165 in the presence (0.3-
100 ng/mL; open pentagon; N=3) or absence (0.3-100 ng/mL; closed pentagon; N=6) of NF157 5 µM. 
(C) Averaged time-resolved intracellular Ca2+ responses elicited by VEGF165 10 ng/mL in the presence 
(blue square; N=3) or absence (blue square; N=6) of NF157 5 µM over 250 seconds. All data were 
normalised to 100 ng/mL VEGF165 and fit the Hill1 equation with the EC50 values showed in table (D). 
Asterisks show statistical significance relative to VEGF165 potency (p ns> 0.05, p*<0.05, p**<0.01, 
p***<0.001). Data are represented as mean ± SEM. 
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3.3.6.4 VEGF165 kinetics profile differed between human umbilical vein 
endothelial cells (HUVECs) and human microvascular endothelial cells (HMEC-1), 
and this response is characteristic of endothelial cells. 
 
Considering the recent findings, a comparative analysis of the VEGF165 responses of the two 
distinct endothelial cell lines was conducted in an attempt to identify differences that might 
elucidate their disparate behaviour. 
 
Figure 54-A, B showed the concentration-response curve for VEGF165 in HUVEC and HMEC-1 
cells. As was already portrayed, VEGF165 elicited a concentration-dependent increase in 
intracellular calcium levels in both cell lines, but there were the HUVEC cells the ones 
demonstrating higher potency (EC50 PEAK: 1.71 ± 0.35 ng/mL; EC50 AUC: 2.20 ± 0.46 ng/mL) 
and efficacy (maximal response at 10 ng/mL significantly higher; p<0.05) than HMEC-1 cells 
(EC50 PEAK: 2.87 ± 1 ng/mL; EC50 AUC: 3.55 ± 1.32 ng/mL). When comparing the potencies 
between cell lines, significance was not achieved; however, a higher sensitivity pattern can be 
observed in Figure 54-E. Raw data comparisons are tough as errors tend to be higher and 
demonstrate significance become intricate. The slope compares the steepness of the dose-
response curves. HUVEC dose responses illustrated steeper curves than HMEC-1, also 
suggesting greater sensitivity to changes in VEGF165 concentration.  The representative calcium 
time-responses curves at 10 ng/mL (Figure 54-C) and 30 ng/mL (Figure 54-D) illustrated the 
difference in the trace kinetics in the cell lines. HUVECs presented a much more rapid but 
sustained response, while HMEC-1 showed a sustained calcium response characterised by its 
late peak. This data portrayed the idea that HUVEC responses have a more outstanding 
contribution to the calcium release from the stores than HMEC-1 cells, even though previous 
results suggest the involvement of this pathway in both cell lines' VEGF165-dependent 
responses. 
 
VEGF165 dependent biological responses are meant to be characteristic of endothelial cells. To 
confirm these responses are cell type specific, a double-check was performed exposing 1321N1 
human P2X4 stably expressing astrocytoma cells to this agonist (Figure 55). At 100 ng/mL 
VEGF165, this cell line could not induce any intracellular calcium responses. In contrast, the 
response to 30 µM ATP demonstrated the cells' viability and responsiveness, confirming their 
ability to respond to an agonist (Figure 55-A). The responses to VEGF165 did not differ from the 
vehicle control response control, illustrating the cells' incapacity to respond to the ligand 
(Figure 55-B). Statistical significance is not shown as the experiments were performed just 
twice. 
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Figure 54. VEGF165 ’s kinetics profile varied between human umbilical vein endothelial cells (HUVECs) 
and human microvascular endothelial cells (HMEC-1). Concentration-response curves for the peak (A) 
and AUC (B) magnitude of intracellular Ca2+ responses elicited by VEGF165 in HUVEC cells (0.3-100 ng/mL; 
open circles; N=6) and HMEC-1 (0.3-100 ng/mL; closed circles; N=8). All data fit the Hill1 equation with 
the EC50 values showed in the graphs. Averaged time-resolved intracellular Ca2+ responses elicited by 
VEGF165 (C) 10 ng/mL and (D) 30 ng/mL in HMEC-1 (pink hexagon; N=8) and HUVEC (blue hexagon; N=6) 
cells. (E) Comparison of EC50 values for VEGF165 responses in HUVEC (N=6) and HMEC-1 (N=8) cells. 
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Asterisks show statistical significance where p ns> 0.05, p*<0.05, p**<0.01, p***<0.001 Data are 
represented as mean ± SEM.  
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
Figure 55. VEGF165 did not elicit intracellular calcium response in 1321N1 human P2X4 stable 
astrocytoma cells.  (A) Averaged time-resolved intracellular Ca2+ responses elicited by ATP 30 µM 
(orange pentagon) and 100 ng/mL VEGF165 (cyan pentagon) over 250 seconds (N=2). (B) Comparison of 
peak magnitude of intracellular Ca2+ responses induced by the injection of ATP 30 µM, 100 ng/mL 
VEGF165 and vehicle control (blank) (N=2) in saline solution. Data are normalised to 30 µM ATP when 
indicated and represented as mean ± SEM. 
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3.3.7. Characterisation of the ATP calcium signalling in human umbilical vein 
endothelial cells (HUVECs). 
 
Biomolecular profiling at the mRNA level of the HUVECs was portrayed in section 3.3.5, but the 
ability of HUVECs to respond to ATP still needs to be proven. Furthermore, understanding the 
ATP signalling in this cell line might help us better interpret the latest observations.  
 

3.3.7.1 ATP-evoked calcium responses in human umbilical vein endothelial 
cells (HUVECs). 
 
ATP elicited intracellular calcium response in a concentration-dependent manner (0.03 to 30 
µM) with a maximal attainable response at 30 µM for the peak and the area under the curve 
(AUC) (100%). The half-maximal effective concentration (EC50) for the peak was 1.77± 0.28 µM 
and 6.58 ± 0.20 µM for the AUC (Figure 56-A, B). Figure 56-C depicts time-resolved calcium 
responses upon ATP stimulation from 0.03 to 30 µM. This stimulation evoked a rapid and 
transient initial response followed by a sustained phase that decayed to approximately 50% 
above baseline for 30 µM stimulation. However, this decay is more dramatic at lower 
concentrations. From 0.03 to 3 µM, the responses returned to the baseline level over 4 
minutes.  
 
To complement this data, thapsigargin was used to investigate further the possible store-
operated calcium release contribution in the ATP-dependent response in HUVEC. 
Preincubation with 5 µM thapsigargin prevented any ATP-induced responses (Figure 57), 
suggesting the dependency on the intracellular stores to evoke calcium increase in the cytosol. 
 
Finally, the P2X4 contribution to the ATP-evoked calcium responses was briefly studied. As 
described for HMEC-1, we could not observe any contribution to the 30 µM ATP response 
when preincubating the cells with 10 µM BX430 (Figure 58). That agreed with what was 
previously reported in the laboratory, as Dr. Jessica Meades reported the same lack of effects 
and the SERCA inhibition when applying ivermectin using the same cell model, similarly as we 
reported for HMEC-1 cells (unpublished data). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 172 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 56. ATP elicits intracellular calcium responses in human umbilical vein endothelial cells (HUVEC). 
Concentration-response curves for the peak (A) and AUC (B) magnitude of intracellular Ca2+ responses 
elicited by ATP (0.03-30 µM; N=5). (C) Averaged time-resolved intracellular Ca2+ responses elicited by 
ATP from 30 µM to 30 nM in HUVEC cells over 250 seconds (N=5). All data were normalised to 30 µM 
ATP and fit the Hill1 equation with the EC50 values showed in the graphs. Data are represented as mean 
± SEM.  

 
 
 
 
 
 
 
___________________________ 
(*) Data normalisation was always done at 30 µM when this agonist was studied. 
(**) Arrows (  ) indicate the maximum response in the control (untreated) curve. 
(***) F/F0 refers to the Fura2 ratio, meaning F340/F380. 
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Figure 57. Effects of the sarcoendoplasmic reticulum calcium transport ATPase (SERCA) inhibitor 
thapsigargin on the ATP-evoked response in human umbilical vein endothelial cells (HUVEC). (A) 
Comparison of peak magnitude of intracellular Ca2+ responses induced by ATP at 3 µM in the presence 
(N=1) or absence (N=1) of thapsigargin 5 µM. (B) Averaged time-resolved intracellular Ca2+ responses 
elicited by ATP 3 µM in the presence (blue square; N=1) or absence (pink square; N=1) of thapsigargin 
5 µM over 250 seconds. Data are represented as mean ± SEM of the n replicates within the same 
technical experiment.  
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Figure 58. Lack of inhibitory effects of BX430 P2X4 receptor antagonist on the ATP-evoked response in 
human umbilical vein endothelial cells (HUVEC). Comparison of peak (A) and AUC (B) magnitude of 
intracellular Ca2+ responses induced by ATP at 30 µM in the presence (N=3) or absence (N=3) of BX430 
10 µM. (F) Averaged time-resolved intracellular Ca2+ responses elicited by ATP 30 µM in the presence 
(blue square; N=3) or absence (pink square; N=3) of BX430 10 µM over 250 seconds. All data were 
normalised to 30 µM ATP. Asterisks show statistical significance relative to ATP 30 µM in saline solution 
containing 0.1% DMSO (p ns> 0.05, p*<0.05, p**<0.01, p***<0.001). Data are represented as mean ± 
SEM.  
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3.3.7.2 ATP kinetics profile differed between human umbilical vein 
endothelial cells (HUVECs) and human microvascular endothelial cells (HMEC-1). 
 
If we compared HUVEC and HMEC-1 cells ATP concentration-response curves, contrarily to 
what we reported for the VEGF165 response, HMEC-1 cells demonstrated higher potency 
(Figure 59-A, B, E) (EC50

PEAK: 427 ± 64 nM; EC50
AUC: 1.16 ± 0.52 µM) and efficacy (maximal 

comparable response at 30µM for the AUC; p<0.01) than HUVEC cells  (EC50
PEAK: 1.59± 0.296 

µM; EC50 
AUC: 9.22 ± 2 µM). The representative calcium time-responses curves at 1 µM (Figure 

59-C) and 10 µM (Figure 59-D) illustrated the difference in the trace kinetics in the cell lines. 
Both cell lines presented an initial rapid response. However, HMEC-1 presented a much more 
sustained response. At the same time, HUVECs showed a more transient response, whose 
response decayed to baseline after approximately 2 minutes at 1 µM ATP. The response 
dramatically dropped also at 10 µM ATP, even though it did not reach baseline in this case. This 
sustained characteristic response in HMEC-1 is why efficacy was significantly increased in their 
AUC and not in the peak, whose parameter was achieved with the same efficacy in both cell 
lines, as they had their rapid initial responses conserved. This data depicted the idea that 
HUVEC responses have a more remarkable contribution to the calcium release from the stores 
than HMEC-1 cells, as late sustained responses are thought to be more membrane ion-channel 
dependent. That might imply the involvement of a different pattern of P2 receptor functional 
expression in both cell lines. The transcriptome comparison profile elicited remarkable 
differences at the mRNA level (Figure 60). However, it is worth noting that other essential 
families of ion channels, such as ORAI channels, also rely on store-dependent mechanisms and 
could impact ATP-dependent trace kinetics.  
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Figure 59. ATP’s kinetics profile varied between human umbilical vein endothelial cells (HUVECs) and 
human microvascular endothelial cells (HMEC-1). Concentration-response curves for the peak (A) and 
AUC (B) magnitude of intracellular Ca2+ responses elicited by ATP in HUVEC cells (0.03-30 µM; open 
circles; N=6) and HMEC-1 (0.01-300 µM; closed circles; N=8). All data fit the Hill1 equation with the EC50 
values showed in the graphs. Averaged time-resolved intracellular Ca2+ responses elicited by ATP (C) 1 
µM and (D) 10 µM in HMEC-1 (cyan hexagon; N=8) and HUVEC (purple hexagon; N=6) cells. (E) 
Comparison of EC50 values for ATP responses in HUVEC (N=6) and HMEC-1 (N=8) cells. Asterisks show 
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statistical significance where p ns> 0.05, p*<0.05, p**<0.01, p***<0.001 (F) ATP chemical structure 
(National Center for Biotechnology Information (2023)). Data are represented as mean ± SEM. 
 
 
 
 
 

 
 
Figure 60. Comparison of purinergic receptor expression profile between human umbilical vein 
endothelial cells (HUVEC) and human microvascular endothelial cells (HMEC-1). Graphical 
representation of the percentage of purinergic receptors expression from reverse transcription 
polymerase chain reaction (RT-PCR) in HUVEC cell line or RNA sequencing data in HMEC-1 cell line. 
HUVEC cells expressed a higher percentage of the three purinergic receptors family at the mRNA level. 
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3.4 Discussion 
 

3.4.1. Human dermal microvascular endothelial cells (HMEC-1) express various 
purinergic receptors at the transcriptional level. 
 
This study's principal in vitro model was the human dermal microvascular endothelial cell line 
(HMEC-1). As previously stated, P2 receptors have been proposed as mediators of the 
endothelial calcium responses in various physiological processes (Aslam et al., 2021; Li et al., 
2022; Raqeeb et al., 2011; Wang et al., 2015; Yamamoto, Korenaga, Kamiya, Qi, et al., 2000). 
This immortalised cell model, established by Ades et al., has been broadly used in endothelial 
research (Del Carratore et al., 2012; Ding et al., 2010; Du et al., 2015; Feoktistov et al., 2004; 
H. Li et al., 2015; Ryzhov et al., 2007). They conserve the main morphological, phenotypical, 
and functional characteristics of endothelial cells (VEGF responsiveness, expression of von 
Willebrands factor (vWF), cell adhesion molecules such ICAM-1, and process the LDL uptake) 
(Belair et al., 2015; Bouõè et al., 2001; Muñoz-Vega et al., 2018). Furthermore, HMEC-1 cells 
exhibit many features of primary microvascular endothelial cells. As our investigation did not 
specifically focus on either macro- or microvasculature, the cell line was considered 
representative, given that most of the endothelium in our body constitutes the 
microvasculature (Bouõè et al., 2001). 
 
Expression of purinergic receptors in HMEC-1 cells was investigated by RNA sequencing. Five 
different purinergic receptors were found at the transcriptional level (P2X4, P2X5, P2Y2, P2Y11, 
and A2B), which agrees with the RNA sequencing output from Bastounis (2021). While the 
results of this study are relevant, it is essential to bear in mind that the cells were cultured in 
slightly different conditions (glass substrates coated with 0.25 mg/mL collagen I), whereas we 
did not coat the plastic growing flask. Matrix rigidity promotes different expression patterns in 
endothelial cells (Hubbi et al., 2012; Zhang et al., 2022), which might explain the different 
receptors' subtle relative expression levels in that study. Most literature agrees with the 
expression of P2Y2 at the mRNA level in HMEC-1, which is by far the most studied P2 receptor 
using these cells (Ding et al., 2010; Gidlöf et al., 2015; Seiffert et al., 2006; Zhang et al., 2014). 
Seiffert et al. reported using RT-PCR the same expression pattern in HMEC-1 except for adding 
P2X7 expression. No specific study showing P2X7 in the cell line was found except from Y. 
Zhang et al., who reported even more P2 receptors in HMEC-1 (P2X3, P2X4, P2X5, P2X7, P2Y1, 
P2Y2, P2Y4, P2Y11, and P2Y12; RT-PCR). Notably, in this case, cells were cultured in a 
completely different media, whereas in Seiffert et al. work, the media composition slightly 
varied (higher concentrations of hydrocortisone and absence of L-glutamine). Regarding 
adenosine receptors, Feoktistov et al. showed that HMEC-1 preferentially expressed A2B than 
A2A. Then, our findings agree with most current literature and confirm the expression of P2X4, 
P2X5, P2Y2, P2Y11, and A2B in HMEC-1 cells. 
 

3.4.2. Purinergic receptors contribute to the endothelial calcium homeostasis in 
HMEC-1. 
 
ATP can bind to different P2 receptors with different affinities (Burnstock, 2007). To evaluate 
which receptor is involved in the ATP-evoked calcium responses, we measured intracellular 
calcium increases for nucleotides, ATP, UTP, ADP, and UDP. ATP and UTP evoked almost 
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identical calcium responses in HMEC-1 cells with equal potency for the peak (EC50
ATP: 568 ± 

161 nM; EC50
UTP: 460 ± 80 nM; ns) and the area under the curve (EC50

ATP: 742 ± 161 nM; EC50
UTP: 

654 ± 271 nM; ns), being the UTP slightly more efficient than ATP (higher maximal response 
peak and AUC; p<0.05). The potency for ADP and UDP were significantly lower than the 
previous nucleotides for the peak (EC50

ADP: 27 ± 7.1 µM; EC50
UDP: 63 ± 11.3 µM; p<0.01) and 

the AUC (EC50
ADP: 52.1 ± 19.2 µM, ns; EC50

UDP: 114 ± 20.3 µM; p<0.01). Consistently the maximal 
responses were significantly reduced for both nucleotides for the peak and the AUC (p<0.01). 
It is relevant to mention that our calculated EC50 for ADP and UDP is far higher than others 
reported. ADP is an agonist of P2Y1, P2Y12, and P2Y13, with lower than 100 nM potencies. 
Similarly, UDP is an agonist of P2Y6 and P2Y14, and their potencies are in the same range as 
the previous ones (Woods et al., 2021). Furthermore, none of the previous P2 referred were 
detected in the RNA sequencing. Therefore, it is unlikely these results portrayed a specific 
nucleotide evoked response. Instead, those responses could be due to ATP or UTP 
contamination, whose reported manufacturer purity never ensures 100%. The ATP and UTP 
agonist profiles are consistent with an involvement of P2Y2 that is activated equipotently by 
ATP and UTP (Ding et al., 2010; Nicholas et al., 1996; Parr et al., 1994; Woods et al., 2021). Ding 
et al. reported the same nucleotide responses in HMEC-1 with similar potencies to ATP and 
UTP in the nanomolar range (EC50

ATP: 364 ± 65 nM; EC50
UTP: 170 ± 32 nM). Furthermore, the 

EC50 values for ADP and UDP (EC50
ADP: 16.8 ± 2.6 µM; EC50

UDP: 3.8 ± 1.5 µM) were also in the 
micromolar range. In general, their responses show a lower concentration fashion in all the 
potencies reported; however, even though they used a similar fluorometric imaging plate 
reader, the preparation for the experiment slightly differed from ours, and the data extraction 
and treatment were different too, meaning some impact in the extrapolated parameters. Using 
a different immortalised vascular endothelial cell line, EAhy926, Muoboghare et al., 2019 
showed EC50

AUC for UTP of 670 nM that is almost identical of our calculated potency (673 ± 198 
nM) in HMEC-1 cells. However, Raqeeb et al. reported slightly higher EC50 using HUVECs for 
UTP (1.26 µM) and significantly decreased potency for ATP (3.07 µM). 
 
Removing extracellular calcium had no significant effect on ATP potency, but it had in the 
maximal responses (peak, p<0.01; AUC, p<0.05). Implicitly, this result infers the contribution 
of at least one P2Y receptor in response to ATP stimulation. The recorded calcium increase 
could only come from the intracellular stores in a calcium-free media. Removing extracellular 
calcium is applied in calcium mobilisation assays when intracellular contribution to calcium 
responses wants to be isolated (Li et al., 2011; Liu et al., 2010). The observed residual calcium 
responses suggest extracellular calcium entry through ion channels, which could indicate P2X 
activity. However, as we will discuss later, we know it is unlikely to be true in our model. 
Alternatively, this result could also indicate store-operated calcium entry (SOCE). SOCE (store-
operated calcium entry) is the process in which the depletion of endoplasmic reticulum (ER) 
calcium stores leads to calcium influx across the plasma membrane. The store-operated 
channels (SOCs) responsible for this phenomenon are known as calcium release-activated 
calcium (CRAC) channels, characterized by their high calcium selectivity. Activation of these 
channels occurs by binding ER calcium sensors, specifically stromal interaction molecule 1 
(STIM1) and STIM2, to CRAC channel proteins (Orai1, Orai2, and Orai3). STIM proteins bind to 
and directly activate Orai channels. Both families of molecules can completely restore SOCE in 
heterologous expression systems, demonstrating that these proteins are essential and 
sufficient for the SOCE process. Our data from the RNA sequencing suggests the transcriptional 
expression of both families in HMEC-1, which again agrees with the RNA sequencing output 
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from Bastounis, 2021. Nonetheless, it is complicated to find studies using these cells exploring 
the functional expression of CRAC channels as the vast majority of investigations were 
performed using human umbilical vein endothelial cells (HUVEC) (Beech, 2012; J. Li et al., 2015; 
Li et al., 2011; Moccia et al., 2023). Following the proposed involvement of P2Y, treatment with 
the PLC pathway inhibitor (U73122) and the SERCA inhibitor thapsigargin prevented any ATP-
evoked responses, reaffirming the predominance of P2Y receptors in the ATP-evoked 
responses. Others have suggested using different endothelial cell models to the involvement 
of P2Y2 in their ATP-induced responses that were further blocked by the preincubation of 
U73122 (Kamouchi et al., 1999; Viana et al., 1998). The specific phospholipase C inhibitor 
blocked the two phases of the agonist-evoked calcium response, as we observed in HMEC-1 
cells. However, these results need to be taken cautiously as unexpected side effects (Foufelle 
et al., 2016; Horowitz et al., 2005) have been reported using these two pharmacological tools 
and the involvement of P2X was still in the table when this initial characterisation was 
performed. 
 

3.4.2.1 The broad-spectrum P2 antagonists impair ATP calcium influx in 
HMEC-1. 
 
Before the systematic pharmacological characterisation performed with the P2 propose 
candidates at the transcriptional level, three broad-spectrum inhibitors of the ATP response 
were used to gain insight into the primary mediators of the ATP-dependent calcium response 
in HMEC-1 cells. Apyrase was the one that significantly impacted the ATP dose-response 
kinetics, inferring the ATP dependency nature of the observed responses. The drug massively 
decreased the ATP potency and reduced the maximal responses, an ability not demonstrated 
either for PPADS or suramin. However, apyrase is not a receptor antagonist but diminishes the 
ATP-evoked responses by its ability to catalyse the hydrolysis of ATP to ADP and ADP to AMP 
(Kettlun et al., 2005). The scavenger has been broadly used to pharmacologically diminish the 
ATP-evoked responses in electrophysiology or calcium mobilisation assays (Jiang et al., 2017; 
Madry et al., 2018; Newman, 2005; Ollivier et al., 2006; Thuringer, 2004; Toma et al., 2008). 
 
The lack of effect in the ATP potency upon PPADS application was expected as the antagonist 
acts as a non-competitive antagonist of all P2X receptors as a partial antagonist of some P2Y 
receptors in humans (Burnstock et al., 2014; Delaune et al., 2023; Ralevic et al., 1996) but not 
for the P2Y2 or P2Y11 receptors (Charlton et al., 1996b; Communi et al., 1999). Therefore, 
observed effects in the maximal responses were interpreted as a potential involvement of P2X4 
in the ATP-evoked response. P2X4 showed very high IC50 values in various reports (Bo et al., 
2003; Coddou et al., 2011; Jones et al., 2000; Khakh et al., 1999; North et al., 2000), in 
agreement with our experimental calculated IC50 that was around 100 µM for the peak and the 
AUC. Nonetheless, the hypothetical role of P2X4 and PPADS action will be further discussed in 
the following sections (Chapter 5, Section 5.1). 
 
Suramin is considered weak or inactive at inhibiting human P2X4 and P2Y2 (Lambrecht, 2000; 
Rafehi et al., 2018; Ralevic et al., 1998; Soto et al., 1997). However, some investigations 
reported effects at high concentration of the antagonist, and it has been used to characterise 
P2Y2 responses (Charlton et al., 1996b; Rafehi et al., 2018).   In addition, it was commonly used 
as a P2Y11 antagonist (Kennedy, 2017). As a non-competitive antagonist, the slight left shift 
for the AUC curve with the increasing significant impact on the ATP potency (p<0.05) was then 
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unexpected, profiling the typical effect of a positive allosteric modulator of ATP. Contrastingly, 
the maximal response was diminished in both curves. The results are considered atypical, and 
others have reported non-specific effects at high concentrations of the inhibitor (Jones et al., 
2000; North et al., 2000; Soto et al., 1997), which was the configuration used for this inhibition 
assay. Nonetheless, suramin can inhibit ectonucleotidases (enzymes that hydrolyse ATP into 
ADP, AMP, and adenosine), leading to prolonged availability and elevated levels of extracellular 
ATP. By inhibiting ectonucleotidases, ATP degradation would be slowed down, lowering its 
EC50, as observed in our data. 
 

3.4.2.2 P2X4 is unlikely to play a role in the ATP-evoked calcium responses 
in HMEC-1. 
 
The systematic pharmacological characterisation performed with the P2 transcriptional 
proposed candidates was initiated by investigating the effects of P2X4 selective antagonists 
and ivermectin, its positive allosteric modulator. This was the only P2X receptor characterised 
in this study. As was already mentioned, P2X5 pharmacology is limited, and its relevance in 
humans might be restricted to heterodimerization for forming a functional channel (Müller et 
al., 2020). Furthermore, P2X5 can be found as two different isoforms determined by 
substituting a thymidine for guanine (non-functional channel lacking exon 10), and just 14% of 
the population is known to have functional homomeric channels (Bo, Jiang, et al., 2003; King, 
2023). This and the deficient mRNA expression of P2X5 in the RNA sequencing made us avoid 
further investigating its involvement in the ATP-evoked response. However, future work might 
focus on genetically profiling the P2X5 isoform presented in HMEC-1 and consistently conclude 
its potential ability to contribute to endothelial ATP-induced responses. 
 
Four different P2X4 selective antagonists (BAY-1797, BX430, 5-BDBD, and PSB12062) were 
used to investigate the potential channel contribution to the ATP responses in HMEC-1. In 
general, pharmacological characterization reported no effect in the ATP dose-response 
potency, maximal response, or trace kinetics when cells were pre-treated with the inhibitors, 
including the most potent and novel selective antagonist, BAY-1797 (Werner et al., 2019). 
However, strikingly, the last antagonist tested, PSB12062, impaired the ATP responses. This 
antagonist is seven times less potent than BAY-1797 and usually works non-competitively 
(Hernandez-Olmos et al., 2012). In our study, PSB12062 significantly increased ATP potency 
(p<0.05) and reduced the maximal response in both curves (p<0.001). That portrays 
unexpected behaviour for a non-competitive allosteric modulator, and despite being 
considered potentially non-P2X4 dependent, it is taken into account as this modulator has 
been broadly used to characterise P2X4 responses selectively (He et al., 2020; Layhadi et al., 
2017; Layhadi et al., 2018; Müller et al., 2020; Orriss et al., 2023; Xiang et al., 2021). 
 
To complement this observation, ivermectin was used to explore the possible positive 
allosteric modulation of P2X4 in HMEC-1, but it was not a valuable tool in this case. Ivermectin 
potentiates ATP-evoked responses and slows the rate of receptor deactivation (Stokes et al., 
2020; Weinhausen et al., 2022). Nonetheless, that was not the output observed upon 
ivermectin preincubation in HMEC-1 cells. Ivermectin reduced the ATP response (p<0.05) and 
also reduced in the same fashion the thapsigargin evoked response. Thapsigargin is a non-
competitive SERCA (calcium ATPase channels) inhibitor that depletes calcium stores by 
impairing calcium uptake. As Pimenta et al. previously reported, ivermectin can inhibit SERCA 
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channels and, therefore, impact the thapsigargin-evoked response, explaining the 
noncanonical effects observed in the ATP-evoked responses that clearly showed a dependency 
in store-released calcium. That agreed with what was previously reported in the laboratory, as 
Dr. Jessica Meades reported the same inhibition pattern in another endothelial model 
(unpublished data). 
 

