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SUMMARY 

 

Cholestasis is an important liver pathology. During cholestasis bile acids accumulate 

in the bile canaliculus affecting hepatocyte viability. The actions of bile acids require 

changes in the release of Ca2+ from intracellular stores and in Ca2+ entry. The 

target(s) of the Ca2+ entry pathway affected by bile acids is, however, not known. 

The overall objective of the work described in this thesis was to elucidate the 

target(s) and mechanism(s) of bile acids-induced modulation of hepatocytes calcium 

homeostasis.  

First, it was shown that a 12 h pre-incubation with cholestatic bile acids (to mimic 

cholestasis conditions) induced the inhibition of Ca2+ entry through store-operated 

Ca2+ channels (SOCs), while the addition of choleretic bile acids to the incubation 

medium caused the reversible activation of Ca2+ entry through SOCs. Moreover, it 

was shown that incubation of liver cells with choleretic bile acids counteracts the 

inhibition of Ca2+ entry caused by pre-incubation with cholestatic bile acids. Thus, it 

was concluded that SOCs are the target of bile acids action in liver cells. 

Surprisingly, despite the effect of choleretic bile acids in activating SOCs, the Ca2+ 

dye fura-2 failed to detect choleretic bile acid-induced Ca2+ release from intracellular 

stores in the absence of extracellular Ca2+. However, under the same conditions, 

when the sub-plasma membrane Ca2+ levels were measured using FFP-18 Ca2+ dye, 

choleretic bile acid induced a transient increase in FFP-18 fluorescence. This 

evidence suggested that choleretic bile acids-induced activation of Ca2+ entry 

through SOCs, involving the release of Ca2+ from a region of the endoplasmic 

reticulum (ER) located in the vicinity of the plasma membrane.  



 

To explore the possible requirement of a small sub-region of the ER in SOCs 

activation, TRPV1 channels ectopically expressed in the ER, were used as an 

alternative approach. Using this strategy it was demonstrated that TRPV1 agonists 

mediated the release of Ca2+ from the bulk of the ER (detected by cytoplasmic fura-2 

but not by sub-plasma membrane FFP-18) but failed to activate SOCs in liver cells. 

This represents additional evidence for the suggested role of a small sub-region of 

the ER in the activation of SOCs.  

Finally, the effect of either choleretic bile acid taurodeoxycholate (TDCA) or TRPV1 

agonists, on the distribution of the ER calcium sensor stromal interaction molecule 1 

(STIM1) (required for SOCs activation) was investigated. It was observed that 

TDCA caused the reversible redistribution of STIM1 into punctate aggregates within 

the ER sub-region in the vicinity of the plasma membrane, similar to that induced by 

the ER (Ca2++Mg2+) ATPase pump inhibitor, thapsigargin. TRPV1 agonists 

however, do not induce the redistribution of STIM1 proteins in the majority of cells 

expressing TRPV1. 

In summary, the work described in this thesis indicates that the main type of plasma 

membrane Ca2+ channel, inhibited by cholestatic bile acids and activated by 

choleretic bile acids, is the hepatocyte SOC. Additionally, this work provides 

evidence that bile acids activated SOCs by a mechanism that involves the release of 

Ca2+ from- and the STIM1 redistribution within- a small sub-region of the ER 

located in the vecinity of the plasma membrane. 
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CHAPTER I: INTRODUCTION 

 

 

The work undertaken in this thesis investigates the effects of bile acids on the 

regulation of Store-Operated Ca2+ Channels (SOCs) in liver cells. Additionally, the 

role of the endoplasmic reticulum in the activation of SOCs will also be examined. 

Therefore this introductory chapter will cover: (i) the liver role, physiology and 

structure, including cellular organisation and function; as well as the causes and 

consequences of the pathological condition, cholestasis; (ii) the regulation of Ca2+ 

homeostasis in liver cells, including the different Ca2+ permeable channels presents 

in the plasma membrane; (iii) the physiological relevance, properties and activation 

mechanism of one of these Ca2+ permeable channels, called the store-operated Ca2+ 

channels (SOCs); (iv) finally, some facts about the role of the endoplasmic 

reticulum, in the activation of SOCs, will be presented. 