3.4.2.3 P2Y2 mediates ATP-dependent responses in HMEC-1. 
 
The second investigated candidate was P2Y2, which is known to be equally sensitive to ATP 
and UTP (Ding et al., 2010; Nicholas et al., 1996; Parr et al., 1994; Woods et al., 2021). As we 
previously stated, the ATP and UTP agonist profiles we reported are consistent with an 
involvement of P2Y2 that is activated equipotently by ATP and UTP. Furthermore, our data 
agrees with Ding et al., values reported in HMEC-1 cells. The selective and competitive 
antagonist AR-C 118925XX has been used to identify and characterise P2Y2 in endogenous 
systems as human vascular endothelial cells and, therefore, was used in this study to 
complement the indications we had about P2Y2 involvement in the ATP-induced responses in 
HMEC-1 cells (Muoboghare et al., 2019). AR-C 118925XX significantly impacted the ATP and 
UTP dose-response curves, causing a massive rightwards in both curves and chasing their 
potencies that were consistently shifted to the micromolar range. Muoboghare et al. showed 
EC50

peak for UTP of 670 nM in EAhy926 immortalised human vascular endothelial cells, that is 
very close to our calculated potency (450 ± 241 nM) in HMEC-1 cells. Their calculated potency 
was consistently moved to the micromolar range when treated with 30 nM AR-C 118925XX for 
five minutes (EC50

peak= 7.6 µM). The major difference with their study is the lack of effect in 
their maximum responses. Contrarily, our assays using ATP and UTP powerfully illustrated the 
significant effect in the maximal response when the cells were exposed to the inhibitor. 
Methodological differences between our study and theirs might cause that. They used 
coverslips in a recording chamber whose fluorescence was recorded using a 
spectrophotometer whose cells were continuously perfused with buffer and exposed to 
different concentrations of UTP. Additionally, the 30 nM of the inhibitor was just applied for 5 
minutes, whereas our treatment is much longer and more robust (10 µM). As a competitive 
antagonist, AR-C 118925XX does not affect agonist maximal response but decreases potency. 
Thus, a normal maximal response to the agonist may be reached in its presence, albeit at higher 
agonist concentrations. That means the reduction in our control maximal response can be 
expected, and if exposing the cells to higher nucleotide concentrations, the same efficacy level 
could be reached. We found it challenging to find any other work showing the impact of the 
inhibitor in either an ATP or UTP dose response to gain more insights into the effect of the 
maximal response apart from Muoboghare et al. 
 
The half maximal inhibitory concentration (IC50) reported by Rafehi et al. in 1321N1 
astrocytoma cells recombinantly expressing P2Y2 was potent for ATP (57.4 nM) and UTP (72.1 
nM). Similarly, Muoboghare et al. showed a similar IC50 of 80 nM for UTP. However, our 
calculated potencies were weaker than those published in a heterologous system (IC50

PEAK: 1.77 
± 0.73 µM; IC50

AUC: 559 ± 173 nM). That is not uncommon when comparing ion channels' 
heterogeneous expression to an endogenous system since the receptor expression level 
greatly influences agonist potency (Alexander et al., 2019; Alexander et al., 2021; Kennedy, 
2017). In addition, others have shown in different assays the inhibitor reported an IC50 around 
1 µM in epithelial cells (Kemp et al., 2004). 
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We considered this data consistent to propose P2Y2 as the primary mediator of the ATP-
evoked responses in HMEC-1. However, we will gain more insights later in the study by 
investigating protein expression and receptor presence.  
 
Notably, the residual calcium influx in both nucleotide dose responses in the presence of the 
antagonist could indicate a slight participation of P2X4 or P2Y11 to the ATP responses and UTP, 
and therefore, P2Y11 participation was interrogated using its selective antagonist NF157. 
Although most P2Y11 studies showed a lack of response to UTP, White et al. reported 
unexpected UTP dose-dependent in a heterologous system expressing the receptor. 
 

3.4.2.4 P2Y11 and A2B receptors do not mediate ATP responses in HMEC-
1. 
 
Signalling through P2Y11 can occur via Gαs or Gαq-type proteins, and the receptor couples 
more efficiently with the Gαq signalling pathway than with the Gαs pathway (Kennedy, 2017). 
Gαq-type G proteins trigger the PLC pathway, depleting intracellular calcium stores and, 
thereby, inducing a detectable change in cytosolic calcium levels (Communi et al., 1997; Qi et 
al., 2001). P2Y11 signalling through the Gαq-type G protein has been reported in an 
endogenous (Fruscione et al., 2011; Meis et al., 2010) and heterologous system (Communi et 
al., 1997; Qi et al., 2001). ATP is one of its agonists, and therefore, the selective antagonist 
NF157 was used to determine P2Y11 hypothetical Gαq coupling and involvement in the ATP-
induced responses in HMEC-1. In general, pretreatment with NF157 reported no effect on the 
ATP dose-response potency or trace kinetics. Some minimal effects were reported in the dose 
responses upon treatment but did not follow a trend and represented slight potentiation 
effects, while the potencies stayed unchanged. The suramin analogue, NF157, is a competitive 
antagonist whose significant action reflects in a potency reduction (Ullmann et al., 2005), so 
we conclude the inhibitor was ineffective in inhibiting ATP-induced responses in HMEC-1 cells.  
 
The only adenosine receptor expressed at the mRNA level was A2B (ADORAA2B), which can 
couple with the Gαq and Gαs-type G protein receptor. A2B signalling through the Gαq-type G 
protein has been reported in an endogenous system (Cohen et al., 2010; Gao et al., 2018; 
Müller et al., 2020). ATP cannot activate A2B, but different ectonucleotidases can hydrolyse 
ATP to adenosine, activating A2B. Upon pretreatment with MRS 1754, no effects were 
observed in the ATP dose response, inferring the antagonist's inability to impair the responses. 
 

3.4.3. Human dermal microvascular endothelial cells (HMEC-1) express various 
vascular endothelial growth factors receptors and ligands at the transcriptional 
level. 
 
The vascular endothelial growth factor's mRNA expression pattern in HMEC-1 cells was 
investigated by RNA sequencing of the cell line. The three VEGF receptors were found at the 
transcriptional level (VEGFR-1, VEGFR-2, VEGFR-3), while VEGFR-2 was detected at higher 
levels. Regarding the vascular growth factors, VEGF-B was substantially more expressed than 
the others but still a robust expression of VEGF-C followed by VEGF-A. In this case, VEGF-D was 
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not detected. These results agree with the RNA sequencing output from Bastounis, 2021. For 
both receptors and growth factors, the expression fashion is conserved.  
 
The Human Protein Atlas is a Swedish initiative that seeks to comprehensively map all human 
proteins within cells, tissues, and organs. Analysis of the transcriptome in The Human Protein 
Atlas reveals that 68% (n=13,807) of all human proteins (n=20,162) are identified in endothelial 
cells. Among these, 554 genes exhibit elevated expression in endothelial cells (blood and 
lymphatic vessels) compared to other cell types. The three VEGF receptors are included in 
those 554 elevated genes, as well as VEGF-C. If checking RNA single-cell type specificity for the 
other ligands in the same source, VEGF-A and VEGF-B are found but not at comparable levels 
as VEGF-C, which is enhanced in endothelial cells (Appendix I). In agreement with our data, 
VEGF-D was rarely expressed in endothelial cells. In general terms, our data report the 
expected RNA single-cell type specificity for endothelial cells with the main difference of the 
higher expression of VEGF-B than VEGF-C. The elevated levels of VEGF receptors in endothelial 
cells make them a reference for the phenotypic endothelial marker. 
 
Most studies using HMEC-1 cells reported functional expression of VEGF receptors or vascular 
endothelial growth factor actions in physiological processes (Bodnar et al., 2006; Butler et al., 
2017). However, it is challenging to find investigations proving the mRNA presence of the VEGF 
family. Chen et al. and Del Carratore et al., showed mRNA selective expression of VEGF-A and 
VEGFR-2 using PCR, in agreement with what we reported. (Chen et al., 2016) 
 

3.4.4. VEGF receptors contribute to the endothelial calcium homeostasis in 
HMEC-1. 
 
VEGF-A is a fundamental inducer of endothelial cell activities, notably in controlling vascular 
permeability and promoting angiogenesis (Li et al., 2011). VEGF-A was selected to characterise 
the VEGF-induced calcium responses in HMEC-1 cells based on the assumption that VEGFR-2 
is its primary mediator (Simons et al., 2016). Although both A and C can bind to the receptor, 
VEGF-C reported higher affinity for VEGFR-3 than VEGFR-2. Consistently, VEGF-A has been 
broadly used to characterised VEGFR-2 calcium evoked responses (Li et al., 2011). Different 
alternative spliced isoforms of VEGF-A can be found in humans (121, 145, 165, 183, 189, and 
206 aa in length), but it is VEGF165 considered to be the most abundant and potent (Robinson 
et al., 2001). 
 
VEGF165 elicited intracellular calcium response in a concentration-dependent manner with a 
half-maximal effective concentration of 2.85 ± 1 ng/mL for the peak and 3.5 ± 1.3 ng/mL for 
the AUC. Studies on VEGF-A signalling have primarily utilized fixed concentrations of the ligand 
rather than complete concentration-response profiles. This approach makes it challenging to 
directly compare the relative activity of VEGF receptors across various studies (Peach et al., 
2018). VEGF-evoked calcium influx has been poorly characterised in HMEC-1 cells. We 
exceptionally found Jho et al. (2005) investigation showing some VEGF-dependent calcium 
responses using fixed concentrations of the agonist. The vast majority of investigations 
reporting isolated VEGF-dependent calcium responses were done using HUVEC cells (Byzova 
et al., 2000; Cerezo et al., 2017; Favot et al., 2003; J. Li et al., 2015; Li et al., 2011; Sulpice et 
al., 2009). Yet, based on estimations of binding affinity, it is observed that all VEGF-A isoforms 
can bind to VEGFR-2 with nanomolar affinity (Peach et al., 2018). Suppose we transform our 
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calculated EC50 to the nanomolar scale. In that case, they are translated as EC50
peak ≈ 79nM and 

EC50
AUC ≈ 94 nM (considering VEGF-A mol. weight as 36 KDa) and then in agreement with the 

limited data available. 
 
The stimulation observed did not trigger a rapid response. Instead, it is characterised by a 
delayed, slower, and prolonged calcium release over four minutes. Calcium levels continuously 
rise throughout the response period, reaching their highest point towards the end. 
Consequently, the peak response is consistently observed toward the end of the response 
period. Typically, rapid increases in intracellular calcium are associated with the release from 
intracellular stores, while slower increases suggest calcium influx from the extracellular space 
(Parekh et al., 2005; Prakriya, 2013; Prakriya et al., 2015). This may suggest a potential 
contribution of ion channel-mediated calcium entry from the external environment.  
 
Without extracellular calcium, the VEGF165 potency was not significantly affected, but maximal 
responses were (peak, p<0.001; AUC, p<0.05). Despite an increased tendency in the half-
maximal effective concentrations, the absence of extracellular calcium did not significantly 
alter VEGF165 potency. This might be explained by the difficulties in fitting the Hill1 sigmoidal 
curve in the absence of the ion, which inferred a higher error when calculating the average 
potency for the curves. Despite this fact, the impact is still prominent. This result implies the 
contribution of at least some ion channel-mediated calcium entry, while the residual responses 
indicate some assistance dependent on calcium release from intracellular stores. It has been 
shown that VEGF165 induces calcium increase through VEGFR-2 due to calcium release from 
intracellular stores and the simultaneous entry of calcium through various channels, 
collectively maintaining elevated cytosolic calcium levels (Li et al., 2011). Therefore, our data 
portrays expected calcium responses. It is essential to bear in mind that the comparison is 
mainly performed with data extracted from human umbilical vein cells (HUVEC), the most used 
model in this area of investigation.  
 
Let us compare the trace kinetics of VEGF165 response in HMEC-1 in the presence of 
extracellular calcium to the one described by Li et al., in HUVEC cells. There is one main 
difference that is remarkable. Their response showed a kinetic calcium response with a 
remarkable transient phase followed by a long and sustained phase (Appendix II), and that is 
clearly not the case in our trace kinetics. In the absence of extracellular calcium their trace 
kinetics is conserved, as in our case, reporting lower transient and sustained response. Jho et 
al. reported traces in HUVEC cells in the presence or absence of extracellular calcium, similar 
to Li et al. Additionally, some traces were reported in HMEC-1 cells in the absence of 
extracellular calcium, where the kinetics showed a very transient response still, very similar to 
the HUVEC cell, which disagrees with our observations. Our VEGF165 evoked response seems 
less dependent in the calcium release from stores than other reported both in the absence or 
the presence of extracellular calcium.  
 
Li et al. showed the role of Orai1 and CRAC channels in the VEGF165 response, whose recorded 
calcium response in HUVEC cells depended on the functionality of Orai1. The deletion of Orai1 
and the chemical impairment of the channel implicated a reduction of the Ca2+ in the cytosol 
upon VEGF165 stimulation. Furthermore, Jho et al. showed TRPC1 could also contribute to 
VEGF-induced sustained calcium in HMEC-1 cells, and Orai1 may constitutively interact with 
TRPC4 and potentially with TRPC1 upon intracellular calcium release from the endoplasmic 



 186 

reticulum (Moccia et al., 2023). However, is relevant to say that Li et al. could not replicated 
the involvement of TRPC1 in HUVEC cells. On the other hand, Hamdollah Zadeh et al. (2008)  
have demonstrated TRPC6 mediation of VEGF-dependent extracellular calcium entry in 
microvasculature but not the same model as ours. Finally, Li et al. showed later in 2015 that 
Orai3 could modulate VEGF response by a process implicating the arachidonic acid metabolism 
not previously described with VEGF signalling. This is an independent SOCE route, as 
endogenous Orai3 does not contribute to store depletion-evoked calcium entry in the 
vasculature. 
 
It is known that the PLCγ-PKC-MAPK pathway is favourably activated in VEGF-bound VEGFR-2, 
and further events involved IP3 generation for the endpoint of calcium release from 
intracellular stores, so the action of the PLC pathway inhibitor (U73122) was pursued. U73122 
prevented any VEGF165-evoked responses, reaffirming the mechanism of VEGF-evoked 
calcium. This result agrees with the reported HUVEC cells, whose calcium responses were also 
abolished in the presence of the inhibitor (Li et al., 2011, 2015). Despite the difference in the 
response kinetics, the initial phase of the VEGF-dependent response in endothelial cells 
appears comparable. 
 
Finally, the ability of VEGF-B, that binds VEGFR-1 and not VEGFR-2 (Olofsson et al., 1998), to 
evoke calcium response in HMEC-1 was tested. VEGFR-1 exhibits significantly weaker kinase 
activity than VEGFR-2. The 1169-Y on VEGFR-1, equivalent to 1175-Y on VEGFR-2, serves as a 
PLCγ activation site for VEGFR-1. Nevertheless, 1169-PY is not a prominent 
autophosphorylation site on VEGFR-1 (Shibuya, 2011). Not surprisingly, VEGF-B167 did not 
evoke any calcium increase in the cytosol, inferring a possible inability of the VEGFR-1 to 
contribute by itself to the calcium-mediated responses in endothelial cells. 
 

3.4.4.1 The broad-spectrum P2 antagonists impair VEGF165  calcium influx 
in HMEC-1. 
 
In the previous section, we recalled the involvement of different proteins in the VEGF165-
induced calcium responses in a dependent or independent SOCE manner. The possible 
involvement of purinergic receptors in this process has been poorly documented, and thereby, 
we performed a systematic pharmacological characterisation of the proposed P2 candidates 
from the RNA sequencing in VEGF165-induced calcium responses as aforementioned for ATP. 
Consistently, the first step was gaining some insight into this possible contribution by studying 
the broad-spectrum P2 antagonist impact in VEGF165-induced calcium responses. 
 
In this case, PPADS significantly impacted the VEGF165 dose-response more than apyrase. Still, 
both affected the curves similarly and right shifted them in a different gradient. On the other 
hand, apyrase right shifted the curves modestly but consistently affected both maximal 
responses for the peak and the AUC. This result might imply an ATP release upon VEGF165 
stimulation, which could also contribute to the calcium release in the cytosol upon applying 
the vascular factor. PPADS inhibition dose-response curves for VEGF165 showed the effects of 
the inhibitor at very high concentrations of the drug. However, they would still be consistent 
with the high concentration of PPADS needed for blocking P2X4-mediated responses. 
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Comparing these results with previous studies is very challenging because no investigations 
have been published illustrating the possible effects of these drugs in the VEGF calcium-
dependent response in humans or other mammalian models. Thuringer portrayed an indirect 
calcium measurement of the effect of a combined treatment of VEGF plus PPADS in the cell-
to-cell propagation of mechanically evoked calcium waves. Still, it is not considered 
experimentally close enough to extrapolate the data to our system. PPADS's impact on VEGF-
A expression at the protein level has been previously reported in rats (Mancini et al., 2018; 
Zhang et al., 2019). In humans, no further approaches were found. In the case of apyrase, 
Doktor et al. (2018), showed the impact of apyrase on VEGF-A mRNA levels upon treatment 
with the enzyme, and Morrone et al. (2006) reported an impairment of VEGF-A release in a 
glioma model in rats. 
 

3.4.4.2 P2X4 selective antagonists inconsistently impair VEGF165  calcium 
influx in HMEC-1. 
  
Despite our suspicions about the effect of PSB12062 and given its high use as a selective P2X4 
inhibitor, it was used together with BAY1797, its most potent inhibitor, to ascertain a possible 
contribution of P2X4 to VEGF165 responses. 
 
BAY1797 did not impact the VEGF165 dose responses in any way, but PSB12062 did in the same 
fashion described for the ATP dose response. Nonetheless, in this case, the potencies were 
unaffected in the presence of the antagonist, whereas the maximal responses were 
significantly diminished. Again, no investigations have been found describing the possible 
effects of these drugs in the VEGF calcium-dependent response (or any other experimental 
setting) in humans or other mammalian models. Considering these results and the difficulties 
in interpreting them, P2X4 protein expression was characterised by western blot as the next 
step after this systemic pharmacological characterisation. Thereby, ATP and VEGF165 
antagonism effects will be further discussed in section 3.4.5.1. 
 

3.4.4.3 P2Y2 selective antagonist did not impair the VEGF165  calcium influx 
in HMEC-1. 
  
The selective and competitive P2Y2 antagonist AR-C 118925XX undoubtedly decreased the 
ATP-evoked responses. However, this effect is not conserved when referring to the VEGF165 

calcium response. The inhibitor was ineffective in inhibiting any response or affecting the 
potencies or maximal responses.  
 
Some studies reported transiently complex of P2Y2 and VEGFR-2 in cell junctions of endothelial 
cells (Erb et al., 2006; Liao et al., 2014) as well as rapid tyrosine phosphorylation of VEGFR-2 in 
human coronary endothelial cells upon activation of P2Y2 (Seye et al., 2004). Nonetheless, 
these effects were not translated to our experimental setting upon antagonism with AR-C 
118925XX. In some way, the lack of effect of this antagonist, given the observed impact on the 
ATP responses, reaffirms other possible inhibitions observed, such as those of PSB12062 for 
P2X4 or the following section observations using the P2Y11 antagonist NF157. 
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3.4.4.4 P2Y11 selective antagonist impaired the VEGF165  calcium influx in 
an adenylyl cyclase-dependent manner in HMEC-1. 
 
P2Y11 is the last P2 receptor candidate as a possible contributor to the VEGF165-induced 
responses. Its selective and competitive antagonist, NF157, showed no effects on the ATP-
evoked response. This lack of response could mean different things. In the first option, the 
receptor is not expressed at the protein level, and therefore, any response observed should 
not show any P2Y11 dependency. The second option is that the receptor is not at the 
membrane in a resting cell state, so its physiological role is mute. The third and last option, its 
signalling is mediated by Gαs-type G proteins instead of Gαq-type proteins, not leading to the 
depletion of the intracellular stores but an increase in the cyclic AMP. 
 
To our surprise, the antagonist affected the VEGF165-evoked Ca2+ response; therefore, the 
second and third options were considered a possible mechanism. NF157 firmly right-shifted 
the curves and massively compromised the VEGF165 potency with a 7-fold decrease in the peak 
and an approximately 15-fold decrease in the AUC potency. Additionally, a higher 
concentration is required to achieve the maximal response in the presence of NF157. In this 
case, the level of efficacy remained constant. However, in the AUC, the maximal response is 
conserved at the highest concentration of VEGF165, but the level of efficacy was significantly 
improved.  To gain insights into the P2Y11 inhibition dependency, the IC50 of NF157 in the 
presence of 10 ng/mL of VEGF165 was calculated, resulting in an inhibitory potency of 1.25 µM. 
Ullman et al. reported an IC50 of 463 ± 59 nM in 1321N1 astrocytoma recombinantly expressing 
P2Y11. Our calculated IC50s are close enough to this value to be P2Y11 dependent, considering 
we work in an endogenous system. 
 
Some studies illustrated in monocytes and macrophages a gene upregulation of VEGF-A P2Y11 
dependent (Bles et al., 2007; Dănilă et al., 2020; Klaver et al., 2022). Additionally, Piollet et al. 
(2021) showed the impairment of VEGF secretion in human coronary artery smooth muscle 
cells also dependent of P2Y11. However, these experimental settings are considered very far 
from ours, based on the calcium-dependent responses upon exogenous VEGF165 stimulation. 
 
The first step to interpreting better this inhibition was to dig further into the mechanism 
mediating the significant inhibitory effects observed. Our first hypothesis was that P2Y11 is not 
Gαq-coupled in HMEC-1, as backed up by the lack of effect of NF157 in the ATP dose-response 
curves. Then, the effect we observed could be mediated by downstream signalling from P2Y11 
Gαs-couple receptors, hypothesising that the adenylyl cyclase signalling pathway is mediating 
the previously reported effects. Even though SQ22536 alone did not impact the VEGF165 
potency, it portrayed slight potentiation effects at lower concentrations of VEGF165 and caused 
a significant recovery of the VEGF165 calcium-evoked after NF157 inhibition, meaning at least 
some involvement of the adenylyl cyclase pathway. The most common pathway for cyclic 
adenosine monophosphate (cAMP) synthesis is through Gαs-couple G protein receptors linked 
to one of the nine described isoforms of transmembrane adenylyl cyclase (AC isoform), and 
different isoforms can be expressed simultaneously. The resting cAMP in the absence of 
stimulation is typically low, and it is highly controlled by enzymes that degrade cAMP, cAMP 
phosphodiesterases. Gαs-dependent cAMP production via ACs occurs upon agonist stimulation 
of the G-coupled receptor.  For P2Y11, the Gαs-dependent cAMP production via ACs occurs, 
leading to activation of protein kinase A (PKA). However, this production is modulated by 
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inositol lipid hydrolysis (PLC pathway), which is dependent on the activation of protein kinase 
C (PKC) and intracellular calcium mobilisation (Hofer, 2012; Kennedy, 2017; Qi et al., 2001). 
 
The nine different adenylyl cyclase isoforms are highly conserved, with differences determining 
their individual properties. Their complexity as a transmembrane architecture is comparable 
to those known for ion channels and other membrane receptors (Cooper, 2015). Different 
calcium concentration ranges inhibit some of them, but all the ACs are commonly inhibited by 
high concentrations of calcium (≈25 µM). Interestingly, physiological concentrations of 
calcium regulate ACs in a different manner. AC5 and AC6 are inhibited by submicromolar 
concentrations of calcium but has not effect on AC2, AC4, AC7 and AC9 (Cooper, 2015; Halls et 
al., 2011; Sanchez-collado et al., 2020). The physiological concentration of calcium activates 
AC1, AC3, and AC8 via the calmodulin (Ca2+/CaM). Nonetheless, the process is mediated via 
SOCE for AC1 and AC8 while becoming more intricate for AC3. For the adenylyl cyclase 3, the 
activation can be mediated then by Ca2+/CaM and via PKC at submicromolar concentrations 
but inhibited by calmodulin-dependent enzymes (CAMKII) at supramicromolar Ca2+ 
concentrations (Hofer, 2012; Sanchez-collado et al., 2020).  
 
There is a store-operated process involving the recruitment of adenylyl cyclases and, therefore, 
an enhanced production of cAMP. This process is meant to be independent of cytosolic calcium 
concentrations but dependent on the calcium-free concentration in the endoplasmic reticulum 
(ER) through a process involving STIM1, illustrating additional functions for STIM1 in the 
reticulum that, when in punctae near the plasma membrane modulates not only calcium entry 
but cyclic AMP independently of Orai channels activity (Hofer, 2012; Lefkimmiatis et al., 2009).  
Maiellaro et al. (2012) pointed AC3 isoform as the main mediator of this store-operated cAMP 
production process. Other authors also referred to the potential involvement of AC1, AC5, AC6, 
and AC8 in this process (Hofer, 2021). In addition to this cAMP production regulation by 
calcium, calcium signalling is also highly impacted by cyclic AMP (Hofer, 2012). Protein kinase 
A (PKA) can modulate calcium signalling in different ways, including (1) alteration of inositol 
trisphosphate (IP3) production by phosphorylation of PLCᵦ, (2) alteration of IP3 receptors which 
in turn impact the intracellular store's release, and (3) alteration of ryanodine receptors and 
SERCA pump activity (Hofer, 2012; Sanchez-collado et al., 2020).  
 
It is relevant to mention the existence of a tenth AC isoform, AC 10. This is a soluble AC usually 
found in microtubules and centrioles. It is highly expressed in testis, and it is activated by 
calcium as AC1, AC8, and AC3. One of the most relevant features of this AC is its lack of 
sensitivity to SQ22536, the adenylyl cyclase inhibitor used in this study (Hofer, 2012; Sanchez-
collado et al., 2020). 
 
Then, going back to P2Y11 and assuming it is Gαs-coupled, SQ22536, the adenylyl cyclase 
inhibitor, was used to study the possible direct impact of cAMP production in the VEGF 
calcium-induced response. AC3 showed a higher mRNA level in our RNA sequencing in HMEC-
1 cells (Figure 1), followed by AC6 and AC9. AC3 is the less sensitive to be modulated by 
Ca2+/CaM compared to AC1 and AC8, however has been postulated as a mediator of the store-
operated cAMP production (Hofer, 2012; Sanchez-collado et al., 2020). Additionally, its 
activation is improved when mediated by Gαs-couple receptors activation (Choi et al., 1992). 
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Figure 1. Normalised gene expression for the expected number of FPKM levels for the different adenylyl 
cyclase isoforms in human microvascular endothelial cells (HMEC-1). AC3 (ADCY3) showed a higher 
mRNA level, followed by AC6 (ADCY6) and AC9 (ADCY9). AC7 (ADCY7) and AC4 (ADCY4) demonstrated 
some expression but at a deficient level.  

 
 
 
 
 
 
 
 
 
 
 
 
_________ 
This data is part of the RNA sequencing described in Chapter 2, Section 2.6, and it was independently 
plotted from the data in Chapter 3, Section 3.3.1, to ease the reading of this discussion. 
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As our system portrays a favourable scenario for AC3 to mediate the observed responses, we 
want to understand how the explanation could be. However, it became intensely complicated 
due to the effects of SQ22536. 
 
In a situation where upon VEGF165 addition, P2Y11 Gαs-coupled and VEGFR-2 activate, resulting 
in an increase in cAMP through AC3 P2Y11-dependent and an increase of calcium via PLC with 
the Ca2+ release from the intracellular stores mediated by VEGFR-2. As previously described, 
emptying the ER stores could lead to a store-operated process enhancing cAMP production. 
Additionally, as a downstream event of PLC pathway activation, PKC favours cAMP production, 
also through AC3. cAMP production leads to activating one of its major effectors, PKA, which 
can modulate the PLC/IP3 pathway and derived intracellular calcium concentration. This 
describes a mechanism where these modulations favour an increase of calcium in the cytosol. 
In this scenario, P2Y11 blocking will avoid one of the biggest cAMP production vias and reduce 
the calcium increase PKA-dependent regulation, which will explain the impact in the VEGF165 
dose response upon NF157 treatment. Then, when selectively blocking the adenylyl cyclase 
using SQ22536, the same effect was expected, the calcium cAMP- dependent inhibition, but 
that was not the case. To further clarify the possible involvement of adenylyl cyclase in the 
VEGF165 calcium-dependent response, a combined treatment of NF157 and SQ22536 was 
investigated. This combined treatment reversed NF157 effects in a significant way, meaning a 
much lower inhibition of the response was observed. That portrays a complex explanation if 
hypothesising P2Y11 is Gαs-coupled if all the effects observed are directly cAMP mediated by 
AC3. If this was the case, treatments with NF157 and SQ5523 should reproduce similar effects. 
If imagining the opposite scenario, where PKA modulates the calcium response negatively, AC3 
activation would lead to PKA production, causing a decrease in the calcium influx. The effect 
of NF157 and SQ22536 should lead to increased calcium, which was not the case.   
 
Another scenario where P2Y11 Gαs-coupled could mediate these responses is possible if the 
AMP cyclic-dependent calcium effects are not mediated by one of their known main effectors 
(PKA or Epac). Shen et al. (2011) described a unique direct effect of cAMP leading to the 
activation of TRPC6 and its derived calcium entry through a pathway involving stimulation of 
phosphatidylinositol 3-kinase (PI3K) and MAP kinase pathways. However, there is still a 
dependency on direct cAMP for the initial firing of TRPC6; therefore, the same effects will be 
expected when blocking P2Y11 or AC3. Additionally, the expression of TRPC6 is insignificant in 
HMEC-1. If this observed inhibition occurs through AC3 and P2Y11 Gαs-coupled receptor and 
cAMP production pathway, it is via a mechanism not previously described that involves a third 
effector collaborating to create the observed response. 
 
Given the difficulties in understanding a possible mechanism through P2Y11 Gαs-coupled, the 
idea of P2Y11 Gαq-coupled and present in the membrane upon VEGF165 exposition was 
introduced. This idea came from Li et al. who reported that VEGF165 is required for Orai3 to be 
located in the plasma membrane. Trafficked to the membrane is the only way P2Y11 could be 
Gαq-couple, as we have already reported the NF157 lack of effect in the ATP-evoked calcium 
response. Then, the hypothetical mechanism would consist of a synergic PLC pathway 
activation with the established calcium release from the ER, which will lead to a store-operated 
process enhancing cAMP production (socAMP). PKC will also favour cAMP production through 
AC3 as a downstream event of PLC pathway activation. In addition, AC3 is considered a 
Ca2+/CaM-activated adenylyl cyclase isoform, which, in this case, will be activated by the 
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release of ER calcium. cAMP production leads to the activation of PKA, which can modulate the 
PLC/IP3 pathway and its derived intracellular calcium concentration. Suppose activation of PKA 
leads to negative regulation of the intracellular stores of calcium release. In that case, in the 
presence of VEGF165 in basal conditions, cAMP will downregulate the activity of the PLC 
pathway. 
 
When inhibiting P2Y11 with NF157, the VEGF165-dependent response is blocked, indicating a 
massive decrease in the intracellular calcium recorded. That will reduce the cAMP (socAMP 
and PKC induced) and the activation of AC3 and PKA, and therefore, a decrease in the level 
activity of this adenylyl cyclase. At this level, the effect in the recorded calcium might be 
minimal, based on a less intense negative regulation that is masked by the massive effect of 
NF157. Then, the second scenario is when pretreating the cells with SQ22536. Following the 
previous rationale, upon VEGF stimulation, P2Y11 and VEGFR-2 will induce calcium release 
from the stores (high calcium levels). AC3 blocking SQ-dependent will avoid the PLC pathway's 
negative regulation, leading to slight increases in calcium. That is shown in our results, where 
significant increases of Ca2+ were observed at low concentrations of VEGF165. Finally, the last 
scenario consists of the combined blocking of NF157 and SQ22536. Once P2Y11 Gαq-coupled 
is blocked, the calcium decreases. As before, there is an impact on the cAMP levels, which is 
massively supported by the combined effect of SQ22536, giving rise to AC3 blocking and, in 
that way, blocking the negative regulation of the PLC pathway and rescuing the levels of 
calcium signalling as portrayed in the effects in the potencies when comparing treatments. This 
mechanism does not describe perfectly the observed effects but closely does. The major 
criticism would be the insignificant effect in the potencies when treating with SQ22536. 
However, we consider for this VEGF mechanism to be AC-dependent, the modulation of P2Y11 
is required. Somehow, the synergic effects of inhibiting both proteins led to a significant 
recovery of the VEGF165 calcium-evoked response. 
 
The involvement of AC6, the second most expressed AC at the transcriptional level, should be 
considered as Ca2+ inhibits it, and it has been suggested as a mediator of the mediate store-
operated process enhancement of the cAMP production. Then, the hypothetical mechanism, 
as proposed for AC3, would consist again of a synergic PLC pathway activation with the 
established calcium release from the ER. However, in this case, the calcium increase in the 
cytosol will block AC6 activity and cAMP-dependent PKA effects at some level. Suppose 
activation of PKA leads to negative regulation of the intracellular stores of calcium release. In 
that case, in the presence of VEGF165 in basal conditions, cAMP will downregulate the activity 
of the PLC pathway but in a very minimal way. 
 
When inhibiting P2Y11 with NF157, the VEGF165-dependent response is blocked, indicating a 
massive decrease in the intracellular calcium recorded, favouring the expression of AC6. That 
will cause a reduction of calcium in the cytosol and synergic AC6 inhibitory activity through PKA 
in the intracellular calcium levels. Then, pretreating the cells with SQ22536, P2Y11, and VEGFR-
2 will induce calcium release from the stores (high calcium levels) upon VEGF stimulation. AC6 
block will avoid the PLC pathway's negative regulation, leading to slight increases in calcium, 
as AC6 will be more inhibited than in basal conditions. That is shown in our results, where 
significant increases of Ca2+ were observed at low concentrations of VEGF165, as previously 
described. Finally, the last step consists of the combined blocking of NF157 and SQ22536. Once 
P2Y11 Gαq-coupled is blocked, the calcium decreases, but the concomitant treatment with 
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SQ22536, blocking AC6, rescues the calcium response due to the block of the negative effect 
of PKA in the PLC pathway. As before, this mechanism does not describe perfectly the observed 
effects but closely explains the major effects observed. As in the case of AC3, the hypothesis 
of AC6 involvement through P2Y11 Gαq-coupled G protein effects would illustrate a complex 
explanation of the effects of SQ22536 alone or in combination with NF157, that should show 
similar effects, and that is not the case. All the proposed mechanisms assume that VEGF165 

mediates P2Y11 activation, possibly through ATP release VEGF165-dependent. As apyrase can 
inhibit VEGF165 response, this is the most likely scenario.  AC7 and AC9 are not considered 
mediators of this process as they are not calcium-regulated and have not been described as 
mediating store-operated process enhancement of cAMP production. 
 
A well-established modulation of Ca2+ influx is regulated by cAMP involving the Orai1 channel 
and AC8. Willoughby et al. (2012), from the Cooper group, showed a direct binding between 
Orai1 and AC8. The described interaction is between the amino termini of AC8 and Orai1 and 
leads to a reciprocal crosstalk between the calcium influx and cAMP production (Hofer, 2012; 
Sanchez-collado et al., 2020). This interaction is favoured by the spatial arrangement where 
the proteins are found in the plasma membrane. Ca2+/CaM sensitive adenylyl cyclases (AC1, 
AC3, AC5, AC6 and AC8) are located in membrane lipid rafts, PM areas rich in cholesterol and 
sphingolipids instead of glycerophospholipids. This membrane area has also been proposed to 
harbour other signalling proteins such as TRPCs, G proteins, and Orai channels (Willoughby et 
al., 2007). The lipid rafts are possibly dynamic structures that arrange their activity due to 
physiological cell demands and the AC's compartmentalization in these areas can give them a 
physiological advantage as they will be isolated from the broad cytosolic process and close to 
potential interaction proteins (Cooper et al., 2014; Halls et al., 2011; Willoughby et al., 2007). 
The mechanism described for this interaction of Orai1 and AC8 is based on the activation of 
SOCE. STIM1 is positioned close to the PM upon depletion of the intracellular stores. It leads 
to the activation of the pore-forming Orai1, which, in turn, will facilitate calcium influx in these 
located lipid rafts. Ca2+ influx via Orai1 activates AC8 and the production of cAMP. cAMP, 
through a process involving PKA, will modulate Orai1 inactivation via phosphorylation at Ser34 
(Sanchez-collado et al., 2020). In non-excitable cells, one of the main effects of SOCE is this 
reciprocal regulation of calcium sensitive adenylyl. Of the calcium sensitive ACs, AC1 and AC8 
are activated via SOCE while that was not the case for AC3. There is a need for additional 
studies to investigate the regulation of AC3 and explore its potential implications in this 
process. Although its activation has been told to be calcium-dependent, this area has been 
underexplored, possibly due to the intricate nature of its activation and inhibition (Halls et al., 
2011). In the same way, AC5 and AC6 are inhibited via SOCE (Cooper et al., 2014). 
 
It is currently unclear whether other calcium-sensitive adenylyl cyclases (ACs) form similar 
complexes, aside from the identified interaction between Orai1 and AC8 in non-excitable cells. 
Since AC8 is not expressed in HMEC-1 cells, a mechanistic gap exists in understanding the 
potential Orai1 interactions with another adenylyl cyclase that might be involved in this 
process. The existence of an AC isoform in HMEC-1 cells with the same type of interaction with 
Orai1 (or other CRAC channels involved in SOCE) would smoothly explain our results. As 
illustrated in Table 1 and 2, in a scenario involving P2Y11 Gαq-coupled presence in the 
membrane upon VEGF stimulation, in basal conditions, VEGF165 will evoke calcium release in 
the cytosol via ER, which in turn will activate calcium influx via Orai1. As previously described, 
Orai1-dependent calcium influx will activate AC8 and produce cAMP, inactivating Orai1. When 
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we pre-treat the cells with NF157, there is a negative effect on the intracellular calcium release, 
leading to a decrease in the calcium influx via Orai1. AC will produce lower levels of cAMP, 
which would be sufficient to inactivate Orai1. In general, the calcium levels upon VEGF165 
stimulation should be highly reduced, per our experimental data. However, when pre-treating 
the cell with SQ22536, the PLC pathway, and Orai1 influx will be fully activated again to basal 
levels, but AC8 will be blocked, so Orai1 will not be inactivated. That explains ideally the slight 
increase we see upon preincubation with the AC inhibitor. Finally, when using these two 
inhibitors in combination, there is a recovery in the calcium levels; they do not go back to basal 
levels but considerably recover. Calcium levels are reduced due to P2Y11 blocking, which will 
lead to lower levels of calcium influx via Orai1 but conserved, as in this case AC8 is blocked and 
there is no production of cAMP, Orai1 will not inactivate and allow more significant calcium 
influx, recovering the cytosol calcium levels and see a lower impact compared to control. If we 
substitute AC8 for AC3 (Table 1), as the higher expressed in our model, hypothesizing it could 
work as SOCE dependent, we could accurately explain our observed results. As mentioned, the 
adenylyl cyclase 3 activation is calcium-dependent and has been underinvestigated, so we keep 
its role in this process. Again, if P2Y11 were Gαs-coupled instead of Gαq-coupled, the results 
based on this mechanism would be hard to explain because of the differences in SQ22536 and 
NF157 inhibition. 
 
If we substitute AC8 for AC6, as the second higher expressed in our model, whose inhibition 
has been classified as SOCE (Ca2+) dependent. The mechanism will follow a very close rationale 
as previously described, considering the main difference as cAMP is regulated oppositely in 
this case as AC6 is blocked in basal conditions (after control VEGF165 stimulation) and, 
therefore, Orai1 is not inactive. From there, the mechanism follows the same rationale but in 
the opposite way, as explained in Table 2. The potential interaction between SOCE-regulated 
ACs, as AC6, with Orai1, has been hypothesized as AC6 has a long N-termini as AC8. In addition, 
it has been shown that the role of regulating adenylyl cyclases by SOCE, as in the case of the 
endothelial gap formation, strongly depends on the inhibition of AC6 SOCE dependent 
(Cooper, 2015). This positions AC6 as an excellent candidate to be the mediator in our 
proposed mechanism.  
 
AC6 has been involved in a regulatory complex with an L-type channel. Briefly, AC6 activity will 
produce cAMP, favouring calcium influx via the L-type channel (Cav1.2), subsequently inhibiting 
AC6 (Cooper et al., 2014). This scenario was not considered in this discussion, as RNA 
sequencing revealed the absence of CACNAC1 gen at the mRNA level. 
 
SQ22536 has been previously used as a tool to report indirect effects of adenylyl cyclase 
inhibition impact in intracellular calcium recordings (Daniel et al., 2004; Skeberdis et al., 2006; 
Sprague et al., 1996; Wang et al., 2009). Still, finding any study where this inhibitor reported 
effects in the VEGF-evoked calcium response needed to be more attainable. However, 
SQ22536 has shown some effects in different assays involving VEGF-A release-cAMP 
dependent in microvasculature and other cell types (Cao et al., 2006; Kim et al., 2012). Finally, 
it is important to mention that SQ22536 has been demonstrated to interact with adenosine 
receptors except for A2B, the only one expressed in HMEC-1s. Then, no effects should be 
aroused in this case (Klotz et al., 2016; Ostrom et al., 2022). 
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Table 1. Proposed mechanism involving adenylyl cyclase 3 (AC3) isoform.

 P2Y11 Gαq-coupled Mechanism 

VEGF165 stimulation 
 

1. VEGF165 recruits P2Y11 to the 
membrane and evokes ATP release 
to the extracellular milieu. Both 
receptors activate 
2. ER calcium release ↑ 
3. Orai1 Ca2+ influx 
4. AC8/AC3 activation, cAMP 
production 
5. Orai1 inactivation  

NF157 inhibition 
 

1. VEGF165 activates while P2Y11 is 
inhibited 
2. Decreased ER calcium release  
3. Decreased Orai1 Ca2+ influx 
4. Decreased AC8/AC3 activation, 
cAMP production 
5. Orai1 inactivation 

 

SQ22536 inhibition 
 

1. VEGF165 recruits P2Y11 to the 
membrane and evokes ATP release 
to the extracellular milieu. Both 
receptors activate 
2. ER calcium release ↑ 
3. Orai1 Ca2+ influx 
4. AC8/AC3 blocked, no cAMP 
production 
5. Orai1 still active 

 
 

 

NF157 + SQ22536 inhibition 
 

1. VEGF165 activates while P2Y11 is 
inhibited 
2. Decreased ER calcium release  
3. Decreased Orai1 Ca2+ influx 
4. AC8/AC3 blocked, no cAMP 
production 
5. Orai1 still active 
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Table 2. Proposed mechanism involving adenylyl cyclase 6 (AC6) isoform.

 P2Y11 Gαq-coupled Intracellular calcium concentration 

VEGF165 stimulation 
 

1. VEGF165 recruits P2Y11 to the membrane and 
evokes ATP release to the extracellular milieu. 
Both receptors activate 
2. ER calcium release ↑ 
3. Orai1 Ca2+ influx 
4. AC6 blocked 
5. Orai1 still active 

 

NF157 inhibition 
 

1. VEGF165 activates while P2Y11 is inhibited 
2. Decreased ER calcium release  
3. Decreased Orai1 Ca2+ influx 
4. Increase AC6 activation, cAMP production 
5. Orai1 inactivation 

 

SQ22536 inhibition 
 

1. VEGF165 recruits P2Y11 to the membrane and 
evokes ATP release to the extracellular milieu. 
Both receptors activate 
2. ER calcium release ↑ 
3. Orai1 Ca2+ influx 
4. AC6 blocked, no cAMP production 
5. Orai1 still active 

  

NF157 + SQ22536 inhibition 
 

1. VEGF165 activates while P2Y11 is inhibited 
2. Decreased ER calcium release  
3. Decreased Orai1 Ca2+ influx 
4. AC6 blocked, no cAMP production 
5. Orai1 still active 
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3.4.4.5 A2B selective antagonist impaired the VEGF165  calcium influx in 
HMEC-1. 
 
Adenosine receptor A2B can promiscuously couple to different G protein types (Gαs, Gαq, and 
Gαi) (Cohen et al., 2010; Gao et al., 2018). ATP cannot directly activate this receptor, but it 
could be if hydrolysed to adenosine by ectonucleotidases (Yegutkin, 2014). No effects were 
observed in the ATP-dependent dose-response curves when incubating HMEC-1 cells in the 
presence of its selective antagonist, MRS 1754. Due to this indirect way of studying its possible 
contribution to the ATP-evoked response, it is challenging to make conclusions about its 
possible coupling nature. Contrary to the observed effects in the ATP dose response, MRS 1754 
impaired the VEGF-evoked responses.  The antagonist significantly increased the VEGF165 peak 
EC50, and the right shifting fashion is also conserved in the AUC dose-response. 
 
Du et al. (2015) and Ryzhov et al. (2007) showed in HMEC-1 cells transcriptional upregulation 
of VEGF-A was blocked by MRS 1754. Similarly, Feoktistov et al. (2002) who compared HUVEC 
and HMEC-1 cells, reported predominantly expression of A2B in HMEC-1, whose stimulation 
increased the expression of VEGF-A. This effect was not conserved in HUVEC cells, which 
preferentially express A2A. Furthermore, this work indicated that A2B receptors in HMEC-1 
couple to Gαq proteins instead of Gαs. Cárdenas et al. (2013) and  Patel et al. (2014) illustrated 
A2B mediation in VEGF overproduction in different kidney cells in rodents, presenting a 
diabetic physiopathologic state. That overproduction was inhibited in vivo using MRS 1754.  
 
Finding works portraying the effects of MRS 1754 in VEGF-dependent evoked responses is very 
challenging and complicates the interpretation of our data. However, taking all the data 
describing a specific dependency between A2B activity and VEGF expression together, the 
observed inhibition does not sound incoherent. Following Feoktistov et al., A2B appears to be 
Gαq and contributes to the upregulation of VEGF165 release. That does not contradict the 
reported results observed in the ATP dose response, as it was an indirect way of testing activity. 
In addition, we consider a scenario where A2B translocates to the membrane in the presence 
of VEGF165, which is also based on Li et al. (2011), as we previously suggested for P2Y11. Despite 
our first hypothesis that A2B might be coupled to Gαs and observed results could agree with 
P2Y11 inhibition assays if Gαs couple, we consider the possibilities for interpreting this 
inhibition to be too broad. We cannot directly assume the process involved is the same as the 
one observed in P2Y11. This inhibition needs to be further explored to reach any conclusion. 
 
 

3.4.5. Human dermal microvascular endothelial cells (HMEC-1) express different 
purinergic receptor patterns at the protein level. 
 

3.4.5.1 P2X4 is not expressed in HMEC-1 at the protein level. 
 
Despite the mRNA expression of P2X4 in HMEC-1, most P2X4 antagonists used in this study did 
not affect the ATP or VEGF-evoked responses. However, PSB12062 did, so protein expression 
investigation was performed by western blot to document the presence or absence of the 
receptor.  
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Whole-cell lysates of three cell lines were used to control the experiment better. As previously 
described, 1321N1 astrocytoma cells are void of purinergic receptors and ATP-induced 
responses, and therefore, they portray an ideal model to ascertain the absence of hP2X4. 
Consistently, stably transfected hP2X4 1321N1 astrocytoma cells that demonstrated their 
ability to evoke ATP-dependent responses are considered a perfect model to determine the 
presence of hP2X4. HMEC-1 lysates were run together with these models to conclude whether 
hP2X4 is expressed in this cell line. The representative immunoblot showed a positive band at 
60 KDa for the hP2X4 1321N1 astrocytoma cells, while neither parental nor HMEC-1 cells did. 
That was confirmed by the semi-quantitative analysis of the relative expression, whose 
statistical analysis confirmed the significant presence of this band compared to the other two 
cell lines. This immunoblot was repeated N=5 times. As the previously mentioned in 
the Results section 3.3.4.1, unspecific banding was detected in both 1321N1 astrocytoma cells 
(50 KDa, 30 KDa). However, they do not compromise the detection of the specific weight 
protein band. We conclude that the anti-P2X4 Alomone (APR-002) antibody can detect specific 
hP2X4 in experimental lysates. 
 
Given these results, we deduced that hP2X4 is not expressed at the protein level in HMEC-1 
and, therefore, the PSB12062 effects cannot be P2X4 dependent. That brings some concerns 
about the selectivity of this antagonism, which has been broadly used to illustrate P2X4-
dependent effects in different cells and models. We already mentioned our concerns about 
the selectivity of the antagonist in both ATP and VEGF responses, as the observed impact in 
the dose-response curve did not match its theoretical way of action. Hernandez-Olmos et al., 
who discovered and synthesized this antagonist, described PSB12062 as a non-competitive 
negative allosteric modulator whose impact on the efficacy was expected but not an increase 
in the potency, as in the case of the ATP dose responses. Regarding the VEGF responses, 
PSB12062 did not impact VEGF EC50 but impacted the dose-response kinetics and maximal 
response. Furthermore, as represented in the average time-resolved intracellular calcium 
responses, the antagonist caused a decrease in calcium upon VEGF injection, something not 
observed in the control responses. The antagonist was tested in Hernandez-Olmos work 
against different P2Xs and species, and nonselective effects were observed. This unexpected 
response does not indicate others' P2 inhibition but probably something else. Reviewing the 
literature did not bring any other study showing the unexpected effects of PSB12062. Even 
after considering all our results together, we conclude that PSB12062 is not a reliable tool for 
studying P2X4 in microvasculature.  
 
There are various reasons why mRNA might not translate to a functional protein within the 
cell. From the RNA sequencing analysis, we already excluded the ones that are not protein-
coding mRNA, so the transcriptional P2X4 expression reported excludes all of those 
(pseudogenes, long noncoding RNA (lincRNA), etc.). Additionally, we can exclude the presence 
of antisense P2X4 RNA (asRNA) from the RNA sequencing, which would block its transcription. 
Even if mRNA is present, regulatory mechanisms can prevent the translation of that mRNA into 
a functional protein. Some of these regulatory mechanisms include the presence of 
microRNAs, RNA-binding proteins (Jackson et al., 2010; Sonenberg et al., 2009), or secondary 
structures (ex., hairpins) that can void ribosomes doing their function (Kozak, 1989). At this 
point and after a review of the published literature, we need more information to hypothesize 
what could be the mechanism preventing the protein expression of P2X4.  
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On the other hand, it is relevant to mention another possibility. The immunoreactive segment 
of P2X4 receptors may be blurred due to interactions with other macromolecules. The 
intracellular C-terminal is crucial for interactions among P2X receptors and other proteins and 
interactions with antibodies targeting this segment. These interactions could potentially lead 
to false-negative immunoreactivity (Nieto Pescador et al., 2013). Although it is a possibility, 
and given all the data presented, it is doubtful that this is the case. 
 
Moreover, the location of a protein within a cell can affect its detectability.  P2X4 exhibits a 
distinctive subcellular distribution, showing a preference for localization within lysosomes 
(Kanellopoulos et al., 2021). However, the anti-P2X4 receptor antibody used in this 
investigation recognised an epitope localized in the intracellular C-terminus of the protein. 
Therefore, it could be detected either at the cell membrane or intracellular organelles. 
Conserved motifs at the C-terminus favour the localization of P2X4 in lysosomes instead of the 
cell membrane (Kanellopoulos et al., 2021). 
 
Finally, reviewing the published literature did not bring any other work reporting P2X4 
expression at the protein level in HMEC-1. Nonetheless, this is not a shared characteristic with 
other endothelial cell lines, as numerous works reported P2X4 expression at the protein level 
in HUVEC cells (Lv et al., 2015; Sathanoori, Rosi, et al., 2015; Tang et al., 2008; Yamamoto, 
Korenaga, Kamiya, Ando, et al., 2000; Yamamoto, Korenaga, Kamiya, Qi, et al., 2000). 
 

3.4.5.2 P2Y2 protein detection is ambiguous in HMEC-1 cells. 
 
P2Y2 demonstrated the highest mRNA expression of the expressed P2 purinergic receptors in 
HMEC-1, and its selective antagonist, AR-C 118925XX, significantly impacted the ATP and UTP-
evoked dose-response curves. Western blot performed a P2Y2 protein expression investigation 
to document its presence at the protein level. 
 
The first antibody used was the Alomone APR-010, using a milk-based blocking solution that is 
the most commonly used in-house. This antibody binds the epitope localised in its third 
intracellular loop. Whole-cell lysates of stably transfected hP2X4 1321N1 astrocytoma and 
HMEC-1 cells were used. As previously described, 1321N1 astrocytoma cells (stably transfected 
with P2X4 or not) are void of P2Y2 receptors. Therefore, they portray an ideal model to 
ascertain the absence of hP2Y2. HMEC-1 lysates were run together with this model to conclude 
whether hP2Y2 is expressed in this cell line. Strikingly, the representative immunoblot showed 
a positive band at 50 KDa for the hP2X4 1321N1 astrocytoma cells and HMEC-1 cells. We did 
not expect to see any band in the astrocytoma lysates, and we thought the antibody was not 
specific and was an invaluable tool for studying the P2Y2 expression in these two cell lines. 
However, the manufacturer claims the antibody is knock-out validated. Sathanoori et al. (2017) 
previously reported expression of P2Y2 using this antibody, but nonnegative cell line control is 
shown. They report a significant decrease of the detected band when siRNA P2Y2 in HUVEC 
cells. Nonetheless, the band was still detectable and visible after this siRNA. It was unattainable 
to find any work reporting the use of this antibody or any other anti-P2Y2 in HMEC-1 cells. The 
P2Y2 expression in HMEC-1 cells at the protein level has yet to be previously reported to our 
understanding. Contrarily, Martinez et al. (2016) illustrated the lack of band when using an 
Alomone antibody in parental astrocytoma cells. However, it is relevant to mention that there 
is no mention of the antibody reference, and we cannot ensure it was the same one we used. 
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In his master's thesis, Wenker (2005), using the same antibody, reported a lack of banding 
when testing parental astrocytomas. However, this was not the case when probing the 
antibody in astrocytomas stably transfected with P2Y1; unspecific banding appeared. As 
previously mentioned in this thesis, Gendron et al. (2003) reported by RT-PCR the lack of any 
P2Y receptors in 1321N1 parental cells. Additionally, we tested the responsiveness of these 
cells, and no ATP-evoked responses were observed. 
 
The second antibody used was the Abcam ab168535, firstly using a milk-based blocking 
solution that is the most commonly used in-house. Surprisingly, no bands were reported at the 
appropriate weight (42 kDa). Thus, two other blocking solution configurations were tested. The 
one 5% sucrose-based showed more prominent bands in the preliminary tests. Therefore, it 
was used to examine further the presence of P2Y2 in parental astrocytoma and HMEC-1 cells. 
In this case, we decided to use parental astrocytoma (not stably transfected) to avoid any 
indirect possible effect in detecting different P2 receptors. When repeating the western blot 
with three fresh lysates of astrocytoma parental and HMEC-1 cells, bands at the appropriate 
weight were detected. However, the detection in astrocytoma parental cells was conserved, 
as in the case of the Alomone antibody. The manufacturer probed the specificity of the 
antibody using lysates of non-transfected 293T HEK and stably transfected P2Y2 293T HEK cells 
as a positive control. Their representative immunoblot showed a clear lane in non-transfected 
293T cells, detecting bands in the P2Y2 293T cells. We decided to extract protein lysates of 
non-transfected HEK cells available in-house and check whether the band was persistent. The 
band at the three freshly extracted sample lysates was conserved, but, in this case, the 
detection level was shallow. When statistically comparing the relative expression of P2Y2 in 
non-transfected 293T and HMEC-1 cells, the last ones reported significantly higher levels of 
the human P2Y2, presuming the possibility of the antibody's ability to detect the receptor. 
However, the statistical significance was higher when compared to the parental astrocytoma, 
making this fact much more challenging to justify. It is tough to believe that astrocytoma 
expresses P2Y2 at the protein level at higher levels, as the cells are void of any ATP-evoked 
response, and P2Y2 is a very sensitive receptor to this nucleotide. Further investigation of why 
the antibodies detects something at a specific weight must be executed. Sequencing of this 
cell line should be performed to isolate high homology regions that might be mimicking the 
receptor sequence. The manufacturer does not offer a blocking peptide option, so the 
experimental test to mask the P2Y2-specific bands was discarded. However, the blocking 
peptide could hinder off-target binding of the antibody to antigens sharing the same epitope, 
creating an illusion of specificity (Pillai-Kastoori et al., 2020). 
 
Let us leave aside the unexpected astrocytoma results and consider the data in this study 
together. P2Y2 functional evidence concludes that this receptor is functionally expressed in 
HMEC-1 cells: the RNA sequencing reported the highest value of expression, both ATP and UTP 
elicited dose responses in values previously reported to be P2Y2 dependent, and AR-C 
118925XX, its selective antagonist, effectively blocked its response. In addition, when 
comparing the relative protein expression of non-transfected 293T cells and HMEC-1 cells, the 
latter reported significantly higher levels. 
 