1.1 Liver physiology and effects of bile acids accumulation during 
liver cholestasis  

1.1.1. Roles of the liver in whole body homeostasis 

The liver plays a central role in the metabolism, detoxification, and overall 

regulation of the body homeostasis. During fetal development, the liver is the 

primary organ of hematopoiesis and is required for the maintenance of normal bone 

marrow formation. The liver is involve in the efficient uptake of amino acids, 

carbohydrates, lipids and vitamins and their subsequent storage, metabolic 

conversion and release into the blood and bile. Additionally, the liver performs 
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several roles in carbohydrate metabolism, including: (i) the synthesis of glucose from 

certain amino acids, lactate or glycerol (Gluconeogenesis); (ii) the breakdown of 

glycogen into glucose (Glycogenolysis); (iii) the formation of glycogen from glucose 

(Glycogenesis); and (iv) the breakdown of insulin and other hormones. The liver also 

performs several roles in lipid metabolism including cholesterol synthesis and 

triglycerides production.  

This organ is responsible of the synthesis and trans-cellular movement of bile acids, 

bile fluid, and the synthesis and secretion of proteins (Leite and Nathanson, 2001; 

Boyer, 2002b). Additionally, the liver is the hepatic bio-transformation of 

hydrophobic substances into water-soluble derivates that can be excreted into bile or 

urine (Leite and Nathanson, 2001). The liver breaks down toxic substances and most 

medicinal products. Furthermore, the large vascular capacity of the liver operates as 

a reservoir of blood volume in the circulation (Miayai, 1991). The liver’s function 

also influences the central nervous system, endocrine organs and the immune system 

(Leite and Nathanson, 2001).  

In human, the liver is among the few internal organs capable of regenerating lost 

tissue; as little as 25% of intact liver can regenerate into a whole liver again. There is 

no artificial organ, or device, capable of emulating all the functions of the liver.  

1.1.2. The structure of the structure 

The liver is the largest glandular organ of the body, constituting approximately 2% to 

5% of the body weight. According to the “functional vascular anatomy” the liver is 

divided into VIII segments with independent afferent and efferent blood supplies. 

The caudate segment (segment I) is considered autonomous and the remaining 

segments are named clockwise from II to VIII (Dawson and Tan, 1992). The 
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“classical anatomy” divides the organ in four lobes, according to the peritoneal 

attachments and surface fissures of the liver (Fig. 1.1 A, a). Within each liver lobe, 

the tissue (liver parenchyma) is arranged into hexagonal-shaped lobules each 

comprised of a central vein surrounded by six portal triads (Fig. 1.1 A, b) (Young 

and J.W, 2000; Mohammed and Khokha, 2005). Each portal triad is comprised of a 

hepatic vein, hepatic artery and bile duct (Fig. 1.1 A, c). 

The predominant cell in the liver is the hepatocyte (parenchymal cell) which 

represents ~ 70% of all cells in the liver (Dawson and Tan, 1992; Boyer, 2002b; 

Mohammed and Khokha, 2005). Endothelial cells, biliary epithelial cells 

(cholangiocytes), hepatic stellate cells, Kupffer cells (macrophages) and oval cells, 

also play important roles in the liver. Hepatocytes, often considered as specialised 

epithelial cells, are organised in single-cell plates (Fig. 1.1 B). The hepatocyte plates 

are perfused by blood from the gut (hepatic portal vein) and heart (hepatic artery), 

which drains into the central vein (Fig. 1.1 B). The bile canaliculi (surrounded by the 

adjacent membranes of two hepatocyte lines) collects bile fluid from each hepatocyte 

and moves this fluid to the bile duct (Figs. 1.1 A and 1.2). 
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Fig. 1.1. Liver anatomy and hepatocytes organisation. (A) Drawing of the major 
lobes of rat liver (a), the relationship between the central vein and portal triads (b), 
and the arrangement of the hepatic vein, hepatic artery, bile duct, hepatocyte plate 
and sinusoidal space (c), is presented. (B) A schematic drawing of the hepatocyte 
plates showing the direction of blood flow from the hepatic portal vein and hepatic 
artery to the central vein, and the direction of bile flow through the bile canaliculus. 
This figure is adopted from (Barritt et al., 2008). 
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Consistent with the complex function and architecture of the liver, hepatocytes are 

highly differentiated cells exhibiting spatial polarisation and a characteristic 

intracellular organization (Berry et al., 1991; Hubbard et al., 1994; Zegers and 

Hoekstra, 1998; Boyer, 2002b; Wakabayashi et al., 2006). Some features of the 

spatial polarity of hepatocytes are schematically shown in Fig. 1.2. The plasma 

membrane (PM) of each hepatocyte is differentiated into the sinusoidal (basal), 

contiguous (lateral), and canalicular (apical domains) domains. The sinusoidal 

domain, facing the blood circulation, comprises more than 70% of the surface area, 

contains many receptors, transport systems and ion channels, which facilitate 

exchange of nutrients and other solutes between hepatocytes and the systemic 

circulation. The lateral domain is mainly involved in intracellular communications 

through cell adhesion molecules and intracellular junctions such as tight junctions, 

desmosomes, and gap junctions. Gap junctions permit the movement of molecules 

between adjacent hepatocytes (Berry et al., 1991; Hubbard et al., 1994; Zegers and 