The sucrose-based buffer had better performance when probing the anti-P2Y2 Abcam 
antibody. The choice of blocking buffer is critical for the success of immunoassays. Blockers are 
crucial in enhancing sensitivity by diminishing background interference, improving the signal-
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to-noise ratio, facilitating specific binding of the primary antibody, and decreasing non-specific 
interactions (Ambroz et al., 2008; Licor, 2008; Pillai-Kastoori et al., 2020). Specific blocking 
buffers, such as milk-based ones, have been seen to mask and interfere with detecting specific 
target proteins (Denhollander et al., 1989; Pillai-Kastoori et al., 2020). That might be the case 
we observed with this antibody. The observation was practically identical when using a 10% 
BSA blocking buffer. The blocking buffer selection was run in parallel with the anti-P2Y11 
antibodies, where we faced the same issue when first probing the Abcam antibodies. At the 
time, we found Paz Prada et al. work, where certain specifications were cited. In that 
investigation, five primary antibodies were probed, and all of them but anti-P2Y11 were diluted 
in milk-based blocking solutions, and membranes were blocked in the same way. In the 
particular case of the P2Y11 antibody, they specified using a nonmammalian blocking buffer 
for the blocking step and diluting the primary antibody in 1% bovine serum albumin. We 
understood they might have faced similar problems when using milk-based buffers. They used 
Odyssey blocking buffer, which was unavailable in-house when performing these assays. The 
Odyssey blocking buffer composition is confidential, so we decided to use sucrose-based 
blocking, as it was the only alternative we found when avoiding any mammalian component, 
as other members of the laboratory use sucrose in their routine immunohistochemistry 
procedures. 
 
A blocking buffer refers to a solution containing a protein, a mixture of proteins, or other 
compounds that passively adsorb to all remaining binding surfaces of the plate. Sucrose is not 
commonly used as a blocker buffer in western blot, but its use in another protein-related 
blocking process has been described. Dubrow et al. (2022) found that saccharides act as an 
excellent blocker of nonspecific binding in quantitive analysis of protein-protein interactions. 
Similarly, Yazdani et al. (2015) pointed out that disaccharides can be a good tool to maintain 
the stability of antibodies and decrease background noise in ELISAs. We have probed sucrose-
based buffers as a good alternative to studying the protein expression of P2Y receptors.   
 

3.4.5.3 P2Y11 is expressed in HMEC-1 at the protein level. 
 
P2Y11 demonstrated the second highest mRNA expression, after P2Y2, of the expressed P2 
purinergic receptors in HMEC-1, and its selective antagonist, NF157, significantly impacted the 
VEGF165-evoked dose-response curves. We have hypothesized different mechanisms by which 
P2Y11 might be mediating this inhibition. Western blot performed a P2Y11 protein expression 
investigation to document its presence at the protein level and gain more evidence of the 
P2Y11 possible involvement in the mentioned mechanisms. 
 
The first antibody used was Alomone APR-015, using a milk-based blocking solution. This 
antibody binds the epitope localized in the intracellular C-terminus. Whole-cell lysates of 
parental 1321N1 astrocytoma and HMEC-1 cells were used. HMEC-1 and parental lysates were 
run to conclude whether hP2Y2 is expressed in this cell line. Again, the representative 
immunoblot showed a detectable band at 50 KDa for both cell lines, as observed when studying 
P2Y2 expression. No band was expected in the astrocytoma lysates, and we moved forward to 
study the P2Y11 expression in these two cell lines using an Abcam antibody. These assays were 
run in parallel with P2Y2. Hence, we moved to a new antibody in both cases, needing more 
time to return and reprobed Alomone antibodies in different conditions. Bátori et al. (2019) 
previously reported the expression of P2Y11 using this antibody. They report a significant 
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decrease of the detected band when siRNA P2Y11 in HLMVEC, another type of 
microvasculature endothelial model. Similarly, Chadet et al. (2015) showed expression of the 
receptor whose band was significantly decreased when siRNA-treated in human dendritic cells. 
No works reported this antibody's use in parental astrocytoma cells. It is hard to accept that 
astrocytoma expresses P2Y11 at the protein level, and additional investigation of why the 
antibodies detect something at a specific weight must be performed, as previously discussed 
for P2Y2. 
 
The second antibody used was Abcam ab180739, which was first probed in a milk-based 
blocking solution. Again, no bands were reported at the appropriate weight (43 kDa). 
Consequently, four other blocking solution configurations were tested. We replicated what  
Paz Prada et al. (2019) did using these buffers instead of the Odyssey blocking buffer. The 5% 
sucrose-based buffer was the only buffer showing bands in the correct weight in the 
preliminary tests, and it was used to examine further the presence of P2Y11 in parental 
astrocytoma and HMEC-1 cells. In the preliminary test, the relative expression of P2Y11 in 
HMEC-1 was already higher than in the astrocytoma cells. When repeating the western blot 
with three fresh lysates of astrocytoma parental and HMEC-1 cells, bands at the appropriate 
weight were detected. In this case, the detection in astrocytoma parental cells significantly 
decreased compared to HMEC-1 cells. The 5% sucrose-based blocking solution is then the 
suitable blocking buffer to investigate the presence of P2Y11 in these two cell lines.  
 
Despite the band shallowed in the astrocytoma parental, we wanted to investigate if that band 
could be due to non-specific secondary antibody detection. Anti-rabbit HRP conjugated 
secondary antibody was used in most western blots presented in this thesis. When the 
antibody was directly probed after the blocking step as a negative control only, residual non-
specific banding was detected in HMEC-1 and parental astrocytoma cell lysates, contributing 
to the 43 kDa P2Y11 specific band. The detected bands are residual but could contribute to the 
bands we observed when probing with the primary antibody. Anti-rabbit HRP conjugated 
secondary antibody can bind the heavy and light chains of the IgG molecule, or in other words, 
the crystallized fragment of the IgG (Fc) or the two antigen-binding fragments (F(ab’)2) (Novus 
Biologicals, 2017). In trying to find an alternative option, the same secondary negative control 
was performed using an anti-rabbit F(ab’)2 antibody available in-house. F(ab’)2 secondary 
antibodies do not bind the Fc of the IgG, avoiding the non-specific binding between Fc portions 
of antibodies. In the same way, this antibody will prevent non-specific binding to the Fc 
receptor in live cells (Jackson ImmunoResearch Laboratories, 2017). However, this possibility 
is unlikely as Fc receptors are usually expressed in immunological cells as macrophages. Again, 
this negative control illustrated non-specific banding between 37-50 kDa and strong binding 
between 25-37 kDa. Both anti-rabbit (H+L) and F(ab’)2 secondary antibodies showed non-
specific banding at 50 kDa. Therefore, we can conclude that the bands are not Fc portion 
dependent but non-specific banding due to the secondary antibody picking up something in 
the sample. Anti-rabbit (H+L) showed less relative expression of this unexpected banding, so it 
was chosen to proceed with the experiments. Although some of the detected bands when 
probing the anti-P2Y11 Abcam antibody could be increased by this secondary non-specific 
banding, if subtracting this signalling from the primary antibody probed blot, the remaining 
signals will demonstrate a very residual banding in the astrocytoma parental cells and a 
detectable remaining banding for HMEC-1 cells. All these data together confirm the presence 
of P2Y11 in HMEC-1 cells at the protein level. 
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3.4.6. Human umbilical vein endothelial cells (HUVEC) express various purinergic 
receptors at the transcriptional level. 
 
HUVEC cells have been previously reported as an excellent model for investigating VEGF-
dependent calcium responses in the endothelium and the relevance of other receptors to the 
VEGF receptor responses (Li et al., 2011, 2015). Using a primary cell model was considered 
relevant to test the observed P2Y11 contribution to the VEGF responses but before that, we 
needed to confirm the purinergic transcriptional profile in this cell line using RT-PCR. 
 
A higher percentage of the purinergic receptors were found in HUVECs compared with the 
HMEC-1 purinergic profile. Two adenosine receptors were found at the transcriptional level, 
A2A and A2B. This profile pattern was previously described by others (Feoktistov et al., 2002; 
Feoktistov et al., 2004; Lang et al., 2023). Some authors have reported the expression of the 
four adenosine receptors in HUVECs (Deguchi et al., 1998; Fernandez et al., 2012). HUVEC cells 
can be cultured in different manners, and isolation in-house or in a manufactured batch might 
affect the expressed pattern of these cells. Feoktistov et al. reported a preferable expression 
of A2A above A2B in this cell line, but our data is not quantitative, so further comparison is 
unattainable. Interestingly, they showed adenosine dependency for VEGF modulation in 
HMEC-1 cells, but this dependency was not conserved in HUVEC cells. 
 
Of the P2X receptors, P2X4, P2X5, and P2X7 were detected in HUVECs. Lang et al. (2023) 
reported the expression of P2X4 and P2X7 in their RNA sequencing. Consistently, Tang et al. 
(2008); Wilson et al. (2007), and Yamamoto, Korenaga, Kamiya, Qi, et al. (2000) reported the 
same pattern  profile as the one we observed in this study. P2X6 expression in HUVEC cells has 
been previously reported (Glass et al., 2002; Ralevic, 2012), but that was never the case in our 
N=5 repetitions, while it was consistently detected in the positive control. 
 
Most literature agrees with the expression of P2Y2 at the mRNA level in HUVECs, which is one 
of the most studied P2 receptors using these cells (Cabou et al., 2022; Kukulski et al., 2010; 
Lang et al., 2023; Mühleder et al., 2020; Sathanoori et al., 2017; Wang et al., 2015). 
Additionally, we showed expression of P2Y1, P2Y4, P2Y6, P2Y12, P2Y14 and, in some level, of 
P2Y11. P2Y1, P2Y2, P2Y6, and P2Y11 have been previously shown to be expressed in HUVECs 
(Cabou et al., 2022; Lang et al., 2023), while P2Y4 and P2Y14 have been reported to a lower 
extent (Cabou et al., 2022). Induction of P2Y12 in HUVECs has also been previously shown 
(Shanker et al., 2006). P2Y11 demonstrated an inconsistent expression pattern in our 
transcriptional investigation. If we compared our data with HUVECs RNA sequencing by Lang 
et al., P2Y11 showed a higher expression level than any other P2Y receptor in HUVECs. This 
substantial difference in P2Y11 expression might be due to technical variations when culturing 
HUVECs and the isolation method. Lang et al. HUVEC cells were freshly isolated from human 
umbilical veins of a donated placenta, while ours, for example, were bought from PromoCell. 
One of the main differences in the isolation/culturing process is the variation of supplemented 
factors in the culturing media. Some groups used endothelial media supplemented with VEGF 
(Lang et al., 2023; Li et al., 2011, 2015), and others, as in our case, without VEGF (Swain et al., 
2021). These differences could affect the mRNA pattern expression observed in the cell line. 
Indirectly, this data could indicate a dependency of VEGF-A in this cell line for P2Y11. 
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3.4.7. VEGF receptors contribute to endothelial calcium homeostasis in HUVECs, 
and their trace kinetics differ from those observed in HMEC-1 cells. 
 
Most investigations illustrating VEGF165 responses were performed in HUVECs, as previously 
mentioned. In this work, we have confirmed the ability of these cells to respond to this ligand 
by building a dose-response curve using six different concentrations. VEGF165 elicited 
intracellular calcium response in a concentration-dependent manner with a half-maximal 
effective concentration of 1.7 ± 0.4 ng/mL for the peak and 2.4 ± 0.4 ng/mL for the AUC. 
Although these potencies are not significantly different from the ones reported in HMEC-1 
cells, there is an apparent difference in dose-response kinetics between the two cell lines, 
showing HUVECs as the steepest curve. Additionally, the efficacy was significantly higher for 
the peak and the AUC in HUVECs. VEGF165 responses are more prominent in HUVECs than 
HMEC-1. 
 
We previously compared VEGF165 (100 ng/mL) trace kinetics in HMEC-1 in the presence of 
extracellular calcium to the one described by Li et al. in HUVEC cells. Let us now compare that 
HUVEC trace kinetics to our HUVEC data. Oppositely to what we reported in HMEC-1, HUVEC 
illustrated two distinct phases, the transient and sustained, described by them with some 
noticeable differences. The two phases in their trace are much more distinguished than in our 
data. Their response is characterized by a remarkable transient peak, which deeply decays, 
followed by the sustained phase. In our case, the peak is quickly reached at high concentrations 
after VEGF165 application, but a deep decay of the recorded calcium does not precede the 
sustained phase. These calcium responses appear to be less dependent on the calcium release 
from stores of the ones reported by Li et al. but more than our HMEC-1 ones. If we compared 
our culturing conditions of HUVECs with Li et al., we could see a clear difference that might 
affect the expression of VEGF165 receptors. Our culture media does not contain VEGF165, while 
theirs does contain this supplementation. That could explain differences in trace kinetics 
observed in the same assay conditions.  
 
Generally, the magnitude of the calcium responses evoked by VEGF165 in both cell lines is 
always vastly lower than the ones evoked by ATP. If we talk in peak raw data terms, VEGF165 

maximal responses are around Fratio≈0.5-0.6, while ATP responses can evoke much higher 
calcium responses around Fratio≈1.5-2 in endothelial cell lines. This tendency is translatable to 
AUC values. 
 

3.4.7.1 P2Y11 selective antagonist did not impair the VEGF165  calcium influx 
in HUVECs. 
 
Following the rationale maintained in this thesis, an inhibitory preliminary test was first done 
with PPADs. This was performed as a proof of concept to evaluate if the observed effect in the 
HMEC-1 cell was conserved. Directly after that, we tested the effects of the P2Y11 selective 
inhibitor in the VEGF165 evoked response in HUVECs. In this case, NF157 was ineffective in 
inhibiting VEGF-induced responses. That does not directly mean the contribution of P2Y11 to 
the VEGF165 is not consistent because there are some reasons why we could not see any 
inhibitory effects. When discussing the transcriptional expression of P2Y11, we already 
mentioned the inconsistency in detecting P2Y11 bands in the PCR. That observation could 
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suggest deficient expression of P2Y11 in this cell line; therefore, isolating P2Y11 effects would 
be very tricky. Due to this inconsistent detection, we consider it relevant to perform our RNA 
sequencing of this cell line and protein expression assays to confirm the relevance of using 
HUVECs for understanding the proposed mechanisms. In addition, P2Y11 could coupled to the 
opposite G protein to the one it does in HMEC-1 cells, meaning it could not be mediation of 
the response by the exact mechanism. Further experimental assays are needed to reach any 
conclusion of the observed effects in HUVECs. 
 

3.4.8. Purinergic receptors contribute to the endothelial calcium homeostasis in 
HUVECs, and their trace kinetics differ from those observed in HMEC-1 cells. 
 
Profiling the ATP pharmacological response in HUVECs was needed to investigate the 
mechanistic differences between HMEC-1 and HUVEC cells. As in the case of HMEC-1 cells, 
HUVECs responded to ATP dose-dependently with a half-maximal effective concentration of 
1.77 ± 0.28 uM for the peak and 6.58 ± 0.2 uM for the AUC. These potencies are significantly 
lower than the ones reported in HMEC-1 cells. If we look at HUVECs traces kinetics, there is a 
clear difference when compared to HMEC-1 cells. The sustained response phase to ATP in 
HUVECs is vastly lower than observed in the other model, while the transient phase is the 
primary mediator in the response in HUVECs. The transient dependency of the response is 
portrayed in the cited potencies, as peak potency is almost four times lower than the AUC. This 
data shows a greater dependency of the HUVECs response in the intracellular store's calcium 
release and less contribution of ion-channel influx, as late sustained responses are thought to 
be more membrane influx dependent. Our data agrees with that of Cortés et al. (2013) and 
Raqeeb et al. (2011), who previously showed similar trace kinetics in HUVECs. Both reported 
potencies in the micromolar range in agreement with what we observed, 3.04 µM and 8.4 µM, 
respectively. Oppositely to the observed with the VEGF165 responses, ATP responses are more 
prominent in HMEC-1 than HUVECs. This data illustrates a different functional expression of P2 
and VEGF receptors. 
 

3.4.8.1 The SERCA inhibitor thapsigargin impaired the ATP calcium influx in 
HUVECs, while BX430 could not inhibit the studied responses. 
 
As in the case of HMEC-1 cells, thapsigargin abolished the ATP-evoked responses in HUVECs. 
This block suggests an explicit dependency on metabotropic P2Y receptors for the ATP-
dependent response. P2Y2 has been previously reported as the P2 primary mediator of the 
purinergic regulation homeostasis in HUVECs (Liao et al., 2014; Raqeeb et al., 2011; Sanabria 
et al., 2008; Tanaka et al., 2004; Wang et al., 2016). To confirm this fact, we consider it relevant 
to use its selective inhibitor, AR-C 118925XX, to confirm its involvement in our ATP-evoked 
response as the next step in this study. Additionally, characterisation of UTP responses and 
potency calculations could help us to complement the pharmacological study as others have 
done before (Raqeeb et al., 2011; Sanabria et al., 2008). 
 
On the other hand, P2X4 has also been pointed out as a relevant mediator of ATP-evoked 
responses in HUVECs. Lang et al. RNA sequencing demonstrated P2X4 as the most expressed 
P2 receptor in HUVECs, which agrees with previous reports (Tang et al., 2008; Wilson et al., 
2007; Yamamoto, Korenaga, Kamiya, Ando, et al., 2000; Yamamoto, Korenaga, Kamiya, Qi, et 
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al., 2000). However, the selective P2X4 antagonist, BX430, could not block the ATP-evoked 
response at 30 µM. We tested only a single concentration, and we consider it relevant to dig 
further into the P2X4 dependent responses in HUVECs, as a nonpublished protein expression 
analysis done in collaboration with Dr. Fortuny-Gomez confirmed P2X4 expression in HUVECs. 
As previously mentioned, P2X4 prefers localization within lysosomes (Kanellopoulos et al., 
2021). We performed the pharmacological characterisation in static conditions. Still, others 
have shown P2X4 activity under shear stress (Yamamoto, Korenaga, Kamiya, Ando, et al., 
2000), meaning the membrane localization of the receptor could vary depending on the 
stimulus source and its physical characteristics. 
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Chapter 4. Exploring the contribution of 
purinergic receptors in 
mechanosensitive evoked calcium 
responses. 
 

4.1 Introduction 
 
Piezo ion channels convert mechanical stimulus into various biological activities through a 
process called mechanotransduction. Piezo1 is activated through cell membrane deformations 
caused by mechanical forces, such as osmotic pressure, fluid shear stress, substrate stiffness, 
and confinement (Coste et al., 2010; Ranade et al., 2014). When Piezo1 is activated, it induces 
calcium influx, transducing mechanical forces into biochemical responses (Dombroski et al., 
2021). Piezo1 has broad roles in multiple physiological processes, including sensing shear stress 
of blood flow for proper blood vessel development, regulating red blood cell function, and 
controlling cell migration and differentiation (Ge et al., 2015). Piezo1 is considered the central 
blood flow sensor and transducer of shear-stress-evoked calcium influx in endothelial cells (Li 
et al., 2014). 
 
Multiple experimental manipulations can stimulate Piezo1. The most used are “stretch” and 
“poke” combined with patch-clamp electrophysiology. High-pressure perfusion is an 
alternative method to deform the cell without physically contacting the membrane. By 
contrast, shear flow achieved through microfluidic channels applies parallel stress to the 
substrate surface (Wu et al., 2017). In addition to these methods, Syeda et al. discovered a 
chemical agonist called Yoda1. In HEK cells overexpressing the channel, Yoda 1 slows the 
inactivation phase of transient currents, sensitizes Piezo1 to activation by a mechanical 
stimulus, and partially activates channels (Botello-Smith et al., 2019). Furthermore, Yoda1 is 
considered a tool to mimic laminar flow in vitro (Davies et al., 2019). 
 
Various studies show the dependency of ATP release upon mechanical stimulation in the shear 
stress-induced calcium response. The purinergic receptors have been classified as shear stress-
sensitive, and different subunits may contribute to the calcium influx shear stress-dependent. 
The two purinergic subtypes investigated to have a role in this process are P2Y2 and P2X4 
(Gerhold et al., 2016). However, their role in the shear stress sensing process must be better 
understood. 

 

4.2 Aims 
 
This chapter aimed to interrogate the contribution of the purinergic receptors in the shear 
stress-dependent calcium signalling using pharmacological and mechanical methods.  
 
The specific goals were as follows: 
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1. To determine the functional expression of Piezo1 in HMEC-1 and HUVEC cells using a 

pharmacological strategy. 
2. To elucidate the possible contribution of purinergic receptors in Piezo1 calcium 

signalling using the P2 broad-spectrum antagonist in HMEC-1 and HUVEC cells. 
3. To set up a functional parallel flow system to mechanically stimulate endothelial cells 

in vitro and study the purinergic contribution of purinergic receptors in the shear-stress 
evoked responses. 

4. To explore the utility of the Griess reagent system to measure nitric oxide release in 
endothelial cells. 

 

4.3 Results 
 

4.3.1. Characterisation of Piezo1 signalling in human microvascular endothelial 
cells (HMEC-1) and human umbilical vein cells (HUVEC). 
 
Yoda1, the Piezo1 selective agonist, was used in the early experiments to determine its potency 
and efficacy in human microvascular endothelial cells (HMEC-1) and human umbilical vein 
endothelial cells (HUVECs). This data was complemented with some selective antagonism 
assays to characterise better the possible Piezo1-dependent response. Both models were 
considered relevant in this study as they have been demonstrated to respond to a mechanical 
stimulus (Carrillo-Garcia et al., 2021; Li et al., 2014), and they were used to set up the parallel 
flow system to stimulate the cells mechanically in vitro. 
 

4.3.1.1 Yoda1 evoked calcium responses in human microvascular 
endothelial cells (HMEC-1), and this response was inhibited in the presence of 
GsMTx4.  
 
Yoda1 elicited intracellular calcium response in a dose-dependent manner (0.03 to 30 µM) with 
a maximal response at 20 µM for the peak (105.35 ± 4.1 %) and the area under the curve (AUC) 
(109.1 ± 3.6 %). The half-maximal effective concentration for the peak was EC50

peak= 559 ± 83 
nM and EC50

AUC= 623 ± 91 nM for the AUC (Figure 1-A, B). Figure 1-C depicts time-resolved 
calcium responses upon Yoda1 stimulation from 0.03 to 30 µM. This stimulation evoked an 
extremely rapid initial response at high concentrations (3-30 µM) followed by a sustained 
phase that barely decayed over approximately four minutes. At lower concentrations, 300 nM 
and 1 µM, the responses lost their ability to induce such a quick response, and they portrayed 
a more sustained trace kinetics. 
  
GsMTx4, a spider venom peptide, was used to characterise the Piezo1 involvement in the 
Yoda1-induced calcium responses in HMEC-1. GsMTx4 inhibits cationic mechanosensitive 
channels from the Piezo and transient receptor potential (TRP) channel families (Bae et al., 
2011; Bowman et al., 2007; Suchyna et al., 2000) and it has been used to inhibit Yoda1-evoked 
responses (Venturini et al., 2020; Wadud et al., 2020). Therefore, the venom was used as a tool 
to further investigate Piezo1 functional expression in HMEC-1 cells.  
 



 209 

Cells were treated with 2.5 and 10 µM of GsMTx4, and the rise in intracellular calcium was 
measured when stimulating with three different concentrations of Yoda1 (3 µM, 1 µM, and 
300 nM) in the presence and the absence of the inhibitor. GsMTx4 decreased the Yoda1-
induced calcium response both at 1 µM and 300 nM when using the highest venom 
concentration (10 µM) (Figure 2-D, E, F). The effect was more evident at 300 nM for the peak 
and the AUC, and that was represented in Figure 2-F, where the representative calcium-
response trace revealed the impact of the inhibitor compared with the control in the absence 
of the venom. In the presence of GsMTx4, the activation kinetics at 300 nM Yoda1 showed a 
decrease of the response that decayed approximately to baseline (Fratio≈0.2) compared to the 
six times bigger response in the absence of the modulator (Fratio≈0.8). In comparison, that was 
not the case at the venom's lowest concentration (2.5 µM), where effects could not be found 
at any of the Yoda1 concentrations applied (3 µM, 1 µM, and 300 nM) (Figure 2-A, B, C). It is 
relevant to mention that statistical significance is not performed as the experiments were not 
done thrice because of the unavailability of the drug in-house, so a definitive statement about 
the venom effects cannot be made. However, the inhibition pattern is illustrated in the 
previously described assays at 10 µM.  
 
It is relevant to note that the GsMTx4 assays were done in a slightly different manner than all 
of the other inhibition assays presented in this study. In this particular case, besides 
preincubate the HMEC-1 cells in the presence of 10 µM Gsmtx4, the inhibitor was also present 
in the agonist injection solution to compensate for the concentration in the cell plate and 
ensure a constant concentration of the venom throughout the experiment. A decrease in the 
venom's final concentration impaired the inhibition effects (data not shown). Therefore, the 
configuration that helped study this inhibition was the same as in electrophysiological assays. 
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Figure 1. Yoda1 elicited intracellular calcium responses in human microvascular endothelial cells 
(HMEC-1). Concentration-response curves for the peak (A) and AUC (B) magnitude of intracellular Ca2+ 
responses elicited by Yoda1 (0.03-30 µM; N=5). (C) Averaged time-resolved intracellular Ca2+ responses 
elicited by Yoda1 from 30 µM to 100 nM in HMEC-1 cells over 250 seconds (N=5). All data were 
normalised to 30 µM Yoda1 and fit the Hill1 equation with the EC50 values showed in the graphs. Data 
are represented as mean ± SEM. 

 
 
 
 
 
 
 
___________________________ 
(*) Data normalisation was always done at 30 µM Yoda1 when this agonist was studied. 
(**) Arrows (  ) indicate the maximum response in the control (untreated) curve. 
(***) F/F0 refers to the Fura2 ratio, meaning F340/F380. 
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Figure 2. GsMTx4, the spider venom peptide, inhibited Yoda1-induced Ca2+ response in human microvascular endothelial cells (HMEC-1).  Comparison of peak 

(A) and AUC (B) magnitude of intracellular Ca
2+ 

responses induced by Yoda1 at three different (3 µM, 1 µM and 300 nM) concentrations in the presence (light 

pink; N=2) or absence (dark pink; N=2) of GsMTx4 2.5 µM. (C) Averaged time-resolved intracellular Ca
2+

 responses elicited by Yoda1 300 nM in the presence 
(light pink triangle; N=2) or absence (dark pink triangle; N=2) of GsMTx4 2.5 µM over 250 seconds. Comparison of peak (D) and AUC (E) magnitude of intracellular 

Ca
2+ 

responses induced by Yoda1 at three different (3 µM, 1 µM and 300 nM) concentrations in the presence (light pink; N=2) or absence (dark pink; N=2) of 

GsMTx4 10 µM. (F) Averaged time-resolved intracellular Ca
2+

 responses elicited by Yoda1 300 nM in the presence (light pink triangle; N=2) or absence (dark 
pink triangle; N=2) of GsMTx4 10 µM over 250 seconds. Data are represented as mean ± SEM. 
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4.3.1.2 Yoda1 evoked calcium responses in human umbilical vein 
endothelial cells (HUVEC), and this response was inhibited in the presence of 
Dooku1.  
 
Yoda1 elicited intracellular calcium response in a concentration-dependent manner (0.03 to 
30 µM) with a maximal response at 20 µM for the peak (111.5 ± 8.95%) and for the area under 
the curve (AUC) (116.2 ± 8.6 %). The half-maximal effective concentration for the peak was 
EC50

peak= 1.24± 0.109 µM and EC50
AUC= 1.41 ± 0.29 µM for the AUC (Figure 3-A, B), Table 

2). Figure 3-C illustrates time-resolved calcium responses upon Yoda1 stimulation from 0.03 to 
30 µM. This stimulation evoked a rapid initial response at high concentrations (3-30 µM) 
followed by a sustained phase humbly decayed over approximately four minutes. At lower 
concentrations, specifically 300 nM and 1 µM, the responses lost their capacity to elicit a rapid 
reaction and instead sustained more prolonged trace kinetics. 
 
In the absence of extracellular calcium, the maximal responses elicited by Yoda1 were 
significantly decreased to 5.5± 0.5 % (p<0.001) for the peak and 7.2 ± 0.8 % (p<0.001) for the 
AUC of response in the presence of calcium (Figure 4-A, B, E). Furthermore, the half-maximal 
effective concentration did significantly change for the peak EC50

peak= 171.23 ± 155.3 M 
(p<0.05) and the AUC EC50

AUC= 19.49 ± 19.37 M (p<0.05) when the cells were exposed to Yoda1 
in a calcium-free saline bath solution (Figure 4-E). In the absence of calcium, 3 µM Yoda1 did 
not evoke any calcium response, being the same as the baseline (Figure 4-C). However, at 20 
µM Yoda1, there is a residual calcium increase that was illustrated in Figure 4-D. That might 
indicate activation of the Piezo1 channel in the intracellular stores. 
 
Dooku1 was used to antagonise Yoda1 responses. Dooku1 effectively reversibly inhibits Yoda1 
effects, with an IC50 of approximately 1.5 µM in endothelial cells. The inhibitor does not impact 
constitutive Piezo1 channel activity. However, it acts as an antagonist against Yoda1-induced 
Piezo1 activation in endothelial cells and delays Yoda1-induced Ca2+ entry in vitro (Evans et al., 
2018). Hence, Dooku1 was employed as a tool to examine the expected canonical behaviour 
of Yoda1-induced Piezo1 responses and assess the potential inhibition of these responses by 
the drug. 
 
HUVEC cells were incubated for 30 minutes in a range of antagonist concentrations (0.25 to 10 
µM) and stimulated with 8 µM Yoda1, and thereby, IC50 was calculated (Figure 5-A, B). The half-
maximal inhibitory concentration values obtained were IC50

peak=716 ± 124 nM for the peak and 
IC50

AUC=753 ± 139 nM for the AUC inhibition curves. The representative time-resolved 
intracellular calcium responses shown in Figure 5-C depicted 1 µM Dooku1’s significant impact 
on the peak and the AUC upon 8 µM Yoda1 stimulation compared with the control in the 
absence of the antagonist. In the presence of Dooku1, Yoda1 profiled the same trace kinetics, 
but the peak response was significantly decreased to 40% above baseline. These results were 
not far from what has been previously reported in endothelial cells. 
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Figure 3. Yoda1 elicited intracellular calcium responses in human umbilical vein endothelial cells 
(HUVEC). Concentration-response curves for the peak (A) and AUC (B) magnitude of intracellular Ca2+ 
responses elicited by Yoda1 (0.03-30 µM; N=5). (C) Averaged time-resolved intracellular Ca2+ responses 
elicited by Yoda1 from 30 µM to 100 nM in HUVEC cells over 250 seconds (N=5). All data were 
normalised to 30 µM Yoda1 and fit the Hill1 equation with the EC50 values showed in the graphs. Data 
are represented as mean ± SEM. 

 
 
 
 
 
___________________________ 
(*) Data normalisation was always done at 30 µM Yoda1 when this agonist was studied. 
(**) Arrows (  ) indicate the maximum response in the control (untreated) curve. 
(***) F/F0 refers to the Fura2 ratio, meaning F340/F380. 
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Figure 4. Removing extracellular calcium diminished the Yoda1-evoked response in human umbilical vein endothelial cells (HUVEC). Concentration-response 
curves for the peak (A) and AUC (B) magnitude of intracellular Ca2+ responses elicited by Yoda1 (0.03-30 µM; N=5) in the presence (0.03-30 µM; closed circles; 
N=5) or absence (0.03-30 µM; open circles; N=5) of extracellular calcium. Averaged time-resolved intracellular Ca2+ responses elicited by Yoda1 3 µM (C) or 20 
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Yoda1 in 0Ca2+  171.23 ± 155.3 M *     19.49 ± 19.37 M *  

Maximal 
response 

Yoda1 in Ca2+  111.5 ± 8.95 % 116.2 ± 8.6 % 
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µM (D) in the presence (blue circle; N=5) or absence (red circle; N=5) of extracellular calcium over 250 seconds. Data in A and B were normalised to 30 µM 
Yoda1 in the presence of extracellular calcium and fit the Hill1 equation with the EC50 and maximal response values showed in table (E). Asterisks show statistical 
significance relative to Yoda1 potency and Yoda1 % of maximal response (p ns> 0.05, p*<0.05, p**<0.01, p***<0.001). Data are represented as mean ± SEM. 

 
 
 
 

 
 

 
 

 
 

 
 

 
 
 
 
 

 

 

Figure 5. Inhibition concentration-response curves in the presence of Dooku1 on the Yoda1-evoked response in human umbilical vein endothelial cells (HUVEC). 
Inhibition concentration-response curves for the peak (A) and AUC (B) magnitude of intracellular Ca2+ responses elicited by 8 µM Yoda1 in the presence (closed 
stars; N=5) of Dooku1 from 10 µM to 25 nM. (C) Averaged time-resolved intracellular Ca2+ responses elicited by Yoda1 8 µM in the presence (red circle; N=5) 
or absence (blue circle; N=5) of Dooku1 1 µM over 250 seconds. All data were normalised to 8 µM Yoda1 and fit the Hill1 equation with the IC50 values showed 
in the graphs. Data are represented as mean ± SEM. 
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4.3.1.3 Yoda1 kinetics profile differed between human umbilical vein 
endothelial cells (HUVECs) and human microvascular endothelial cells (HMEC-1). 
 
If we compared HUVEC and HMEC-1 cells Yoda1 concentration-response curves, similarly as 
we reported for the ATP response, HMEC-1 cells demonstrated higher potency (Figure 6-A, B, 
E) (EC50

PEAK: 539 ± 67 nM; EC50
AUC: 573 ± 63 nM) than HUVEC cells (EC50 

PEAK: 1.24 ± 0.109 µM; 
EC50 

AUC: 1.13 ± 0.067 µM) (p<0.001). Their lower response at 1 µM determines the right shift 
in the Yoda1 dose-response curve in HUVEC while their maximal response remained constant 
(Figure 6-C). The representative calcium time-resolved responses at 3 µM (Figure 6-D) portrays 
the lack of differences at higher concentration. However, the trace kinetics at these two 
concentrations in both cell lines remain conserved. 
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Figure 6. Yoda1's kinetics profile varied between human umbilical vein endothelial cells (HUVECs) and human microvascular endothelial cells (HMEC-1). 
Concentration-response curves for the peak (A) and AUC (B) magnitude of intracellular Ca2+ responses elicited by Yoda1 (0.03-30 µM) in HUVEC cells (open 
circles N=5) and HMEC-1 (closed circles N=5). All data fit the Hill1 equation with the EC50 values showed in the graphs. Averaged time-resolved intracellular Ca2+ 
responses elicited by Yoda1 (C) 1 µM and (D) 3 µM in HMEC-1 (green hexagon; N=8) and HUVEC (pink hexagon; N=6) cells. (E) Comparison of EC50 values for 
Yoda1 responses in HUVEC (N=6) and HMEC-1 (N=8) cells. Asterisks show statistical significance where p ns> 0.05, p*<0.05, p**<0.01, p***<0.001 (F) Yoda1 
chemical structure (National Center for Biotechnology Information, 2023). Data are represented as mean ± SEM.
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4.3.2. Characterisation of broad-spectrum P2 antagonist effects in Yoda1-
induced responses in human microvascular endothelial cells (HMEC-1) and 
human umbilical vein cells (HUVEC). 
 
As previously described for the VEGF165 response, apyrase, the ATP and ADP scavenger, and 
PPADS, the broad-spectrum antagonist, were used to investigate the P2 receptors’ 
involvement in the Yoda1-evoked calcium responses in HMEC-1 and HUVEC cells. 
 

4.3.2.1 The broad-spectrum P2 antagonists did not affect the Yoda1-
evoked calcium responses of human microvascular endothelial cells (HMEC-1). 
 
The effects of apyrase (10 U/mL) on the Yoda1 dose-response curve control (EC50

peak= 559 ± 
83 nM; EC50

AUC= 623 ± 91 nM) were examined to investigate any P2 dependency in Yoda1-
evoked calcium responses.  
 
Pre-treatment with apyrase did not affect the Yoda1 dose response potency (EC50

peak= 567 ± 
71 nM; EC50

AUC= 708 ± 55 nM; ns). Furthermore, the control Yoda1-evoked maximal response 
at 20 µM (Yoda1 control peak: 105.3 ± 4.1 %; control AUC: 109.1 ± 3.6 %) was unaffected in 
the presence of the scavenger (peak: 98.95 ± 2.5%; AUC: 102.51 ± 2.3 %; ns) (Figure 7-A, B). 
However, two concentrations, 300 and 100 nM, showed statistically significant differences in 
the peak or the AUC. The representative time-resolved intracellular calcium responses shown 
in Figure 7-C illustrated apyrase’s significant impact on the trace kinetics upon 300 nM Yoda1 
stimulation. In the absence of the inhibitor, Yoda1 caused a rapid but sustained calcium 
increase, reaching a peak approximately 30% above baseline. However, in the presence of 
apyrase, even with the peak percentage being conserved (ns), the evoked calcium response is 
much slower, characterised by a much slower sustained calcium increase. Thereby, the AUC in 
this case was significantly reduced (p<0.05). Nevertheless, this effect was observed at only two 
concentrations, and no additional effects were evident, so it cannot be concluded that apyrase 
influences Yoda1-dependent calcium responses. 
 
Pre-treatment with PPADS did not impact either the Yoda1 dose response potency (EC50

peak= 
570 ± 47 nM; EC50

AUC= 674 ± 51 nM; ns) or the Yoda1-evoked maximal response at 20 µM 
(peak: 114 ± 3.65 %; AUC: 115.96 ± 3.15 %; ns) (Figure 8-A, B). In contrast with the previous 
inhibitor, no concentration showed statistically significant differences in the presence of 
PPADS. Although there was a slight impact on the trace kinetics in the presence of PPADS, the 
peak and the AUC remained consistent, and no statistically significant differences were 
observed (Figure 8-C).  
 
Based on these findings, we can conclude that the involvement of P2 receptors is not evident 
under the described experimental conditions. 
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Figure 7. Minimal and isolated effects of the ATP and ADP scavenger apyrase on the Yoda1-evoked 
response in human microvascular endothelial cells (HMEC-1).  Concentration-response curves for the 
peak (A) and AUC (B) magnitude of intracellular Ca2+ responses elicited by Yoda1 (0.03-30 µM; N=5) in 
the presence (0.01-30 µM; open triangle; N=5) or absence (0.03-30 µM; closed triangle; N=5) of apyrase 
10 U/mL. (C) Averaged time-resolved intracellular Ca2+ responses elicited by Yoda1 300 nM in the 
presence (light yellow triangle; N=5) or absence (dark pink triangle; N=5) of apyrase 10 U/mL over 250 
seconds. All data were normalised to 30 µM Yoda1 and fit the Hill1 equation with the EC50 values 
showed in table (D). Asterisks show statistical significance relative to Yoda1-induced calcium responses 
(p ns> 0.05, p*<0.05, p**<0.01, p***<0.001). Data are represented as mean ± SEM. 
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Figure 8. Lack of inhibitory effects of broad-spectrum P2 receptors antagonist PPADS on the Yoda1-
evoked response in human microvascular endothelial cells (HMEC-1). Concentration-response curves 
for the peak (A) and AUC (B) magnitude of intracellular Ca2+ responses elicited by Yoda1 (0.03-30 µM; 
N=5) in the presence (0.01-30 µM; open triangle; N=5) or absence (0.03-30 µM; closed triangle; N=5) 
of PPADS 100 µM. (C) Averaged time-resolved intracellular Ca2+ responses elicited by Yoda1 300 nM in 
the presence (light yellow triangle; N=5) or absence (dark pink triangle; N=5) of over 250 seconds. All 
data were normalised to 30 µM Yoda1 and fit the Hill1 equation with the EC50 values showed in table 
(D). Asterisks show statistical significance relative to Yoda1-induced calcium responses (p ns> 0.05, 
p*<0.05, p**<0.01, p***<0.001). Data are represented as mean ± SEM. 
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4.3.2.2 The broad-spectrum P2 antagonists affected the Yoda1-evoked 
calcium responses of human umbilical vein endothelial cells (HUVEC). 
 
The same type of assays was designed to evaluate the impact of the broad-spectrum P2 
antagonist in the Yoda1-evoked responses in HUVEC. However, an initial characterisation of 
the effects of these antagonists in the ATP dose response was required as that had not yet 
been fulfilled. 
 
The effects of three different concentrations of apyrase (0.5, 2, and 10 U/mL) were examined 
to confirm that ATP evoked calcium responses could be inhibited using this compound. Pre-
treatment with apyrase did not affect the peak, but it significantly impacted the AUC dose-
response curves (Figure 9, Table 1). These constant effects in the AUC were conserved through 
different concentrations of the inhibitor, as shown in Figure 9-J, but that was not the case for 
the peak (Figure 9-I). Consistently, the control ATP-evoked maximal response for AUC was 
significantly decreased for all the concentrations of apyrase applied (Table 1). These effects in 
the AUC were illustrated in the time-resolved intracellular calcium responses at 3 µM (Figure 
9-G) and 30 µM ATP (Figure 9-H). In the presence of the scavenger, the sustained calcium 
response was voided, and the transient ATP responses decayed to baseline approximately one 
minute after stimulation. 
 
Then, the effects of two concentrations of PPADS (30 and 100 µM) were also investigated. Pre-
treatment with PPADS affected the peak and AUC dose-response curves, and the control ATP-
evoked maximal response for both curves was significantly decreased for all the concentrations 
of PPADS applied (Figure 10, Table 1). These constant effects were conserved through different 
inhibitor concentrations, as shown in Figure 10-G, H. In the presence of PPADS, the trace 
kinetics were conserved but significantly impacted the amplitude of response of all conditions 
studied (Figure 10-E, F). The time-resolved responses portrayed decreased intracellular 
calcium response when the inhibitor was onboard.  
 
Therefore, we considered these two inhibitors an adequate tool to study the possible P2 
contribution in the Yoda1-evoked response.  
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Figure 9. Inhibitory effects of the ATP and ADP scavenger apyrase on the ATP-evoked response in 
human umbilical vein endothelial cells (HUVEC). Concentration-response curves for the peak (A) (C) (E) 
and AUC (B) (D) (F) magnitude of intracellular Ca2+ responses elicited by ATP (0.03-30 µM; N=5) in the 
presence (0.03-30 µM; open square; N=5) or absence (0.03-30 µM; closed square; N=5) of apyrase 0.5, 
2, and 10 U/mL. Averaged time-resolved intracellular Ca2+ responses elicited by ATP 3 µM (G) or ATP 30 
µM (H) in the presence (N=5) or absence (N=5) of apyrase 0.5, 2, and 10 U/mL over 250 seconds. 
Comparison of peak (I) and AUC (J) magnitude of intracellular Ca2+ responses induced by ATP at five 
different concentrations (30 µM, 10 µM, 3 µM, 1 µM and 300 nM) in the presence (N=5) or absence 
(N=5) of apyrase 0.5, 2 and 10 U/mL. All data were normalised to 30 µM ATP and fit the Hill1 equation 
with the EC50 values showed in Table 1. Asterisks show statistical significance relative to ATP control 
concentration (p ns> 0.05, p*<0.05, p**<0.01, p***<0.001). Data are represented as mean ± SEM. 

 
 
 
 
 
 
 

H G 

I J 

0

20

40

60

80

100

120
 Vehicle control

0.5 U/mL Apyrase

2 U/mL Apyrase

10 U/mL Apyrase

In
tr

a
c
e
llu

la
r 

[C
a

2
+
] 

F
u
ra

2
 (

F
/F

0
) 

  

(%
 p

e
a
k
 3

0
 

M
 A

T
P

)

3 M ATP

30 sec

0

20

40

60

80

100

120
 Vehicle control

 0.5 U/mL Apyrase

 2 U/mL Apyrase

 10 U/mL Apyrase

In
tr

a
c
e

llu
la

r 
[C

a
2

+
] 

F
u

ra
2

 (
F

/F
0
) 

  

(%
 p

e
a

k
 3

0
 

M
 A

T
P

)

30 M ATP

30 sec

30 M 10 M 3 M 1 M 300 nM

0

20

40

60

80

100

120

n
o

rm
a
li
z
e
d

 C
a

2
+
 r

e
s
p

o
n

s
e
s
 %

 p
e
a
k
 c

o
n

tr
o

l 
(3

0
 

M
 A

T
P

) 

 Vehicle control

 Apyrase 0.5 U/mL

 Apyrase 2 U/mL

 Apyrase 10 U/mL

PEAK

nsns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

*

30 M 10 M 3 M 1 M 300 nM

0

20

40

60

80

100

120

n
o

rm
a
li
z
e
d

 C
a

2
+
 r

e
s
p

o
n

s
e
s
 %

 p
e
a
k
 c

o
n

tr
o

l 
(3

0
 

M
 A

T
P

) 

 Vehicle control

 Apyrase 0.5 U/mL

 Apyrase 2 U/mL

 Apyrase 10 U/mL

AUC

ns

ns

ns

ns

ns

ns

*

*

*
ns

*

*

***

***

***

****

**

**



 224 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

B A 

C D 

E F 

1E-7 1E-6 1E-5

0

20

40

60

80

100
 - PPADS 30 M

 + PPADS 30 M

n
o

rm
a
li
z
e
d

 C
a

2
+
 r

e
s
p

o
n

s
e
s
 %

 p
e
a
k
 c

o
n

tr
o

l 
(3

0
 

M
 A

T
P

)

log[ATP] (M)

PEAK

ns
ns

ns

**

***

**

*

1E-7 1E-6 1E-5

0

20

40

60

80

100
 - PPADS 30 M

 + PPADS 30 M

n
o

rm
a

li
z
e

d
 C

a
2

+
 r

e
s
p

o
n

s
e
s
 %

 a
u

c
 c

o
n

tr
o

l 
(3

0
 

M
 A

T
P

)

log[ATP] (M)

AUC

ns
ns

ns

ns

ns

**

*

0

20

40

60

80

100

120

In
tr

a
c
e
llu

la
r 

[C
a

2
+
] 

F
u
ra

2
 (

F
/F

0
) 

  

(%
 p

e
a
k
 3

0
 

M
 A

T
P

)

30 sec

3 M ATP

  Vehicle control

 30 M PPADS

 100 M PPADS

0

20

40

60

80

100

120

  Vehicle control

 30 M PPADS

 100 M PPADS

In
tr

a
c
e
llu

la
r 

[C
a

2
+
] 

F
u
ra

2
 (

F
/F

0
) 

  

(%
 p

e
a
k
 3

0
 

M
 A

T
P

)

30 M ATP

30 sec

1E-7 1E-6 1E-5

0

20

40

60

80

100
 - PPADS 100 M

+ PPADS 100 M

n
o

rm
a

li
z
e

d
 C

a
2

+
 r

e
s
p

o
n

s
e
s
 %

 p
e
a
k
 c

o
n

tr
o

l 
(3

0
 

M
 A

T
P

)

log[ATP] (M)

PEAK

ns
ns

*

***

***

***

**

1E-7 1E-6 1E-5

0

20

40

60

80

100
 - PPADS 100 M

 + PPADS 100 M

n
o

rm
a

li
z
e

d
 C

a
2

+
 r

e
s
p

o
n

s
e
s
 %

 a
u

c
 c

o
n

tr
o

l 
(3

0
 

M
 A

T
P

)

log[ATP] (M)

AUC

ns
ns

ns

***

***

*

**



 225 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. Inhibitory effects of broad-spectrum P2 receptors antagonist PPADS on the ATP-evoked 
response in human umbilical vein endothelial cells (HUVEC). Concentration-response curves for the 
peak (A) (C) and AUC (B) (D) magnitude of intracellular Ca2+ responses elicited by ATP (0.03-30 µM; N=5) 
in the presence (0.03-30 µM; open square; N=5) or absence (0.03-30 µM; closed square; N=5) of PPADS 
30 and 100 µM. Averaged time-resolved intracellular Ca2+ responses elicited by ATP 3 µM (E) or ATP 30 
µM (F) in the presence (N=5) or absence (N=5) of PPADS 30 and 100 µM over 250 seconds. Comparison 
of peak (G) and AUC (H) magnitude of intracellular Ca2+ responses induced by ATP at five different 
concentrations (30 µM, 10 µM, 3 µM, 1 µM and 300 nM) in the presence (N=5) or absence (N=5) of 
PPADS 30 and 100 µM. All data were normalised to 30 µM ATP and fit the Hill1 equation with the EC50 
values showed in Table 1. Asterisks show statistical significance relative to ATP control concentration 
(p ns> 0.05, p*<0.05, p**<0.01, p***<0.001). Data are represented as mean ± SEM. 
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Table 1. Effects of broad-spectrum antagonists on the ATP-evoked responses in human umbilical endothelial cells (HUVEC).  
EC50 statistics were performed against the control ATP dose-response curve (0.03-30 µM). Maximal response p-value is the statistical comparison between ATP maximal 
response in saline solution and ATP maximal response in the presence of the applied compound. 

 
 
 

Table 2. Effects of broad-spectrum antagonists on the Yoda1-evoked responses in human umbilical endothelial cells (HUVEC).
EC50 statistics were performed against the control Yoda1 dose-response curve (0.03-30 µM). Efficacy p-value is the statistical comparison between Yoda1 maximal 
response and Yoda1 maximal response in the presence of the applied compound (whose concentration might differ from the previous one).  

Agonist Antagonists Antagonist 
concentration, 

µM    

EC50 PEAK, 
µM     

P value EC50  

AUC, 
µM     

P 
value 

Maximal 
response 

PEAK 
(µM)     

Maximal 
response  
PEAK (%) 

P 
value 

Maximal 
response 
AUC (µM)     

Maximal 
response  
AUC (%) 

P 
value 

ATP /   / 1.77 ± 0.28 / 6.58 ± 0.2 / 30  100 / 30 100 / 

ATP Apyrase   0.5 U/mL 1.25  0.39 ns 10.3 ± 7.31 ns 30 99.4 ± 7.53 ns 30 34.2 ± 5.79 p<0.01 

ATP Apyrase   2 U/mL 1.07  0.16 ns 5.61 ± 3.59 ns 30 88.9 ± 5.80 ns 30 24.5 ± 2.70 p<0.01 

ATP Apyrase   10 U/mL 0.99  0.15 p<0.05 4.61 ±3.05 ns 30 91.0 ± 6.34 ns 30 24.0 ± 1.40 p<0.01 

ATP PPADS   30 µM 1.96  0.31 ns 4.05 ± 1.11 ns 30 48.3 ± 8.81 p<0.01 30 59.1 ±9.40 p<0.01 

ATP PPADS   100 µM 6.30  3.52 ns 11.5 ± 5.01 ns 30 33.9 ± 4.52 p<0.01 30 33.7 ± 4.6 p<0.01 

Agonist Antagonists Antagonist 
concentration, 

µM    

EC50 PEAK, 
µM     

P value EC50  

AUC, 
µM     

P value Maximal 
response 

PEAK 
(µM)     

Maximal 
response  
PEAK (%) 

P 
value 

Maximal 
response 
AUC (µM)     

Maximal 
response  
AUC (%) 

P 
value 

Yoda1 / / 1.24 ± 0.11 / 1.41 ± 0.29 / 20  111.5 ± 8.95 / 10 116.2 ± 8.6 / 

Yoda1 Apyrase   0.5 U/mL 3.14  1.35 ns 2.45 ± 0.36  p<0.05 30 117.3 ± 9.80 ns 30 112.9 ± 9.3  ns 

Yoda1 Apyrase   2 U/mL 1.20  0.19 ns 1.04 ± 0.13 ns 10 109.6 ± 10.9 ns 10 124.7 ± 11 ns 

Yoda1 Apyrase   10 U/mL 1.29  0.43 ns 1.06 ±0.35 ns 30 99.85 ± 7.74  ns 10 104.6 ± 9 ns 

Yoda1 PPADS   30 µM 5.62  2.30 p<0.05 4.82± 2.06 ns 30 103.6 ± 3.65 ns 20 101.3 ± 1.5 ns 

Yoda1 PPADS   100 µM 2.37  0.54 ns 1.52 ± 0.40 ns 20 110.2 ± 5.48 ns 20 107.6 ± 6.7 ns 



 
 

227 

As previously described, the effects of two different concentrations of apyrase (0.5 and 10 
U/mL) were investigated in the Yoda1 concentration-response curve (EC50

peak= 1.24± 0.109 µM 
and EC50

AUC= 1.41 ± 0.29 µM). Pre-incubation with apyrase slightly right shifted the dose- 
response for the peak and the AUC at both concentrations; however, the potency was 
significantly decreased just in the treatment at 0.5 U/mL (EC50

AUC= 2.45 ± 0.36 µM; p<0.05) 
while the control Yoda1-evoked maximal response (Yoda1 20 µM control peak: 111.5 ± 8.95 
%; 10 µM control AUC: 116.2 ± 8.6 %) was unaffected in the presence of the scavenger (Figure 
11).  The significant decrease at 1 µM mainly caused this effect at 0.05 U/mL, while at 10 U/mL, 
this effect is observed at 3 µM Yoda1 (Figure 11-I, J). The representative time-resolved 
intracellular calcium responses shown in Figure 11-E illustrated the 10 U/mL apyrase’s 
significant impact on the peak and the AUC at 3 µM Yoda1 and the decreased pattern at 0.5 
U/ml of the ATP scavenger. However, these inhibitory effects were lost at higher 
concentrations, as represented in Figure 11-H. 
 
The effects of the two different concentrations of PPADS (30 and 100 µM) were then studied 
in the Yoda1 concentration-response curve. Pre-treatment with the inhibitor similarly slightly 
right shifted the dose-response for the and the AUC at both concentrations, but the EC50 was 
significantly decreased in the treatment at 30 µM (EC50

peak= 5.62 ± 2.3 µM; p<0.05) (Figure 12, 
Table 2). The control Yoda1-evoked AUC maximal response was significantly decreased in the 
presence of 30 µM of the antagonist (Yoda1 10 µM AUC: ± %), while the peak remained 
unchanged (Yoda1 20 µM AUC: ± %). Accordingly, the maximal response to Yoda1 for the AUC 
in the presence of PPADS was achieved at 20 µM Yoda1. When comparing this new maximal 
response with the maximal response control at 10 µM Yoda1 in the absence of PPADS, no 
significant difference was observed (101.3 ± 1.5 %, ns). Thus, the level of efficacy remained 
intact (Table 2). No significant changes were observed in terms of potency or efficacy when 
100 µM was applied. Nonetheless, at both concentrations of the inhibitor, the significant 
decrease at 3 and 10 µM caused this rightward shift effect (Figure 12-G, H). The representative 
time-resolved intracellular calcium responses in Figure 12-E illustrated the significant effect on 
the peak and the AUC at 3 µM Yoda1. However, these inhibitory effects were lost at higher 
concentrations, as represented in Figure 12-F.  
 