Hoekstra, 1998; Boyer, 2002b; Wakabayashi et al., 2006). The canalicular domain 

(formed by the facing plasma membrane of two adjacent hepatocytes), is separated 

from the sinusoidal and lateral domains by tight junctions. It has been described that 

the canalicular domain is involved in the secretion of bile acids and polymeric 

immunoglobulin A into the bile; the unique excretory products of hepatocytes 

(Nathanson and Boyer, 1991). The trafficking of proteins and vesicles through the 

hepatocyte cytoplasmic space is critical for the maintenance of hepatocyte spatial 

polarity and for many hepatocyte functions (Zegers and Hoekstra, 1998; 

Wakabayashi et al., 2006). 
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Fig. 1.2. Schematic representation of the hepatocyte spatial polarity. The scheme 
shows the different hepatocytes domains and the pathways of bile acid movement 
and vesicle trafficking in hepatocytes within the hepatocyte plate. This figure is 
adapted from (Barritt et al., 2008). 
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As shown in Fig. 1.3, hepatocytes are enriched in rough and smooth endoplasmic 

reticulum (ER). This comprises an extensive array of interconnecting membranes 

that exhibit remarkable spatial extensions forming cisternae and tubules and has 

continuity with the nuclear envelope (Wang et al., 2000). The ER is the largest 

compartment in hepatocytes, its surface area is ~ 38 times that of the PM and 

constitutes ~ 15% of the total cellular volume (Lippincoott-Schwartz, 1994). As 

described below, this intracellular organelle is one of the focal points of this thesis. 

 

 

 

 

 

 

 

 

Fig. 1.3. Electron micrographs of hepatocytes. Panel A shows electron 
micrographs of whole hepatocytes showing different intracellular organelles. Panel B 
shows a zoom image of an intracellular region showing in fine detail the structure of 
the endoplasmic reticulum. Scale bars are 5 µm This figure is adapted from (Wang et 
al., 2000). 
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1.1.3. Cholestasis and the consequences of bile acid accumulation in liver 

Cholestasis is an important liver pathology, which can lead to primary sclerosis and 

liver failure  (Boyer, 2002a; Maddrey, 2002; O'Leary and Pratt, 2007). Cholestasis 

arises from hepatocyte dysfunction or intrahepatic or extrahepatic biliary obstruction 

leading to impaired movement of bile along the biliary duct tree and impaired 

secretion of the components of bile fluid into the bile canaliculus. Cholestasis has 

many causes including primary sclerosing cholangitis, primary biliary cirrhosis, liver 

disorders associated with liver injury, and genetic abnormalities in hepatocyte bile 

acid transporters. Additionally, cholestasis is associated with decreases in the 

expression and/or activity of hepatocyte bile acid transporters (Boyer, 2001).  

In cholestasis, conjugated and unconjugated bile acids accumulate in hepatocytes and 

the blood (Boyer, 2001). Hepatocytes play a central role in the synthesis of bile acids 

and in the movement of bile acids from the portal blood to the gallbladder and 

intestine. Bile acids are transported from the blood across the basal (sinusoidal) and 

basolateral membranes of hepatocytes, through the cytoplasmic space, and then 

across the canalicular membrane into the bile canaliculus.  

Bile acids can be classified according their hydrophobicity, the more hydrophobic 

bile acids (such as taurolithocholic (TLCA), lithocholic (LCA), cholic (CA) and 

taurocholic (TCA) acids), are called cholestatic bile acids; while the less 

hydrophobic bile acids (such as taurodeoxycholic (TDCA), tauroursodeoxycholic 

(TUDCA) and ursodeoxycholic (UDCA) acids), are called choleretic bile acids.  