Together, these results suggest a potential modest contribution of P2 receptors to Yoda1-
induced calcium responses. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

228 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 

 
 

 

 
 
 

B A 

C D 

E F 

1E-7 1E-6 1E-5

0

20

40

60

80

100

120

140
- apyrase 0.5 U/mL

+ apyrase 0.5 U/mL

n
o

rm
a
li
z
e
d

 C
a

2
+
 r

e
s
p

o
n

s
e
s
 %

 p
e
a
k
 c

o
n

tr
o

l 
(3

0
 

M
 Y

o
d

a
1

)

log[YODA1] (M)

PEAK

ns

ns

ns

ns

ns
ns

ns

*

1E-7 1E-6 1E-5

0

20

40

60

80

100

120

140
 - apyrase 0.5 U/mL

 + apyrase 0.5 U/mL

n
o

rm
a
li
z
e
d

 C
a

2
+
 r

e
s
p

o
n

s
e
s
 %

 a
u

c
 c

o
n

tr
o

l 
(3

0
 

M
 Y

o
d

a
1

)

log[YODA1] (M)

AUC

ns
ns

ns

ns

ns ns ns

*

1E-7 1E-6 1E-5

0

20

40

60

80

100

120

140
- apyrase 10 U/mL

+ apyrase 10 U/mL

n
o

rm
a
li
z
e
d

 C
a

2
+
 r

e
s
p

o
n

s
e
s
 %

 p
e
a
k
 c

o
n

tr
o

l 
(3

0
 

M
 Y

o
d

a
1

)

log[YODA1] (M)

Model Hill1

Equation
y = START + (END - START) * x^n  / 

 (k^n  +  x^n)

Plot B

START -2.06845 ± 7.48007

END 111.99675 ± 7.07381

k 1.08439E-6 ± 2.52734E-7

n 0.97991 ± 0.25029

Reduced Chi-Sqr 32.1567

R-Square (COD) 0.99092

Adj. R-Square 0.9841

PEAK

ns
ns

ns

ns

ns

ns
ns

*

1E-7 1E-6 1E-5

0

20

40

60

80

100

120

140
 - apyrase 10 U/mL

 + apyrase 10 U/mL

n
o

rm
a
li
z
e
d

 C
a

2
+
 r

e
s
p

o
n

s
e
s
 %

 a
u

c
 c

o
n

tr
o

l 
(3

0
 

M
 Y

o
d

a
1

)

log[YODA1] (M)

AUC

ns

ns

ns

ns
ns

nsns

*

0

20

40

60

80

100

120

140

  Vehicle control

 0.5 U/mL Apyrase

 10 U/mL Apyrase

In
tr

a
c
e
llu

la
r 

[C
a

2
+
] 

F
u
ra

2
 (

F
/F

0
) 

  

(%
 p

e
a
k
 3

0
 

M
 Y

O
D

A
1
)

3 M Yoda1

30 sec

0

20

40

60

80

100

120

140

 Vehicle control

 0.5 U/mL Apyrase

 10 U/mL Apyrase

 

In
tr

a
c
e
llu

la
r 

[C
a

2
+
] 

F
u
ra

2
 (

F
/F

0
) 

  

(%
 p

e
a
k
 3

0
 

M
 Y

O
D

A
1
)

30 M Yoda1

30 sec



 
 

229 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. Inhibitory effects of the ATP and ADP scavenger apyrase on the Yoda1-evoked response in 
human umbilical vein endothelial cells (HUVEC). Concentration-response curves for the peak (A) (C) and 
AUC (B) (D) magnitude of intracellular Ca2+ responses elicited by Yoda1 (0.03-30 µM; N=5) in the 
presence (0.03-30 µM; open circle; N=5) or absence (0.03-30 µM; closed circle; N=5) of apyrase 0.5 and 
10 U/mL. Averaged time-resolved intracellular Ca2+ responses elicited by Yoda1 3 µM (E) or 30 µM (F) 
in the presence (N=5) or absence (N=5) of apyrase 0.5 and 10 U/mL over 250 seconds. Comparison of 
peak (G) and AUC (H) magnitude of intracellular Ca2+ responses induced by Yoda1 at five different 
concentrations (30 µM, 20 µM, 10 µM, 3 µM and 1 µM) in the presence (N=5) or absence (N=5) of 
apyrase 0.5 and 10 U/mL. All data were normalised to 30 µM Yoda1 and fit the Hill1 equation with the 
EC50 values showed in Table 2. Asterisks show statistical significance relative to Yoda1 control 
concentration (p ns> 0.05, p*<0.05, p**<0.01, p***<0.001). Data are represented as mean ± SEM. 
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Figure 12. Inhibitory effects of broad-spectrum P2 receptors antagonist PPADS on the Yoda1-evoked 
response in human umbilical vein endothelial cells (HUVEC). Concentration-response curves for the 
peak (A) (C) and AUC (B) (D) magnitude of intracellular Ca2+ responses elicited by Yoda1 (0.03-30 µM; 
N=5) in the presence (0.03-30 µM; open circles; N=5) or absence (0.03-30 µM; closed circles; N=5) of 
PPADS 30 and 100 µM. Averaged time-resolved intracellular Ca2+ responses elicited by Yoda1 3 µM (E) 
or 30 µM (F) in the presence (N=5) or absence (N=5) of PPADS 30 and 100 µM over 250 seconds. 
Comparison of peak (G) and AUC (H) magnitude of intracellular Ca2+ responses induced by Yoda1 at five 
different concentrations (30 µM, 20 µM, 10 µM 3 µM and 1 µM) in the presence (N=5) or absence (N=5) 
of PPADS 30 and 100 µM. All data were normalised to 30 µM Yoda1 and fit the Hill1 equation with the 
EC50 values showed in Table 2. Asterisks show statistical significance relative to Yoda1 control 
concentration (p ns> 0.05, p*<0.05, p**<0.01, p***<0.001). Data are represented as mean ± SEM. 
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4.3.3. Insights into the suitability of two different parallel flow chambers for 
mechanical stimulation of cells in vitro. 
 
The main goal of this chapter was to set up a functional parallel flow system to mechanically 
stimulate endothelial cells in vitro and study the purinergic contribution in the shear-stress 
evoked responses. As we previously did with the Yoda1, in static conditions, we hypothesised 
that when subjected to shear stress in a dynamic and more physiological situation, the role of 
P2 receptors could be isolated, potentially unveiling an impact on the Piezo1 mechanosensitive 
response. 
 
However, first, to approximate the role of mechanosensitive channels in endothelial cells, a 
tuning of the calcium imaging setup was required to ensure the reliability and quality of the 
calcium-recorded images. Several issues were detected in the early stages of the imaging 
process between the coupling of the different setup parts, such as the camera's connectivity 
with the software or the non-recognition of the monochromator. Once these inconveniences 
were solved and the optical transmission was improved, the focus area was delimited to a 
stable field of study where the whole sample was exposed equally. Then, ATP was used to 
activate HUVEC cells and confirm the reproducibility of the assays using the microscope (Figure 
13). These initial experiments were performed traditionally, using coverslips to grow the cells 
and expose them to the agonist. Figure 13-A depicts the time-resolved calcium response upon 
30 µM ATP stimulation, characterised by an initial rapid response followed by a sustained 
phase that decayed to baseline calcium levels over eight minutes. On the other hand, Figure 
13-B showed representative images for unstimulated cells with baseline fluorescence (left) and 
stimulated cells with higher fluorescence levels (right) upon 30 µM ATP stimulation.  
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Figure 13. ATP evoked detectable intracellular calcium responses using the calcium imaging setup.  
(A) Averaged time-resolved intracellular Ca2+ response elicited by ATP 30 µM over 8 minutes. 
(B) Representative images for unstimulated (baseline fluorescence) and stimulated cells with 
ATP 30 µM (N=3; n=32). Scale bar represents 10 µM. 
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4.3.3.1 The Glycotech parallel flow chamber was discarded as an option to 
stimulate cells in vitro mechanically. 
 
The first parallel flow chamber used to investigate the shear stress stimulation was the 
Glycotech parallel flow chamber (Methods section, Figure 3-A). All assays using the Glycotech 
system were performed using 24 hours-seeded cells and high confluences. As HUVEC cells are 
traditionally recognised to respond to shear stress, they were used as the preferred model to 
isolate mechanical responses (Figure 14-A, B). Despite the high expectations in this 
experiment, no response could be isolated at 12 dynes/cm2 (Figure 14-A), and some technical 
challenges started appearing in our way. Cells struggled to survive attached to the dish upon 
shear stress stimulation, and the assay replicate was limited by the technical problems 
occurring. That resulted in 50% of the experiments failing due to technical issues (Figure 14-
B). As already mentioned, HUVEC cells are a complicated and expensive model to grow, so 
because of the above technical problems, we decided to use as an alternative model 1321N1 
human P2X4 astrocytoma cells, as they could respond to Yoda1, and they are a much handier 
model (Figure 14-F). Unfortunately, the rate of failings was conserved using these cells. Just 
35.3% of the experiments made it to the end (5.9% responded; 29.4% did not respond). 
Contrarily, 64.7% of the trials failed due to technical issues (Figure 14-C, D, E). Figure 14-
C illustrates the lack of responsiveness assays (29.4%) when stimulating the cells with 2.5 or 8 
dynes/cm2. In contrast, shear stress-induced responses were achieved just once (5.9%), as 
represented in Figure 14-D, when applying 1 and 8 dynes/cm2. This shear stress-dependent 
response appeared genuine, as the kinetics of mechanical activation through Piezo1 were 
reported to be as rapid and transient as the one we show (Swain et al., 2021). However, that 
was never replicated, and a vast range of technical issues disrupt and complicate these assays. 
A representative range of the experienced technical issues is illustrated in Figure 15. The first 
technical issue shown in Figure 15-A stands for an unexpected preactivation of the hP2X4 
astrocytoma cells before applying the stimulus. Once applied 1 or 2.5 dyne/cm2, the cells’ 
intracellular calcium decreased. This effect might be caused by the pressure from the vacuum 
line, which maintains the gasket into the dish to create a parallel flow. The second technical 
issue reported, and one of the most concerning was the spontaneous activation of the cells 
when any shear-stress force was applied (0 dyne/cm2) because of the similarity of this response 
to the shear-stress expected ones (Figure 15-B). We hypothesised that this activation might be 
caused again by fluctuations in the pressure vacuum line that could spontaneously 
mechanically activate the cells. The third technical limitation and the most disruptive was the 
bubble presence in the bath solution used to produce the shear stress. After applying 1 
dyne/cm2, and therefore, saline solution flow in the parallel chamber, cells reported high levels 
of Ca2+. That caused the loss of more than half of the initial cells in the dish (Figure 15-C). The 
plotted trace kinetics for this disruption could be understood as a shear stress-induced 
response if not interpreted with the calcium imaging. Similarly, to this effect is the one shown 
in Figure 15-D, which illustrates a less disruptive bubble effect after applying 2.5 dyne/cm2. The 
response could again be confused with a specific activation, but the slight cell wash in the right 
image after stimulation reveals the opposite. This image illustrates the loss of some cells and 
the presence of cellular debris remaining after the cells were subjected to the bubble induced 
mechanical stress. Because of these technical deficiencies, a different parallel flow chamber 
was tested. 
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Figure 14. Shear stress stimulation assays using the Glycotech parallel flow chamber. (A) Shear stress 
did not elicit any calcium response when applying 12 dynes/cm2 in 24 hours-seeded HUVEC cells (N=2; 
n=44). (B) In addition, half of the trials failed due to technical issues. (C) Shear stress did not elicit any 
calcium response when applying 2.5 or 8 dynes/cm2 in 24 hours-seeded hP2X4 astrocytoma cells (N=3; 
n=91), but stimulation was achieved (D) when applying 1 and 8 dynes/cm2 (N=1; n=100). (E) In this case, 
64.7% of the experiments failed due to technical issues. (F) Time-resolved intracellular Ca2+ responses 
elicited by Yoda1 30 µM (blue square) over 250 seconds (N=1) using the Flex Station III. Data are 
represented as mean ± SEM. Percentage calculations were performed using total N numbers as 100%. 
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Figure 15. Representative technical issues when performing shear stress assays using the Glycotech 
parallel flow chamber. (A) Shear stress did not elicit any calcium response when applying 1 or 2.5 
dynes/cm2 in 24 hours-seeded hP2X4 stable astrocytoma cells due to an unexpected preactivation 
before application of the stimulus (N=1; n=45). (B) 24 hours-seeded hP2X4 astrocytoma cells were 
spontaneously activated in the chamber when they were subjected to any stimulus (N=1; n=10). (C) 
Disruptive bubble effect when applying 1 dyn/cm2 in 24 hours-seeded hP2X4 astrocytoma cells (N=1; 
n=9). (D) The bubble effect when applying 2.5 dyn/cm2 in 24 hours-seeded hP2X4 astrocytoma cells 
could be confused with a specific activation, but slight cell wash reveals the opposite (N=1; n=29). Data 
are represented as mean ± SEM.  
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4.3.3.2 The Ibidi µ-slide was an inconsistent but potentially valuable tool to 
stimulate cells in vitro mechanically. 
 
The following parallel flow chamber used to investigate the shear stress stimulation was the 
Ibidi µ-slide (Methods section, Figure 3-D). Different seeding times and confluency levels, as 
indicated, were used to perform the experimental trials with this device. In the initial 
experiment, hP2X4 astrocytoma cells at high confluences were used to stimulate shear stress-
dependent calcium responses (Figure 16-A, B). However, the seeding cell time in these trials 
was 3 hours instead of 24 hours, as previously reported for the Glycotech chamber, as we 
hypothesised it could help in the mechanical stimulation of the cells. Despite the new 
conditions, no response could be isolated at 3 or 6 dyne/cm2 (Figure 16-A). However, in this 
case, failure due to technical issues was decreased to 25% of experiments, whereas 75% were 
not responsive using these new settings (Figure 16 -B). Because of their availability in-house, 
HeLa cells were also used as a cheap model to check the shear stress responsiveness using the 
Ibidi µ-slide. Nonetheless, shear stress did not elicit any calcium response when applying 12 
dynes/cm2 in 24-hours seeded high confluent HeLa cells (Figure 16-C). The success rate using 
these cells was improved compared to the rates observed using the Glycotech system, as in 
the case of the hP2X4 astrocytoma cells. These experiments reported 40% failure due to 
technical issues, while the resting 60% assays could not successfully stimulate the cells (Figure 
16-D). To ensure cells were viable and healthy to respond to shear stress mechanically, the 
same cell slide was exposed to an agonist, such as Yoda1, to verify their responsiveness 
condition afterward. This was the case for every nonresponsive assay shown in this study. 
Figure 16-E illustrates a representative experiment of the previously reported mechanically 
nonresponsive slide (Figure 16-C) when exposed to Yoda1 3 µM. The cells elicited Yoda1-
dependent calcium influx, confirming the capacity of the cell to respond normally to chemical 
stimuli.  
 
As these two models did not allow us to observe any shear stress-dependent response, even 
when the success rates improved, we decided to invest in some HUVEC cells to conclude if 
these slides were helpful for our study. Both seeding times were investigated. Firstly, HUVEC 
cells 3-hours seeded were exposed to 4 and 12 dynes/cm2 (Figure 17-A, B). Shear stress-evoked 
calcium responses were observed in both conditions, illustrating a sustained trace kinetics 
response. When applying 4 dynes/cm2, the variability of the responses was notable, as 
portrayed in Figure 17-B. The success rate using HUVEC cells 3 hours seeded was the best 
compared to the rates observed using the Glycotech system or in any other Ibidi µ-slide 
conditions studied. These experiments reported just 14.3% failure due to technical issues, 
while the resting 71.4% assays successfully stimulated the cells (Figure 17-D). As some spiking 
signals were observed before the mechanical stimulation when performing the experiments, a 
control assay testing spontaneous activation was performed to discard any unspecific 
activation that could occur, as in the case of the Glycotech chambers (Figure 16-B). In Figure 
17-C the arrow indicates the average response represented as mean ± SEM while the other 
traces illustrate every single cell's behaviour without mechanical stimulus. In a sample of 45 
HUVEC cells, just 3 isolated cells spontaneously spiked, which did not impact the average 
output of the experiment, as confirmed in the average response.  
 
The second seeding time investigated was 24 hours. Surprisingly, this change in the seeding 
time had a significant impact on the HUVEC cells' ability to respond to mechanical stimuli. Shear 
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stress did not elicit any calcium response when applying 4 (Figure 18-A), 12 (B), or 
20 (C) dynes/cm2. Although there is a slight sustained increase after shear stress application, it 
is not considered a response because of the magnitude. The success rate using HUVEC cells 24 
hours seeded was worse than the one observed at 3 hours but comparable with the ones seen 
with the same slides in hP2X4 and HeLa cells. These experiments reported 28.6% failure due 
to technical issues, while the resting 71.4% assays could not successfully stimulate the cells 
(Figure 18-D). Nonetheless, the cells exhibited responsiveness to 100 µM ATP (Figure 18-E) or 
30 µM Yoda1 (Figure 18-F) following the attempted mechanical stimulation, eliciting typical 
calcium responses. 
 
Due to unpublished observations of the impact of the confluence in the mechanical stimulation 
of Piezo1, we decided to perform these assays at lower confluences. Due to a lack of HUVEC 
availability, HMEC-1 cells were used as an endothelial model to corroborate the hypothesis. 
HMEC-1 cells 24-hours seeded were exposed to 15 dynes/cm2 (Figure 19-A, B). The seeding 
time was this because it has been traditionally reported in papers using the µ-slides (Reinhart-
King et al., 2008; Sedlak et al., 2023). Shear stress elicited calcium responses when applying 15 
dynes/cm2 in 38.5% of the trials, whereas 23.1% were nonresponsive. Additionally, the failure 
rate was higher in this case, reporting 38.5% failed trials due to technical issues (Figure 19-C). 
 
These experimental conditions, together with 3-hour seeding times in the Ibidi µ-slide, 
demonstrated the best mechanical stimulation performance. However, more time was 
required to find the ideal setting configuration. We consider both cell lines capable of being 
stimulated mechanically, but an improvement of the system is required to characterise the 
contribution of P2 receptors to this response pharmacologically. Success rates need to be 
improved regarding technical feasibility, and cell responsiveness must reach at least 70% of 
the trials. 
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Figure 16. Shear stress stimulation assays using the Ibidi µ-slide.  (A) Shear stress did not elicit any 
calcium response when applying 3 or 6 dynes/cm2 in 3 hours-seeded 1321N1 human P2X4 stable 
astrocytoma (hP2X4) cells (N=3; n=59). (B) In addition, 25% of the trials failed due to technical issues. 
(C) Shear stress did not elicit any calcium response when applying 12 dynes/cm2 in 24 hours-seeded 
HeLa cells (N=3; n=76), and (D) 40% of the trials failed due to technical issues. (E) However, the same 
cell slide (representative experiment) was exposed to 3 µM Yoda1, and the cells elicited regular calcium 
responses (N=1; n=36). Data are represented as mean ± SEM. Percentage calculations were performed 
using total N numbers as 100%. 
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Figure 17. Shear stress stimulation assays in 3 hours-seeded human umbilical vein endothelial (HUVEC) 
cells using the Ibidi µ-slide. (A) Shear stress elicited a calcium response when applying 12 dynes/cm2 in 
3 hours-seeded human umbilical vein endothelial (HUVEC) cells (N=3; n=114). (B) Shear stress elicited 
a calcium response when applying 4 dynes/cm2 in 3 hours-seeded human umbilical vein endothelial 
(HUVEC) cells (N=2; n=60). (C) Control assay testing spontaneous activation in 3 hours-seeded HUVEC 
cells over 4 minutes. The arrow indicates the average response, while the graph represents calcium 
flickerings for each cell in the slide (N=1; n=45). (D) In this case, just 14% of the trials failed due to 
technical issues. Data are represented as mean ± SEM. Percentage calculations were performed using 
total N numbers as 100%. 
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Figure 18. Shear stress stimulation assays in 24 hours-seeded human umbilical vein endothelial (HUVEC) 
cells using the Ibidi µ-slide. Shear stress did not elicit any calcium response when applying (A) 4 (N=3; 
n=118), (B) 12 (N=4; n=205), or (C) 20 (N=3; n=118) dynes/cm2 in 24 hours-seeded HUVEC cells. (D) In 
addition, 28.6 % of the trials failed due to technical issues. However, cells were responsive to (E) 100 
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µM ATP (N=1; n=39) and (F) 30 µM Yoda1 (N=1; n=29), eliciting regular calcium responses after 
mechanical stimulation tentative. Data are represented as mean ± SEM. Percentage calculations were 
performed using total N numbers as 100%. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19. Shear stress stimulation assays in 24 hours-seeded human microvascular endothelial (HMEC-
1) cells using the Ibidi µ-slide.  (A) Shear stress elicited a calcium response when applying 15 dynes/cm2 

in 24 hours-seeded HMEC-1 cells (N=5; n=53). (B) However, this wasn’t consistent as shear stress didn’t 
elicit any calcium response when applying the same stimulus in other technical repeats. (C) In addition, 
38.5% of the trials failed due to technical issues. Data are represented as mean ± SEM. Percentage 
calculations were performed using total N numbers as 100%. 
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4.3.4. Investigation of the benefit of the Griess reagent for quantifying nitric oxide 
in endothelial cells in vitro. 
 
Vascular endothelial cells produce a relaxing agent known as nitric oxide (NO), which plays a 
role in various physiological processes. One approach to assess nitric oxide production is 
measuring nitrite accumulation (NO2-), one of the breakdown products upon nitric oxide 
formation, which can be measured using the Griess reagent. 
 
The significance of measuring nitric oxide emanated from previous studies that explored the 
dependence of nitric oxide release on mechanical stimulation and the resulting calcium-
induced vasodilation (Wang et al., 2016). The goal of this investigation was to explore the utility 
of the Griess reagent as a way to measure nitric oxide release shear stress-induced and, in 
addition, to further study the involvement of VEGFA

165 in its release, as well as the potential 
role of P2Y11 in the VEGFA

165 dependent effects in the endothelium. Yoda1, ATP and carbachol 
stimulation have been demonstrated to induce nitric oxide production in vitro  (Lockwood et 
al., 2014; Miyashita et al., 2002.; Wang et al., 2016); therefore, they were used as theoretical 
positive controls in these assays. ATP-ƴ-S was used in these trials instead of ATP because it 
hydrolyses much slower in the presence of phosphatases or ATPases. Its ability to induce a 
calcium concentration-response curve is shown in Figure 20-A, and the response to 30 
µM ATP-ƴ-S versus 30 µM ATP is represented in Figure 20-B. Because of their similarity, ATP-ƴ-
S was selected for these experiments in which the cells needed a more prolonged nucleotide 
availability than usual. 
 
Different starvation times were applied as they might simulate more physiological conditions, 
as cells in the human body are exposed to lower levels of nutrients and growth factors. 
Additionally, serum-starved cells have often reduced their proliferation rates, which is 
beneficial to investigate the cellular response to stimuli as it is believed to decrease the basal 
activity of the cells. After 4 hours of starvation in the absence of L-arginine, none of the agonists 
(30, 10, 1 µM Yoda1; 300, 100, 30 µM ATP; 100, 30 ng/mL VEGF165 or 100 µM carbachol) caused 
an increase in nitrite levels (Figure 21-A). L-arginine favours nitric oxide release in vitro (Privat 
et al., 1997). In addition, S-nitroso acetyl penicillamine (SNAP), a nitric oxide donor, was used 
as a positive control to ensure the Griess reagent's capacity to detect nitrite (Arnau del Valle 
et al., 2022). Thereby, the subsequent assay trial was performed in the presence SNAP at two 
different concentrations (200 and 500 µM) in cells starved and exposed to L-arginine (200 and 
400 µM) for 24 hours prior to experimentation (Figure 21-B). In the presence of 200 µM SNAP 
and 200 µM L-arginine, 4.1 µM of nitrite was detected. Consistently, 500 µM SNAP and 400 
µM L-arginine caused a nitrite release of 8 µM (Figure 21-E). To understand better these 
effects, a third condition was designed consisting of a more exhaustive starvation of 48 hours 
where SNAP at two different concentrations was again tested, as well as ATP and Yoda1 at 
different concentrations in the presence or absence of L-arginine (Figure 21-C). In the presence 
of 200 µM SNAP, independently of the presence or absence of L-arginine, nitrite was detected, 
and that was also the case at 500 µM SNAP, where a dose-dependent increase was detected, 
being the amount of nitrite considerably higher, ≈ 28 µM, compared to the lower 
concentration of NO donor (≈ 14 µM) (Figure 21-E). Unfortunately, a nitrite increase after 
stimulation with any other agonist (ATP and Yoda1) in the presence of L-arginine after 48 hours 
of starvation remained undetectable. The last starvation condition was done for 96 hours, 
where SNAP at the highest concentration, 500 µM, was again tested, as well as ATP and Yoda1 
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at different concentrations in the presence or absence of L-arginine (Figure 21-D). In the 
presence of 500 µM SNAP, independently of the presence or absence of L-arginine, nitrite was 
detected in a slightly higher concentration (≈ 36 µM) compared to the same conditions after 
48 hours of starvation (≈ 28 µM) (Figure 21-E). Unfortunately, a nitrite increase after 
stimulation with any other agonist (ATP and Yoda1) in the presence of L-arginine after 96 hours 
of starvation remained undetectable. 
 
It is crucial to mention that these experiments represent a single biological repeat (N=1 per 
condition) where each drug was tested in triplicates (n=3), and the reason was the lack of 
experimental time. However, these preliminary results suggest that the Griess reagent range 
of detection depends on the cells' starvation state but not on their exposure to L-arginine. Any 
tested drugs (ATP, Yoda1, VEGF165, or carbachol) did not evoked a detectable amount of nitrite, 
and just an artificial donor of nitric oxide at high concentrations, SNAP, was able to induce 
detectable nitrite using the Griess reagent.  All of the tested drugs previously demonstrated 
their ability to evoke a calcium response, but carbachol effects in the HMEC-1 cells' calcium 
responses had been tested previous to these assays. Surprisingly, 100 µM did not evoke any 
intracellular Ca2+ response in HMEC-1 cells (Figure 20 -C), and no nitric oxide release should be 
expected. To complement the understanding of HMEC-1 cells' possible nitric oxide synthesis 
pathways, a calcium mobilisation assay was performed in the presence of 100 µM 
acetylcholine, a neurotransmitter that mediates the activation of endothelial nitric oxide 
synthase (Kellogg et al., 2005). Again, 100 µM acetylcholine did not evoke any intracellular Ca2+ 
response in HMEC-1 cells (Figure 20-D). 
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Figure 20. Investigation of calcium-induced responses from relevant agonists in the study of nitric oxide 

release in human microvascular endothelial cells (HMEC-1).  (A) Concentration-response curves for the 
peak magnitude of intracellular Ca2+ responses elicited by ATP-γ-S (0.1-30 µM; closed square; N=1). All 
data were normalised to 30 µM ATP and fit the Hill1 equation with the EC50 value showed in the graph. 
(B) Averaged time-resolved intracellular Ca2+ responses elicited by ATP 30 µM (cyan rhombus; N=1) and 
ATP-γ-S 30 µM (light yellow rhombus; N=1) over 250 seconds. (C) Averaged time-resolved intracellular 
Ca2+ responses elicited by ATP 30 µM (cyan rhombus; N=1) and carbachol 100 µM (light yellow 
rhombus; N=1) over 250 seconds. (D) Averaged time-resolved intracellular Ca2+ responses elicited by 
ATP 30 µM (cyan rhombus; N=1) and acetylcholine 100 µM (light yellow rhombus; N=1) over 250 
seconds. Data are represented as mean ± SEM. 
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E  

 
Figure 21. Accumulated Nitrite (NO2-) measurement upon different agonist stimulation in Human 
Microvascular Endothelial Cells (HMEC-1). (A) After 1 h ATP, Yoda1, VEGF165, or carbachol treatment, 
the nitrite content in the media of 4-hour starved cells was measured by Griess reagents. Cells were 
not previously exposed to L-arginine (-). (B) After 1- hour SNAP treatment, the nitrite content in the 
media of 24-hour starved cells was measured by Griess reagents. Cells were previously exposed to 200 
and 400 µM L-arginine (+). (C) After 1 h SNAP, ATP, or Yoda1 treatment, the nitrite content in the media 

  200 µM SNAP 500 µM SNAP 

(-) (+) L-arg 200 µM (+) L-arg 400 µM (-)  (+) L-arg 200 µM (+) L-arg 400 µM 

24 h starvation / 4.1 µM / / / 8 µM 

48 h starvation 14 µM 13.8 µM 14.7 µM / 28.8 µM 28.5 µM 

96 h starvation / / / 36.8 µM 35.2 µM 36.1 µM 

A B 

C D 

Nitri
te sol. 1

00 M

Yoda1 30 M

Yoda1 10 M

Yoda1 1 M

ATP 300 M

ATP 100 M

ATP 30 M

VEGF 100 ng/m
L

VEGF 30 ng/m
L

Carbachol 1
00M

Blank

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

A
b

s
o

rb
a
n

c
e
 (

5
3

8
 n

m
)

4 h starvation/(-) L-Arginine

Nitrit
e sol. 1

00  
M

SNAP 200  M/200 M L-arg

SNAP 500 M/400 M L-arg
Blank

0.0

0.2

0.4

0.6

0.8

1.0

A
b

s
o

rb
a
n

c
e
 (

5
3

8
 n

m
)

24 h starvation/(+) L-Arginine

Nitrit
e sol. 1

00  M 

SNAP 200  
M/200 M L-arg

SNAP 200  
M/400 M L-arg

SNAP 200  
M/(-)

 L-arg

SNAP 500 M/200 M L-arg

SNAP 500 M/400 M L-arg

ATP 100  
M/200 M L-arg

ATP 100 M/400 M L-arg

ATP  100  
M/(-)

 L-arg

Yoda1 30 M/200 M L-arg

Yoda1 30 M/400 M L-arg
Blank

0.0

0.2

0.4

0.6

0.8

A
b

s
o

rb
a
n

c
e
 (

5
3

8
 n

m
)

48 h starvation

Nitrit
e sol. 1

00 M

SNAP 500 M/200 M L-arg

SNAP 500 M/400 M L-arg

SNAP 500 M/(-)
 L-arg

ATP 100  
M/200 M L-arg

Yoda1 30 M/200 M L-arg

Yoda1 30 M/400 M L-arg
Blank

0.0

0.2

0.4

0.6

0.8

A
b

s
o

rb
a
n

c
e
 (

5
3

8
 n

m
)

96 h starvation



 
 

248 

of 48-hour starved cells was measured by Griess reagents. Some conditions were exposed to L-arginine, 
as indicated in the graph. (D) After 4 h SNAP, ATP, or Yoda1 treatment, the nitrite content in the media 
of 96-hour starved cells was measured by Griess reagents. Some conditions were exposed to L-arginine, 
as indicated in the graph. Black chart: Standard nitrite solution 100 µM; Stripe chart: drug treated 
samples; White chart: no treated samples, vehicle control.  
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4.4 Discussion 
 

4.4.1. Piezo1 is transcriptionally and functionally expressed in human dermal 
microvascular endothelial cells (HMEC-1) and human umbilical vein cells 
(HUVEC). 
 
HUVEC and HMEC-1 cells have been previously used to study the effects of shear stress effects 
in the endothelium. However, calcium influx shear-induced has been reported in HUVECs (Li et 
al., 2014; Swain et al., 2021; Wang et al., 2016; Yoshikawa et al., 1997), which is not the case 
for HMEC-1 cells. In the last cell line, shear stress effects were always studied from an 
expression change point of view (Goedicke-Fritz et al., 2015; Nguyen et al., 2001), and it is also 
challenging to find studies showing morphological changes upon stimulus (Polk et al., 2022), 
something very documented in HUVECs. Nonetheless, HMEC-1 responded to another 
mechanical stimulus, such as stretching through the activation of Piezo1 (Carrillo-Garcia et al., 
2021). Piezo1 is the primary mediator of the shear stress stimulus, and its impairment led to 
the morphological and functional changes in the endothelium. HUVECs have been by far the 
preferred cell line to study Piezo1 functional expression (Li et al., 2014; Ranade et al., 2014; 
Swain et al., 2021; Wang et al., 2016). Piezo1’s mRNA expression in HMEC-1 was investigated 
by RNA sequencing, as shown in Chapter 3.3.1. It was by far the most expressed receptor of 
our analysis, which agrees with the RNA sequencing output from Bastounis (2021), and siRNA 
expression by Carrillo-Garcia et al. (2021) . On the other hand, the transcriptional expression 
of Piezo1 was not performed in-house for the lack of time, but others have previously reported 
(Li et al., 2014; Ranade et al., 2014; Wang et al., 2016).  
 
To study the functional expression of Piezo1, we used Yoda1, its selective agonist. Yoda1 was 
first described in 2015 by Syeda et al., who showed its effect on the sensitivity and inactivation 
kinetics of Piezo1-evoked currents. Later, Botello-Smith et al. showed that Yoda1 can bind 
directly to the channel, acting as a "molecular wedge," facilitating its opening probability at a 
lower activation threshold. Yoda1 evoked dose-dependent responses in HMEC-1 cells with a 
potency in the nanomolar range (EC50

PEAK: 559 ± 83 nM; EC50
AUC: 623 ± 91 nM). Carrillo-Garcia 

et al. reported traces of 20 µM Yoda1 stimulation in agreement with our data. However, finding 
more studies showing this stimulation was challenging, and we could not find reports 
illustrating dose response stimulations or Yoda1 potency calculations in HMEC-1.  
 
GsMTx4, the spider venom, was used to inhibit Piezo1-dependent responses by affecting cell 
membrane mechanics (Bae et al., 2011), as others have previously reported using different cell 
models (Venturini et al., 2020; Wadud et al., 2020). The venom at its higher concentration (10 
µM) impacted the Yoda1 evoked calcium responses, but not at lower inhibitor concentrations. 
We cannot compare these effects with other HMEC-1 cell effects as they have not been 
previously reported. However, their high sensitivity to Yoda1 might explain the necessity of the 
higher concentration of GsMtx4. 
 
Similarly, as observed in HMEC-1 cells, Yoda1 also evoked dose-dependent responses in 
HUVECs. Nonetheless, the channel needed more Yoda1 to reach 50% of activation in this case. 
That is portrayed in the potency in this cell line (EC50

PEAK: 1.24 ± 0.11 µM; EC50
AUC: 1.41 ± 0.29 

µM), which is in the micromolar range and significantly lower than the one observed in HMEC-
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1 cells. If comparing trace kinetics in both cell lines, the most significant difference is the 
modestly decayed sustained phase observed in HUVECs. However, the trace kinetics are still 
conserved between cell lines. Our illustrated trace kinetics in HUVECs agreed with what has 
been shown earlier by Evans et al. and Jiang et al. Nonetheless, Evans et al. calculated potency 
was much lower than ours (0.23 µM). Various factors might explain the difference. They strictly 
used passages lower than six, while our cells were subcultured to passage ten. Additionally, 
their cells were provided by Lonza instead of PromoCell, which might affect the isolation 
process and supplementation. Thereby, the culture media used differed from ours (Table 1). 
 
Table 1. Composition of growth media supplement for Lonza and Promo Cell. In both cases, information 
was extracted using the manufacturer's website and can be found under the specified reference 
number for Lonza (CC-3162) and Promo Cell (C-22010). 

 
 
Yoda1 potency and maximal responses were dramatically reduced when the same assays were 
investigated without calcium. A very minimal entry of calcium can be observed at high 
concentrations that might infers the contribution of Piezo1 activation in the intracellular 
stores. This dramatic reduction of the response makes sense as the Piezo1 is present in the cell 
membrane, more localized in its dynamic protrusions (Koser et al., 2016; Li et al., 2014; 
Sugimoto et al., 2017). Others have also shown a possible Piezo1 localization in the RE (McHugh 
et al., 2010; Zhang et al., 2017), but this is still in debate. 
 
Dooku1, the Yoda1-evoked effects antagonist (Evans et al., 2018), was used to investigate 
whether Yoda1-evoked responses behave canonically, as others have previously reported 
using different cell models (Barnett et al., 2023; Deivasikamani et al., 2019; Hatem et al., 2023; 
Matsunaga et al., 2021; Szabó et al., 2022; Wadud et al., 2020). Dooku1 did not exhibit a direct 
effect on PIEZO1. However, it demonstrated its ability to inhibit 2 µM Yoda1 calcium responses, 
with an IC50 of 1.5 µM in HUVECs. Evans et al.,  suggested a competitive effect on the same or 
a binding site similar to Yoda1. Our calculated IC50 was close to what they reported but is lower 
(≈700 nM), and the dose-response trace kinetics differ. Despite the range of Dooku1 
concentrations being very similar, in our case, 10 µM Dooku1 inhibits Yoda1 response to 30% 
of its basal response. In contrast, in their assay, the inhibition at the same antagonist 
concentration decreases the control response to around 60%. The investigation reported the 
earlier mentioned Yoda1 potency in HUVECs of 0.23 µM. As their umbilical endothelial cells 
showed greater sensitivity to Yoda1, it sounds reasonable for their cells to need more 
concentration of Dooku1 to obtain the same level of inhibition. 
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4.4.2. The broad-spectrum P2 antagonist impacted the Yoda1 calcium influx 
differently in HMEC-1 and HUVEC cells. 
 
Piezo1 is found in the endothelium and senses the blood flow-induced physiological shear 
stress, leading to endothelial calcium influx and cell alignment (Li et al., 2014; Ranade et al., 
2014; Tang et al., 2022). ATP release upon shear stress-induced activation is known to be a 
primary step in the mechanotransduction of this stimulus (Bodin et al., 1991; Burnstock et al., 
2014; John et al., 2001; Lohman et al., 2012; Wang et al., 2016; Wang et al., 2015; Wei et al., 
2019; Yamamoto et al., 2011). The activation of Piezo1 led to an ATP release, partially by 
pannexin channels, which will activate P2Y2 receptors downstream. This P2Y2 downstream 
calcium activation will favour the shear stress sensing complex described by Tzima et al. 
(PECAM-1/VE-cadherin/VEGFR-2), whose activity will allow phosphorylation of NO synthase 
(eNOS) and a sustained contribution to nitric oxide release (Figure 1) (Wang et al., 2016). It has 
been noted that only a small portion of the increase in intracellular calcium concentration 
resulting from PIEZO1 activation is attributed to PIEZO1-mediated influx (Lee et al., 2014; 
Retailleau et al., 2016). Most recorded Piezo1 calcium influx is believed to stem from 
downstream amplification mechanisms, such as P2Y2 activation. In line with this observation, 
it was shown that the loss of Gq/G11 in endothelial cells significantly inhibited Yoda1-induced 
rises in intracellular calcium (Wang et al., 2016). They stated that Yoda1 replicated the impact 
of fluid shear stress (also supported by Davies et al., 2019) on endothelial cells and induced 
vasorelaxation in a manner dependent on PIEZO1. Therefore, it can be used to study 
downstream signalling pathways.  P2Y2 has also been shown to impair cell alignment and 
impact the cytoskeleton arrangement (Sathanoori et al., 2017). 
 
How ATP is released to the extracellular space is still in debate. Wang et al., (2016) showed 
that pannexin-1/2 channels partially mediate Piezo1-dependent ATP release. However, when 
losing the channels, the ATP released persisted even when significantly reduced. Vesicular 
exocytosis and caveolae ATP release have also been suggested to mediate ATP release in 
endothelial cells (Burnstock et al., 2014; Yamamoto et al., 2011). In 2018, Yamamoto et al. 
proposed mitochondrial ATP generation shear stress-dependent, leading to release in the 
caveolae or lipid rafts. 
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Figure 1. Proposed Piezo1 activation mechanism and downstream events upon shear stress stimulation. 
1. Blood flow evokes shear stress mechanical stimulation in the endothelium, 2. leading to Piezo1 
activation and its dependent calcium influx into the cytosol, and 3. ATP release to the blood vessel 
lumen. 4. Released ATP can activate, in turn, P2 purinergic receptors, evoking direct calcium influx from 
P2Xs or increasing cytosolic calcium concentration through the activation of the PLC pathway. 5. This 
process will also cause different extracellular secretions to the blood vessel lumen, and 6. diffusion of 
biomolecules such as nitric oxide from the endothelium to the smooth muscle, provoking vasodilation 
(Parts of the figure were drawn by using pictures from Servier Medical Art. Servier Medical Art by Servier is licensed under a 
Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/). 
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Yamamoto et al. were the first to portray the central role of P2X4 mediating ATP-induced 
responses in HUVECs. That was followed by a work illustrating the involvement of P2X4 in the 
shear stress-dependent responses that were not PLC pathway-dependent but required ATP 
exogenous application (Yamamoto, Korenaga, Kamiya, Ando, 2000). In human pulmonary 
endothelial cells, the same group demonstrated upon shear stress stimulation that P2X4 
mediates calcium influx, and the action of apyrase blocked this effect, the ATP and ADP 
scavenger (Yamamoto et al., 2003). In addition, in mice endothelial cells, P2X4 knockout 
demonstrated reduced dilation in response to shear stress-dependent ATP release and lower 
release levels of nitric oxide (Yamamoto et al., 2006). The mediation of shear stress by P2X4 is 
supported by reported changes in mRNA P2X4 expression in HUVEC cells exposed to shear 
stress (Korenaga et al., 2001). Also, this ion channel is believed to mediate the indirect effects 
of shear stress in expressing the Krupple-like factor 2 (KLF2) (Sathanoori, Rosi, et al., 2015). It 
was unclear whether P2X4 acted in the endothelium as a mechanosensory channel per se, and 
Kessler et al. interrogated it. The idea was supported by similar structural features with ENAC 
channels, whose evidence of being mechanosensitive is growing (Althaus et al., 2007). They 
concluded that shear stress does not affect P2X4 currents but modulates the channel's 
response to ATP, suggesting a stabilization of the open state of the receptor and not a 
mechanosensitive action of P2X4. Recent studies failed to demonstrate P2X4 activity in HUVEC 
cells regarding calcium signalling or mediation of nitric oxide production and concluded the 
predominant action of P2Y2 in the mediation of endothelial responses (Raqeeb et al., 2011; 
Wang et al., 2015). As previously mentioned, we could not see any antagonism effect when 
testing P2X4 selective inhibitor BX430 in the ATP-evoked responses in HUVECs. 
 
This chapter's rationale is based on the already known events of shear stress dependents. To 
our understanding, a mechanistic link between Piezo1 effects and downstream signalling of 
P2X4 effects has yet to be previously investigated in endothelial cells. Although we could not 
see any effect of BX430 in the ATP evoked response in HUVEC in static conditions, using the 
Flex Station III, we consider it interesting to evaluate in dynamic conditions under shear stress 
stimulation inhibition of P2X4, as P2X4 showed expression by western blotting. This assay 
setting would more accurately replicate physiological conditions and could elicit different 
functional expressions and contributions of P2X4 to shear stress-dependent calcium 
responses. In addition, Wang et al. characterised P2Y2 Piezo1 downstream signalling in static 
conditions using Yoda1, and they also reported independently Piezo1 effects in the shear stress 
calcium evoked responses in dynamic conditions when blocking P2Y2 (Wang et al., 2015). So, 
it will be interesting to dig further into the possible mechanism and downstream events upon 
Piezo1 activation under dynamic conditions for the proposed involvement of P2Y2 and P2X4 in 
endothelial cells with a different P2 expression profile. How ATP is released is still under 
investigation. Comparing the effects in static vs dynamic conditions could create some 
understanding of the biomolecular pathway in which ATP shear stress-induced release occurs 
and which P2 receptor contributes to this response. Thus, the first step in this chapter was to 
analyse the impact in static conditions, the effects of apyrase and PPADs in the Yoda1 evoked 
response and see any contribution to the Piezo1 response in HMEC-1 and HUVEC cells. 
 
PPADs and apyrase could not significantly affect the Yoda1-evoked responses in HMEC-1 cells, 
and therefore, we cannot suggest any P2 receptor involvement in this response using this 
experimental setting. However, that was not the case when applying these broad inhibitors in 
HUVEC Yoda1-evoked responses. The effects were modest but significantly relevant for both 



 
 

254 

inhibitors. Apyrase affected the peak potency with a conserved slightly right shift marked by 
the effects observed at Yoda1 1 or 3 µM at 0.5 and 10 U/mL, respectively. Similarly, PPADS 
affected the peak potency also with a conserved slightly right shift determined by the effects 
at Yoda1 3 µM. The effects of these inhibitors at relatively lower concentrations (1 and 3 µM) 
could indicate ATP release concentration Yoda1 dependent (supported by Wang et al., 2016), 
in a way that at higher concentrations, the ATP release is so high that the inhibitors cannot 
impair that contribution. However, those concentrations still contribute in a more modest way 
that can be observed. That effect is illustrated in the traces upon both antagonist treatments, 
where minimal or not effects can be observed at 30 µM while the inhibition is evident at 3 µM. 
 
Finding other works to complement these observations is challenging, as few have reported 
the effects of either apyrase or PPADS in Yoda1-evoked responses in endothelial cells. The 
closest observations were done by Wang et al., who showed apyrase inhibition of Yoda1-
induced effects in eNOS phosphorylation in HUAECs (human umbilical arterial endothelial 
cells), and apyrase inhibition of nitrite release Yoda1-induced in HUVECs (Wang et al., 2015). 
In other cell types, the apyrase effects in Yoda1 responses look conserved, as recently reported 
by Malko et al. (2023) in microglial cells. Yoda1 exposure inhibited TNF-α production, and the 
inhibition was prevented in the presence of the ATP scavenger. Desplat et al. (2021) showed 
apyrase could inhibit Yoda1 calcium evoke responses in cholangiocytes. Parallel effects of 
apyrase and PPADS have been portrayed by Mousawi et al. (2020) in mesenchymal stem cells. 
In a mechanism involving Piezo1 activation, PPADS, and apyrase could prevent Yoda1-
dependent cell migration, but they did not have an effect on their own in this process. Gerrie 
(2018) was unique reporting potentiation effects of treatment with PPADS in the Yoda1-
induced calcium responses in microglia. These reports suggest a consistent impairment of 
Piezo1-dependent responses upon apyrase and PPADS treatment. Then, our data and others 
suggest that HUVEC cells are a better model to study this interaction, at least in static 
conditions. Given that P2X4 is expressed in this cell line and not in HMEC-1, a direct hypothesis 
could be that P2X4 might be responsible for this mediation even though we could not inhibit 
ATP-evoked responses with BX430, its selective antagonist. Studying the inhibition with BX430 
and other selective inhibitors in dynamic conditions would be interesting. However, any other 
P2 receptors should not be disregarded as candidates at this point. In static conditions, an 
appropriate next step for this study could be the pretreatment of HUVECs with ATP and after 
stimulation with Yoda1 to see if there is any effect in the dose-response curves. If there is any 
effect, it will support the contribution of P2 receptors to this response. Additionally, selective 
inhibition of the expressed P2 receptors must be performed to isolate the main contributor to 
this interaction. We cannot discard a possible direct effect of PPADS or apyrase in Piezo1 
responses through, for example, effects in the membrane tension. Further investigation is also 
needed in this area. 
 
In this chapter, we also portrayed the broad spectrum P2 antagonist effects in the ATP-evoked 
response prior to their effect in the Yoda1 response to ensure their action. In the case of 
apyrase, the effects were more significant in the AUC than in the peak, where minimal effects 
were reported. If comparing these effects with the ones observed in HMEC-1 cells, there were 
more prominent effects in potencies and maximal effects for both the peak and the AUC than 
in HUVECs. In the case of PPADS, the impact is conserved between cell lines, but the inhibition 
is more dramatic in HUVECs than in HMEC-1 cells. These differences may be inferred from the 
functional expression of P2 receptors profile in these cell lines. PPADS inhibition could indicate 
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the involvement of P2X4 or P2X7 in the ATP response. P2X7 is also sensitive to this broad-
spectrum antagonist (Chessell et al., 1998; Michel, Chambers, et al., 2008; Michel, Clay, et al., 
2008), but its EC50 in human cells is extremely high, between 700 µM-1.8 mM (Chessell et al., 
1998; Stokes et al., 2006). Thus, any contribution of P2X7 to the ATP dose response should be 
observed in our concentration range of study. Preliminary data not shown in this study when 
investigating the effects of AZ11645373, a P2X7 selective antagonist, demonstrated no impact 
on the ATP response.  In addition, we cannot rule out PPADS nonspecific inhibition observed 
in HMEC-1 cells. 
 

4.4.3. The parallel flow system for mechanically stimulating endothelial cells in 
vitro still needs time to investigate the P2 contribution in the shear stress-
dependent responses. 
 
After tuning the calcium imaging setup, an ATP pharmacological assay confirmed the rig’s 
ability to record intracellular calcium changes and reproducibility. Immediately after, the first 
parallel flow chamber was tested as an option to stimulate HUVEC cells in vitro mechanically. 
HUVECs have been broadly used as a shear stress model and as the preferred model to isolate 
the mechanical response (Korenaga et al., 2001; Li et al., 2014; Swain et al., 2021; Wang et al., 
2015, 2016; Yamamoto, Korenaga, Kamiya, Ando, 2000). Physiological ranges for shear stress 
are diverse fluctuating from 0.5 dyne/cm2 in post-capillary venules (Brown et al., 2001) to 100 
dyne/cm2 in branches and bifurcations (Reinhart-King et al., 2008). In arteries, the values are 
in a range of  2-20 dyne/cm2 (Cheng et al., 2003; Chiu et al., 2011; Gerhold et al., 2016; Jackson 
et al., 2023; Reinhart-King et al., 2008), and HUVECs have demonstrated their ability to respond 
to shear stress in a range from 0.44 to 25 dyne/cm2 (Table 2) (Kraiss et al., 2003; Kraiss et al., 
2000; Ley et al., 1989; Li et al., 2014; Pearce et al., 1996; Swain et al., 2021; Walshe et al., 2013; 
Wang et al., 2016; Yamamoto, Korenaga, Kamiya, Ando, et al., 2000). Therefore, the first shear 
stress applied was 12 dyne/cm2. Note that even though HUVECs are vein cells, they are 
considered an arterial model for the characteristic way of the placenta vessels configuration 
(Lau et al., 2021). Many technical challenges prevented further investigation of this cell line. 
We decided to use a convenient and affordable source of Piezo1, 1321N1 human P2X4 stable 
astrocytoma cells, available in-house. This cellular line has not been used as a model for shear 
stress stimulations. Exceptionally, we found the work of Khan et al. (2013), who used 1321N1 
astrocytoma cells to investigate astrocyte cellular stiffness using a microfluidic manometer 
device. Although these cells do not express some receptors relevant to our study, such as P2Y2, 
Ranade et al. demonstrated that only the presence of Piezo1 in a heterologous system is 
enough to evoke shear stress-dependent calcium responses. I had the opportunity to probe 
myself the same ability of Piezo1 to elicit shear stress-dependent responses (Paz et al., 2023), 
agreeing with what was previously reported. Therefore, this cell line was considered 
appropriate to evaluate the feasibility of the Glycotech parallel flow chamber to stimulate 
Piezo1 mechanically. The failing rate with HUVECs was around 50%, which was conserved and 
even more dramatic when using hP2X4 astrocytoma cells (64.7%). We found several technical 
issues even when applying lower shear stress (0-8 dyne/cm2) to decrease the mechanical stress 
applied to the cells and better control the inconveniences. There were two main technical 
challenges using this parallel chamber: the cells' preactivation prior to voluntary mechanical 
stimulation and bubbling disruption. We believe the first type of activation is due to pressure 
from holding the gasket into the dish, which is needed to create a parallel flow channel. The 
vacuum needed to hold together the system was applied using an automatic vacuum line 
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whose magnitude was not adjustable, limiting the test of this hypothesis. The vacuum line 
could also produce fluctuations in the pressure strong enough to activate the cells 
mechanically before shear stress application. The bubbling disruption was the second issue we 
faced and made to improve the experiment's technical settings, adding one step in the saline 
solution preparation. When moving to Ibidi slides, all solutions were degassed correctly, as 
described in the methods section. 35.3% of the experiments culminated, but most portrayed 
no response upon shear stress stimulation. Just one highly confluent dish showed shear stress-
induced responses with mechanical response kinetics similar to those illustrated by Swain et 
al. However, that was never replicated, and all outputs suggested a change in the parallel flow 
chamber. 
 
Table 2. Published physiological values of shear stress in different vascular beds and HUVEC cells. 

 
 
 
The Glycotech parallel flow chamber is sold to perform well-controlled shear stress assays 
combined with immune cell-endothelial cell adhesion (Patton, 1996), as demonstrated on their 
website in the only reference (Brown et al., 2001). Other authors, such as Taite et al. (2006), 
have previously made this use. None of them reported unique culture details for cell 
monolayers exposed to shear stress, so we assumed they used technical specifications 
provided by the manufacturer. Glycotech indicates culturing the endothelial monolayer in 35-
mm coated/uncoated dishes until it reaches the confluence (± 24 hours in culture). We 
followed the instructions in both coated and uncoated dishes, but either alternative improved 
the setup. Kaur et al. are the only authors referring to this type of chamber to study shear 
stress effects directly in endothelial cell responses and phenotype. Although they did not use 
the one provided by Glycotech, it is very interesting that they designed almost an identical 
chamber that does not need a vacuum holding system, believed to be one of our main sources 
of issues. To surpass this, they designed an adaptation where the dish, gasket, and flow desk 
are held inside a metallic microscope support. The inlet and outlet are still accessible precisely 
in the same configuration as our Glycotech flow chamber. Additionally, they proposed the 
endothelial cell culture in dish plates with an incorporated coverslip to see the cells and strict 
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control of the temperature and CO2 during the assays. These modifications sound reasonable 
and needed for Glycotech to be a suitable system for mechanically stimulating endothelial cells 
in vitro. One constant limitation of this chamber and the Glycotech ones is the assumption of 
the flow media as a Newtonian fluid, which eases shear stress calculations with constant 
viscosity and density. However, this is a nonphysiological assumption, as blood is a non-
Newtonian fluid (Jackson et al., 2023). Sedlak et al. (2023) illustrated a method protocol to 
stimulate the cells using a Glycotech chamber mechanically. Unfortunately, this chapter refers 
to the rectangular parallel flow chamber, which differs far from ours and is not considered 
comparable.  
 
Given these technical challenges with the Glycotech chamber, we invested in a new parallel 
flow chamber type, the Ibidi µ-slide I0.4. This rectangular flow chamber is made of a polymer 
coverslip that is ready to use and can be precoated as needed. In this case, this type of slide 
does not need a vacuum system because the manufacturer already assembles the parallel 
chamber to create the experimental area, with the only need to culture the cell by adding a 
suspension directly to the slide. In addition, the fluid is not treated as Newtonian but as 
physiological non-Newtonian blood flow (Ibidi, 2019). The same peristaltic pump was used, as 
in the case of the Glycotech chamber, as it is one of the most recommended and used types 
of pump for these assays (Kaur et al., 2012; Sedlak et al., 2023). A peristaltic pump incorporates 
a rotor with multiple contact points that compress the inserted tubing, creating a squeezing 
action to propel the medium forward (Ibidi, 2019). Peristaltic pumps have been 
contraindicated in flow adhesion assays (Jackson et al., 2023), but as this is not our case, it 
appears to be the most adequate system to produce the desired shear stress.  The tubing 
provided by Peri-Start Pro, the pump manufacturer, was replaced with a non-silicone-based 
tube with low gas permeability to try to avoid as many bubbling issues as possible. With the 
same aim, the saline solution used to perfuse was always degassed prior to experimentation. 
A male elbow Luer connector was also used to ensure perfect coupling between the tubing 
and the slide and prevent any possible derived bubbling. The manufacturer explicitly suggested 
this connector and its impact on the shear stress applied should be negligible. Two generic cell 
models were used in the initial testing of these slides: 1321N1 astrocytoma hP2X4, as with the 
Glycotech chamber, and HeLa cell, which have been proposed to be shear stress-responsive  
(Schwachtgen et al., 1998) and they endogenously express Piezo1 (Pardo-Pastor et al., 2023). 
Using these two models was worthwhile as we observed improved success rates despite having 
no shear stress-dependent response. However, they could not induce shear stress calcium 
influx, so we invested in more HUVEC cells to evaluate the utility of these slides.  As three 
hours-seeded cells were the best in terms of success rate when using hP2X4 astrocytoma, this 
time point was used to determine its benefit in HUVEC cell assays. The idea of a lower seeding 
time was taken from Li et al. and Swain et al., whose calcium imaging recording were taken 
after 1-4 h seeded HUVEC cells, as typically cells are allowed 24 hours or more to sit in the 
plates before experimentation (Sedlak et al., 2023; Reinhart-King et al., 2008). This 
configuration's success rate massively improved, with 71.4% of assays successfully stimulated 
and just 14.3% of failure, which was much better than the ones obtained at 24 hours-seeded 
cells for HUVECs (no responsive cells recorded) and HMEC-1 cells (38.5% success rate), 
portraying the significant impact of the seeding time in the success of these assays. As HMEC-
1 cells were seeded at much lower confluency due to unpublished observations of the impact 
of the confluence in the mechanical stimulation of Piezo1, improving the successful rate might 
be a benefit by lower seeding confluences. We consider both cell lines capable of stimulating 
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mechanically, but HUVECs demonstrated to be a better model, at least with the applied 
settings. This agrees with Bastounis et al., who suggested after a transcriptional analysis of 
both cell lines that HUVECs showed upregulation of vascular tone and shear stress-related 
genes while downregulated in HMEC-1, profiling a model that might be more sensitive to 
mechanical cues and perturbations than HMEC-1 cells. As a next step, we propose further 
experimentation using the Ibidi µ-slide at 3-hour seeding times at a different confluence to 
ensure the highest degree possible in these cells. Additionally, a lower passage of cells is 
required; we should not use passages higher than five, as others have previously reported 
(Swain et al., 2021), and a bubble trapper to prevent as many inconveniences as possible.  
 
Nonetheless, there is an essential observed feature to comment on the mentioned responsive 
assays. The trace kinetics observed did not portray the rapid response, characterized by a peak 
that decays, and it is followed by a lower sustained phase observed in hP2X4 astrocytoma cells 
and others such as Swain et al. and Wang et al., but a slow, sustained phase which reaches the 
peak at the end of the recording. This is not a Piezo1 characteristic response, as the initial firing 
usually causes that initial peak with a more or less sustained phase. Although some papers 
show these very nice and clear Piezo1-dependent responses from 4 to 12 dynes/cm2 (Swain et 
al., 2021), others have shown a more complex response pattern when stimulating HUVECs in 
vitro from 3 to 25 dynes/cm2  (Li et al., 2014; Wang et al., 2015, 2016). Li et al. portrayed 
HUVECs shear stress responses in the Extended Data Figure 4, which also differed from those 
shown by Swain et al. Li et al. illustrated trace kinetics with a clear initial peak and a sustained 
response of the same magnitude that does not decay at 20 dynes/cm2. In addition, Wang et al. 
struggled to show any shear stress dependent in shear stresses lower than 15 dynes/cm2. They 
could illustrate shear kinetics at this magnitude, characterized by a rapid peak followed by a 
decayed sustained phase. They could not represent magnitude-dependent shear stress 
calcium responses, being the highest and mainly the only response at  15 dynes/cm2. However, 
something they all have in common, and we lack it, is the initial rapid response reaching a peak 
after the shear stress application. There is a main difference between our study and theirs: the 
HUVECs' source and cultivation conditions. In the cited published studies, cells were bought 
from Lonza, while ours were bought from Promo Cell. In the same way, cells were cultured 
using the Bullet kit EGM-2 to supplement their endothelial basal medium (EBM-2). The relevant 
point is the different supplementation content of the media where the cells were isolated and 
cultivated. One immediately observed difference was that their medium contained VEGF, and 
ours did not. In informal conversations with some authors, they referred to the critical point of 
the media supplementation for HUVECs' proper activation. That could be because VEGF could 
boost shear responses if VEGF receptors are integral components of the broader shear sensing 
machinery, as Tzima et al. proposed. Therefore, we considered the modification of culture 
conditions and, possibly, the change in HUVECs source manufacturer critical to try and 
replicate what others did to perform the P2 receptors characterization in dynamic conditions 
as we initially proposed. 
 
 

4.4.4. The Griess reagent was not valuable for measuring nitric oxide release in 
HMEC-1 cells in the tested conditions. 
 
In response to homeostatic stimuli, small quantities of nitric oxide (NO) are generated by 
neurons, endothelial cells, platelets, and neutrophils. Human endothelial cells line blood 
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vessels and are versatile cells capable of secreting various biologically active mediators. Nitric 
oxide is one of them, and a reduction in endothelial expression of NO commonly characterizes 
endothelial dysfunction. Various biological systems produce varying amounts of NO, and in 
vivo, the primary end products of NO oxidation are nitrite (NO2

-) and nitrate (NO3
-). The 

proportions of nitrite and nitrate generated from these reactions vary and cannot be reliably 
predicted. Given that the half-life of NO in plasma and other body fluids is only 4 seconds, the 
most reliable indicator of total NO production is considered to be the sum of nitrite and nitrate 
(Yucel et al., 2012).  In endothelial cells, NO is mainly synthesized from L-arginine by endothelial 
nitric oxide synthase (eNOS), a calcium-dependent enzyme  (Arnau del Valle et al., 2022). 
However, it can also be produced by an induced nitric oxide synthase (iNOS) in 
proinflammatory situations, which, on the contrary, is a calcium-independent enzyme (Arnau 
del Valle et al., 2022; Hemmrich et al., 2003). eNOS in endothelial cells produced low 
concentrations of nitric oxide, at the nanomolar scale, for short periods of time (Arnau del Valle 
et al., 2022). HMEC-1 cells have demonstrated their ability to evoke nitric oxide release (Lin et 
al., 2002; Nasoni et al., 2022; Vassalle et al., 2003), as well as HUVECs (Ashpole et al., 2014; 
Joshi et al., 2007; Lee et al., 2000; B. Yang et al., 2015; Z. Yang et al., 2015). However, since this 
type of assay had never been performed before, we decided to test it using the most 
economical cell line. 
 
The Griess reagent is an indirect measurement of nitric oxide based on the assessment of the 
nitrite accumulation (Tsikas, 2007). This study aimed to assess the applicability of the Griess 
reagent for measuring nitric oxide release shear stress-induced and further investigate the role 
of VEGF165 in this release. To preliminary test the utility of the reagent, known NO agonists 
were used. Others have proven the NO release upon Yoda1 (Wang et al., 2016), ATP (Lockwood 
et al., 2014), carbachol (Berkels et al., 2008; Miyashita et al., 2002), and VEGF165 (Dulak et al., 
2003; Hood et al., 1998; Kimura et al., 2003; Kroll et al., 1999; Mohammadi et al., 2022) 
stimulation in vitro. In the first attempt, responses to the cited agonist did not differ from blank 
(non-treated samples). Thus, a nitric oxide donor, SNAP, was used to corroborate Griess 
reagent's capacity to detect nitrite (Arnau del Valle et al., 2022; Lee et al., 2000). SNAP induced 
dose-dependent nitrite accumulation, which was benefited by longer starvation times in 
HMEC-1 cells. The measured amounts of nitrite are high (lower detected at 4 µM) for expected 
eNOS activity, reported to be in the nanomolar range. Additionally, Griess reagent has a 
technical limitation of 2.5 µM of nitrite. Although some authors showed the benefit of using it 
in HUVECs (Ashpole et al., 2014; Lee et al., 2000) and HMEC-1 (Lin et al., 2002) cells, many 
others preferred a modified and more sensitive version of this reagent to quantify NO release 
in endothelial cells in vitro (Joshi et al., 2007; Miyashita et al., 2002; Wang et al., 2016; B. Yang 
et al., 2015; Z. Yang et al., 2015). For this reason, we consider using the improved Griess 
reagent, which would measure nitrite and nitrate (Miyashita et al., 2002), as an alternative with 
higher sensitivity as the next step of this investigation. L-arginine did not impact the NO 
production in these preliminary tests. However, the external supply of the amino acid should 
favour nitric production (Joshi et al., 2007) and still be considered for further experimentation. 
One could argue that the detected NO in almost all the previously cited endothelial studies is 
in the micromolar range, and the Griess reagent should be sensitive enough to quantify 
changes in HMEC-1, as it was for Lin et al. Nevertheless, we know cells behave differently in 
different culture rooms, and we believe the basal release in our HMEC-1 could be lower than 
theirs, and then any change will be more challenging to quantify. In HUVECs, Lee et al. showed 
blank values of the medium without cells of 4 µM NO and in the presence of 100 µM SNAP of 
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20-25 µM NO after 18 hours plated. In contrast, we quantified 4 µM NO after 24 hours of 
starvation and 200 µM SNAP. We needed to use five times more SNAP to reach levels of NO 
similar to their levels, portraying the lower production of nitric oxide of HMEC-1 cells compared 
to others reported. Finally, the lack of carbachol and acetylcholine responsive to calcium in 
HMEC-1 is worth mentioning. While finding published carbachol-dependent calcium responses 
was challenging, Miyashita et al. compared nitric oxide production carbachol-induced in 
cardiac macrovascular and microvascular endothelial cells, where the microvasculature 
demonstrated their lack of ability to evoke NO release. Nonetheless, this release was 
upregulated and significantly increased in the presence of specific pharmacological tools. That 
could indicate low expression of muscarinic receptors in the microvasculature that could be 
regulated in certain situations. On the other hand, Lisec et al. (2023) showed a very low 
calcium-evoked acetylcholine-dependent trace in HMEC-1 when using 200 µM. Therefore, our 
lack of response could be due to the concentration rather than the absence of the muscarinic 
receptors in this cell line. 
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Chapter 5. General discussion. 
 

5.1 Key findings and concluding remarks. 
 
Endothelial calcium signalling is one of the main processes governing vascular endothelium 
function and mediates various cardiovascular functions such as vasodilation, vascular 
permeability, angiogenesis, and inflammation (Moccia et al., 2023). Changes in intracellular 
calcium concentrations occur in response to the activation of receptors by various agonists and 
mechanical stimuli in endothelial cells. One of these receptor families is the purinergic 
receptors, whose endothelial role and functional activity were the main focus of this 
investigation (Félétou, 2011). P2 receptors respond to ATP, eliciting intracellular calcium 
increase, both by calcium entry from the extracellular milieu (P2X ligand-gated ion channels) 
and through activation of the PLC pathway and subsequently cytosolic stores calcium release 
(P2Y receptors) (Miras-Portugal et al., 2020; Stokes et al., 2017, 2020). P2Y2 has been the most 
studied P2Y receptor in endothelial cells; its activity is linked to nitric oxide-dependent 
vasodilation, inflammatory responses, proliferation, and cell migration (Alexander et al., 2019; 
Cabou et al., 2022; Seye et al., 2004; Wang et al., 2015, 2016). However, it has not been the 
only one, as P2Y1, P2Y4, and P2Y6 have also been proposed to mediate these endothelial 
responses. P2Y11's function in the endothelium has been less investigated than the others. 
However, its involvement in inflammatory responses, cell proliferation, and cell migration has 
also been pointed out (Avanzato et al., 2016; Ng et al., 2018; Strassheim et al., 2020; Xiao et 
al., 2011). Of the P2X ion channels, P2X4 and P2X7 have been demonstrated to lead the 
function of this subfamily in endothelial cells. While P2X4 function is mainly believed to 
mediate flow-induced vasodilation (Korenaga et al., 2001; Sathanoori, Rosi, et al., 2015; 
Yamamoto, Korenaga, Kamiya, Ando, 2000; Yamamoto, Korenaga, Kamiya, Qi, et al., 2000), 
P2X7's role is portrayed in inflammatory conditions (Aslam et al., 2021; Burnstock et al., 2014; 
Schmid et al., 2019). Relevantly, the role of P2X4 has been challenged as some investigations 
failed to demonstrate its activity in human endothelial cells (Raqeeb et al., 2011; Wang et al., 
2015; Wilson et al., 2007). P2 receptors varied endothelium functions and involvement in 
physiological and pathophysiological processes make them promising targets for developing 
new therapeutic agents in cardiovascular disease. Many investigations have shown their roles 
independently in different endothelial cell types. However, a complete pharmacological and 
biomolecular characterization of the purinergic receptors in endothelial cells is challenging to 
find in the literature, which could help better understand their contribution to the endothelial 
calcium signalling and derived physiological process. 
 
This thesis's principal aim was to systematically characterise the purinergic signalling’s 
transcriptional, functional, and expressional profile in endothelial cells, using immortalized 
human microvascular endothelial cells (HMEC-1) as our primary model, contributing original 
knowledge to the current literature. Our experimental strategy enclosed i) transcriptional 
characterization of the cell line using RNA sequencing, ii) pharmacological tools to investigate 
the previously determined P2 candidate's contribution to the ATP-dependent calcium 
responses by intracellular calcium mobilisation assays, and iii) western blotting assessment of 
the protein expression of the demonstrated P2 candidates which previously showed 
pharmacological effects. Following the previous rationale, the vascular endothelial growth 
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factor (VEGF) and Piezo1 evoked responses were also pharmacologically depicted following 
the same methodology, and some mechanical assays for Piezo1 investigation, with the primary 
goal of finding a potential contribution of purinergic signalling to their response. Some 
pharmacological assays were also replicated in an endothelial primary cell line, human 
endothelial umbilical vein cells (HUVECs), to complement our findings and better understand 
some endothelial mechanisms. 
 
In the first part of this thesis (Chapter 3), we provided the transcriptional expression profile of 
the relevant calcium signalling toolkit in HMEC-1, allowing us to efficiently focus our 
pharmacological study on three different P2 receptors: P2X4, P2Y2, and P2Y11. The expression 
of the A2B receptor was also detected, and it was also sought when characterizing ATP and 
VEGF evoked responses for a complete understanding of the studied calcium influx. Our results 
evidenced P2Y2's significant contribution to the ATP-evoked responses in HMEC-1 cells, 
supported by ATP and UTP equipotency and the inhibition of the responses using its selective 
antagonist, AR-C 118925XX. Its role was also backed up by the impact on the ATP responses in 
the absence of extracellular calcium, the PLC inhibitor effects, and the SERCA inhibitor 
thapsigargin. Although the protein expression studies did not ease the confirmation at the 
protein level of P2Y2, we consider demonstrated P2Y2 functional expression in HMEC-1 cells. 
The unexpected parental astrocytoma results when probing the P2Y2 antibodies is a limitation 
challenging to surpass, and it should be further studied to understand better why, as this cell 
line has been demonstrated to be void of any P2 receptors. Still, residual responses upon this 
channel inhibition and PPADS observed effects could indicate slight participation of P2X4 or 
P2Y11 to the ATP response. Three P2X4 selective antagonists in this study did not inhibit ATP-
induced responses. However, PSB12062 impacted the ATP dose response, resulting in difficult-
to-interpret and complicated results that delayed our other studies. Because of this 
observation, we investigated the effects of ivermectin for possible positive allosteric 
modulation of P2X4. These results did not ease the situation, as ivermectin reduced the ATP 
response, possibly inhibiting SERCA activity. Another possibility for the residual responses 
observed upon P2Y2 inhibition was a contribution from P2Y11 to the ATP-induced responses. 
However, the P2Y11 selective antagonist, NF157, did not affect the response, opening the 
possibility for P2Y11 to be coupled to a Gαs-type protein instead of a Gαq-type, leading to the 
activation of the adenylyl cyclase pathway instead of the PLC pathway.  
 
Immediately after this characterisation, we studied the VEGF dose dependency calcium 
responses. VEGF receptor 2 is vital in regulating angiogenesis, vascular permeability, and shear 
stress transduction in the endothelium (Heinolainen et al., 2017; Rahimi, 2006; X. Wang et al., 
2020). Its capacity to evoke calcium responses is due to its tyrosine kinase nature, whose 
stimulation induces dimerization and autophosphorylation, activating the PLC pathway  (Li et 
al., 2011, 2015; Simons et al., 2016). The role of Orai1, CRAC channels, and various TRPC 
channels in contributing to the VEGF response (Hamdollah Zadeh et al., 2008; Jho et al., 2005; 
J. Li et al., 2015; Li et al., 2011) hypothesised that a purinergic contribution could also exist, as 
others have suggested some functional interaction between the two receptor families (Erb et 
al., 2006; Liao et al., 2014; Seye et al., 2004). In the same way as previously done for the ATP 
evoked response, and after demonstrating the concentration-response profile to VEGF165 in 
HMEC-1 cells, systematic calcium mobilisation inhibition assays were performed targeting the 
purinergic candidates previously tested. The VEGF165 concentration-response calcium profile 
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in endothelial cells had yet to be well reported, so our investigation contributes to a better 
understanding of VEGF activity in endothelial cells.  
 
P2Y2 selective antagonist did not impair the VEGF-evoked calcium influx, while P2Y11, 
ineffective in inhibiting any ATP-evoked responses, significantly diminished the calcium 
responses. At the same time, PSB12062 could impair the VEGF165 responses, while BAY1797, 
the most potent P2X4 antagonist, did not affect the dose responses. Given these results and 
to finally conclude the possible P2X4 involvement in the ATP and VEGF response, protein 
expression was performed, with the immunoblots clearly showing the lack of hP2X4 in HMEC-
1 cells. This result portrays one of the main limitations of our study, as the PSB12062 effects in 
the dose responses were unspecific. Our efforts during this time focused on understanding 
why this selective antagonist, broadly used to inhibit P2X4 but not the others, had an effect. In 
addition to this effect, the PPADS effects also supported the P2X4 hypothetical contribution. 
PPADS is a non-competitive antagonist of all P2X receptors and a partial agonist of some P2Ys 
in humans but not for the P2Y2 and P2Y11 receptors (Charlton et al., 1996; Communi et al., 
1999; Delaune, 2023; Ralevic et al., 1996). Thus, the only possibility for this PPADS effect was 
to impact P2X4 activity, concluding that both PSB12062 and PPADS have non-specific effects 
in either ATP or VEGF165 responses, and they are unreliable for studying P2 contribution in the 
microvasculature. 
 
Once P2X4 was discarded as a possible contribution to the ATP and VEGF response, P2Y11 was 
the only candidate portraying a contribution to the VEGF calcium-dependent responses. 
Because of the lack of effect of the P2Y11 selective antagonist, NF157, in the ATP dose 
response, our first hypothesis, and what drove our investigation around the adenylyl cyclase 
pathway, was the possibility of P2Y11 to be Gαs-coupled instead of Gαq. To study the 
involvement of cyclic AMP production observed effects, SQ22536, an adenylyl cyclase 
inhibitor, was used. This inhibitor was used alone or in combination with NF157 to understand 
the AC involvement better. SQ22536 did not reproduce what we saw when using the P2Y11 
inhibitor alone (a pronounced calcium inhibition) but caused a slight potentiation effect at 
lower concentrations of VEGF165. Because of our results and the explained hypothesis in the 
Chapter 3 discussion, a situation where P2Y11 is Gαs-coupled sounds unlikely and complex, and 
the pharmacological effects become difficult to justify. However, the possibility of P2Y11 being 
Gαq-coupled and present at the membrane upon VEGF stimulation could explain our results 
following the described Willoughby et al. system between Orai1 and AC8. The 
compartmentalization in the lipid rafts of G proteins, Orai channels, and ACs is the basis of the 
rationale for this hypothesis (Willoughby et al., 2007). Briefly, the mechanisms they described 
consisted of a reciprocal regulation between Orai1 calcium influx and cAMP production. Upon 
ER depletion, Orai1 activates and, in turn, facilitates localized calcium influx, activating AC8 
localized in the same lipid raft. AC8 will produce cAMP modulating Orai1 inactivation (Sanchez-
collado et al., 2020). HMEC-1 cells lack expression of AC8, which portrays a mechanistic gap as 
another isoform could interact with Orai1 in this fashion. This hypothetical interaction will 
smoothly explain our results, as Table 1 and 2 in Chapter 3 (Discussion) illustrate. The RNA 
sequencing showed a great expression of AC3, followed by AC6 and AC9. The last was not 
considered in our hypothesis as it is not calcium-regulated. AC3 activity is calcium-dependent, 
but its intricate nature and inhibition patterns make it difficult to understand this isoform's 
roles in calcium-dependent mechanisms and its activation via SOCE (Halls et al., 2011). On the 
other hand, AC6 is calcium-dependent, but its activity is inhibited in response to calcium 
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increase and via SOCE. Whether other calcium-sensitive AC can form similar complexes in non-
excitable cells is unclear but sounds plausible given our results and proposed mechanisms. 
P2Y11's contribution to VEGF165 calcium-evoked responses may illustrate a novel mechanism 
involving AC activity and Orai1 activation to modulate the VEGF primary response. 
Nonetheless, we know further characterization of this mechanism needs to be performed to 
confirm our hypothesis. We consider demonstrated P2Y11 protein expression as specific bands 
were detected significantly higher in HMEC-1 cells than in parental astrocytoma cells. 
Remarkably, both tested antibodies had difficulty directly detecting the receptor, and diverse 
blocking solutions testing was required until 5% sucrose-based blocking was determined 
suitable to investigate P2Y11 protein expression (and P2Y2). 
 
Once we observed the contribution effect of P2Y11 to the VEGF165 response, we believed it 
relevant to investigate if that was conserved in HUVECs, as it is the most characterized primary 
endothelial cell model, also in terms of VEGF calcium responses. Once the purinergic receptors 
transcriptional characterisation was performed, VEGF concentration response dependency 
assays were also completed. However, in this case, the P2Y11 antagonist did not impair the 
VEGF calcium responses as it did in HMEC-1 cells. There are multiple reasons for the 
mechanism not to be conserved, the most prominent one being the inconsistency when 
investigating the transcriptional levels of P2Y11 in HUVECs. Future research is needed to 
understand if P2Y11 is functionally expressed in HUVEC and, from there, try to understand the 
lack of P2Y11 involvement in the VEGF responses. HUVECs showed more prominent responses 
than HMEC-1 with different trace kinetics, indicating possible different contributors to the 
VEGF-evoked response. On the contrary, ATP responses were more prominent in HMEC-1 cells, 
with HUVEC responses much more transient than the others. These observations support the 
different transcriptional patterns observed in both cell lines, which could mean a different P2 
contribution to the ATP and VEGF165 responses. 
 
In the second part of this thesis (Chapter 4), we explored the functional expression of the 
Piezo1 channel in HMEC-1 and HUVECs to perform a pharmacological characterisation using 
the broad-spectrum purinergic antagonist and investigate the possible P2 involvement in the 
Piezo1 evoked responses. Piezo1 senses the blood flow-induced shear stress in the blood 
vessels, and its activation leads to ATP release and downstream activation of P2Y2, favouring 
the activity of the shear stress sensing complex and a sustained nitric oxide production (Tzima 
et al., 2005; Wang et al., 2015, 2016). The ATP released upon shear stress stimulation could 
also activate other P2 receptors functionally expressed in the endothelial cells, such as P2X4. 
P2X4 involvement in shear stress events has also been broadly published (Ando et al., 2013; 
Sathanoori, Rosi, et al., 2015; Yamamoto, Korenaga, Kamiya, Ando, et al., 2000; Yamamoto, 
Korenaga, Kamiya, Qi, et al., 2000). However, recent studies failed to demonstrate its 
participation in endothelial calcium signalling or nitric oxide production (Raqeeb et al., 2011; 
Wang et al., 2015). P2X4 participation is discarded in HMEC-1 cells, but exploring its possible 
involvement in HUVECs-induced Piezo1-dependent responses is still interesting. In addition, 
the effects of the broad-spectrum inhibitors in HMEC-1 were not significant, considering 
HUVEC cells a much more interesting model to further study purinergic involvement in Piezo1 
responses. Given the fact P2X4 is expressed at the protein level in HUVECs (unpublished data) 
and not in HMEC-1 cells, a direct interpretation could be that P2X4 might be active in this cell 
line. Even though we could not inhibit the ATP response at 30 µM, more efforts are needed to 
understand the functional expression or activity of P2X4 in HUVECs. Nonetheless, as previously 
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reported unspecific effects of PPADS also limit the interpretation of this data and selective 
antagonist assays should be done to evaluate specific P2 contribution to the Piezo1 response. 
Furthermore, we wanted to set up a functional parallel flow system to mechanically stimulate 
both cell types in vitro and study the possible contributions to the shear stress calcium-evoked 
responses of the P2 receptors in both cell lines in dynamic conditions. The dynamic 
characterization was challenging even though we tried two different parallel flow chambers 
and different conditions. The second parallel flow chamber, the Ibidi slide, was the best and 
technically friendly approach and the success rates started improving thanks to the lack of a 
vacuum line, its derived pressure, and lower cell seeding times. Although the responsive rates 
increased, the shear stress evoked response kinetics did not represent a typical Piezo1 
response in HUVECs nor HMEC-1 cells, characterized by a rapid initial peak followed by a more 
or less sustained phase. Taken all data together, we conclude that HUVECs were a better 
model, as portrayed in more promising responsive success rates. Nonetheless, efforts are still 
needed to clarify if different culture conditions might be affecting the mechanical stimulation 
of this cell line. Therefore, we could not perform the dynamic conditions investigation, and this 
specific goal is still an open study. Similarly, in the tested settings, we failed to demonstrate 
the Griess reagent capacity to measure nitric oxide release in HMEC-1 cells. 
 

5.2 Future directions. 
 
The research presented in this thesis provides an extensive description of purinergic receptors 
contribution to the ATP-evoked calcium response in human microvasculature endothelial cells 
(HMEC-1) and a possible novel mechanism of how P2Y11 contributes to the VEGF-dependent 
responses in the endothelium. However, this mechanism needs to be validated, potentially 
involving a knockdown model, to ensure the P2Y11 attribution of the responses. In addition, 
as two different adenylyl cyclases (AC3/AC6) have been proposed as potential candidates for 
this mechanism, further efforts should focus on confirming their expression and propose one 
of them as the mediator of the mechanism. As no selective AC isoform inhibitors exist, a similar 
strategy with a knockdown model could help investigate their involvement and protein 
expression characterisation that might involve western blotting and immunofluorescence. The 
protein expression studies should also involve VEGFR-2, P2Y11, and Orai1, another critical 
piece of the proposed mechanism. We proposed a Gαq-coupled P2Y11, which is not present in 
the membrane until VEGF stimulation, following the rationale proposed by Li et al. when 
studying Orai3's contribution to the VEGF response. Immunofluorescence could be useful to 
demonstrate that P2Y11 is not at the membrane unless VEGF is involved. Orai1 is proposed to 
mediate the SOCE calcium influx upon VEGF-P2Y11 calcium release stimulation in HMEC-1. In 
HUVECs, others have portrayed its role as a significant contributor to the VEGF-evoked calcium 
influx. As a player in the proposed mechanism, pharmacology characterization of the Orai1 
calcium contribution is also considered very relevant. A short-interfering RNA strategy and a 
pharmacological inhibition using S66, a CRAC selective blocker, will illustrate how this channel 
contributes to the VEGF response in the microvasculature and if the effects are comparable to 
those observed in HUVECs. Furthermore, in the absence of Orai1, it would be fascinating to 
investigate the levels of cAMP as we proposed AC activation dependent on this channel. That 
will demonstrate the direct dependency of adenylyl cyclases in the CRAC channel, and all 
together, with the confirmation of P2Y11's presence in the membrane and role in the firing 
calcium response, it will nicely support the proposed mechanism.  
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A potential future direction for this project is to determine an endothelial function where this 
mechanism can impact. Both receptors have been involved in vasodilation and angiogenesis; 
therefore, efforts could be focused on performing assays to determine their potential 
involvement. We already showed the preliminary assay trying to measure nitric oxide 
production using the Griess reagent, an indirect measurement of the nitric oxide based on 
nitrite accumulation. However, we considered it not sensitive enough and proposed using the 
improved Griess reagent as an alternative. We also consider using DAF-FM, a nonfluorescent 
reagent, until it reacts with nitric oxide, forming a fluorescent product (Agrawal et al., 2019; 
Bevers et al., 2006; Li et al., 2021; Li et al., 2003; Xu et al., 2007) or the two-photon fluorescent 
molecular probe, DANPY-NO (Arnau del Valle et al., 2022). A modulable nitric oxide release 
dependent on the mechanism proposed will show the utility of this mechanism to modulate 
vasodilation in HMEC-1. Furthermore, their role in cell migration and tube formation could 
portray some involvement in angiogenesis. As Li et al. did before, cell migration assays using 
Boyden chambers or an analysis of the tube formation using Matrigel in studies involving 
certain players' knockdown would illustrate the potential role of these proteins in 
angiogenesis. 
 
Piezo1 responses in static conditions were affected by purinergic broad-spectrum antagonists 
in HUVEC cells, while HMEC-1 cells were not. This and the better success rates in shear stress 
assays make HUVECs a more suitable cell line to study this possible contribution in both static 
and dynamic conditions. Furthermore, we consider it critical to evolve the HUVEC's 
pharmacological characterisation in the same way we performed the HMEC-1 cells, as it might 
help to understand better the shear stress responses and also the lack of translation for the 
mechanism above between HMEC-1 and HUVECs. Relevantly, P2X4 was demonstrated to be at 
the protein level in HUVECs. Pursue its expression and function in endothelial cells because the 
controversial beliefs about the channel would favour general knowledge. Finally, we do not 
underestimate the value of characterising the shear stress calcium responses in HMEC-1 cells, 
as this model has not been previously studied. Decoding the shear stress mechanism in another 
vascular model and its potential purinergic involvement would benefit the human 
endothelium's functional knowledge. 
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Appendix. 
 

Appendix I. VEGF receptors and ligands expression from The Human 
Protein Atlas. 
A summary of normalised single cell RNA from all single cell types. Colour-coding is based on 
cell type groups, each consisting of cell types with functional features in common. 
 
FLT1-VEGFR-1 
 

 
KDR-VEGFR-2 

 
 
FLT4-VEGFR-3 
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VEGFA 

 
VEGFB 

 
VEGFC 

 
VEGFD 
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Appendix II. Li et al., 2011 VEGF165 trace kinetics in HUVECs. 
A. Example traces showing the VEGF response and the effects U73122 on the VEGF response 
in the presence of extracellular Ca2+ (1.5 mmoles/L). B. Example trace showing the VEGF 
response in the absence of extracellular Ca2+. 
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