It has been shown that cholestatic bile acids induce bile flow inhibition (Boyer, 

2002a). Additionally, it has been reported that cholestatic bile acids induce liver 

injury, leading to apoptosis and necrosis of hepatocytes (Chieco et al., 1997; Benz et 
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al., 1998; Sodeman et al., 2000; Higuchi and Gores, 2003; Higuchi et al., 2003; 

Borgognone et al., 2005). In addition, it has been shown that cholestatic bile acids 

induce mitochondrial depolarisation (Rolo et al., 2000; Huang et al., 2003; Criddle et 

al., 2004; Voronina et al., 2004).  

In contrast with the deleterious effects of cholestatic bile acids, it has been described 

that choleretic bile acids enhance bile flow (Boyer, 2002a). Furthermore, it has been 

reported that choleretic bile acids TUDCA and UDCA have been used at 

pharmacological doses to treat cholestasis (Bouchard et al., 1993; Jacquemin et al., 

1993; Azer et al., 1995; van de Meeberg et al., 1996; Kinbara et al., 1997; Poupon et 

al., 1997; Beuers et al., 1998; Ono et al., 1998; Fabris et al., 1999; Pares et al., 2000; 

Lazaridis et al., 2001).  

Central to the physiological, pathological, and pharmacological actions of bile acids 

on hepatocytes are the bile acid-induced changes in the cytoplasmic free Ca2+ 

concentration ([Ca2+]cyt). The results of experiments conducted with hepatocytes and 

hepatocyte cell lines have shown that bile acids increase [Ca2+]cyt  (Combettes et al., 

1988b; Combettes et al., 1990; Beuers et al., 1993a; Bouscarel et al., 1993), release 

Ca2+ from intracellular stores (Combettes et al., 1988b, a; Beuers et al., 1993a) and 

induce Ca2+ entry into hepatocytes (Beuers et al., 1993a; Beuers et al., 1993b). It has 

been shown that while cholestatic bile acid TLCA inhibits Ca2+ entry (Combettes et 

al., 1990; Beuers et al., 1993a; Beuers et al., 1999), choleretic bile acid (TUDCA) 

stimulates bile flow probably by activating Ca2+ entry and increasing hepatocyte 

[Ca2+]cyt (Combettes et al., 1988b; Beuers et al., 1993a; Beuers et al., 1993b; 

Bouscarel et al., 1993). This, in turn, may activate Ca2+-dependent myosin light 

chain kinase and the polymerisation of F-actin, and enhance contraction of the bile 

canaliculus (Watanabe and Phillips, 1984).  
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Little is known about the Ca2+ regulation pathways modulated by bile acids in liver 

cells. The next section will present some information about the regulation of Ca2+ 

homeostasis in liver cells. 

1.2 Regulation of calcium homeostasis in liver cells 

1.2.1. General features 

An increase in cytoplasmic Ca2+ concentration ([Ca2+]cyt) is a ubiquitous signalling 

messenger that regulates a broad spectrum of distinct cellular processes (Berridge, 

1993; Carafoli, 2002; Parekh and Putney, 2005). In hepatocyte, [Ca2+]cyt regulates 

glucose and fatty acid metabolism, bile acid secretion, protein synthesis and 

secretion, the movement of lysosomes and other vesicles, the cell cycle and cell 

proliferation, as well as apoptosis and necrosis (Leite and Nathanson, 2001; Boyer, 

2002b; Enfissi et al., 2004; Dixon et al., 2005; Nieuwenhuijs et al., 2006; O'Brien et 

al., 2007).  

An increase in cytoplasmic Ca2+ concentration can occur in one of two ways: 

through the release of Ca2+ from intracellular stores; or by Ca2+ entry across the 

plasma membrane. In Fig. 1.4 the different entities that contribute to the cellular 

cytoplasmic Ca2+ concentration are schematically shown.  
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Fig. 1.4. Intracellular Ca regulation2+ . The plasma membrane Ca2+ entry channels, 
the Ca2+ extrusion across the plasma membrane mediated by the plasma membrane 
(Ca2+ + Mg2+)ATP-ases (PMCA), and by the Na+-Ca2+ exchanger (NCX). Ca2+ 
uptake by the ER is mediated by the ER (Ca2+ + Mg2+)ATP-ase (SERCA) and Ca2+ 
outflow from the ER by IP3 and ryanodine receptors (RyR). Ca2+ uptake by 
mitochondria is mediated by an electrogenic Ca2+ uni-porter and Ca2+ outflow by 
Na+/Ca2+ and H+/Ca2+ anti-porters. Golgi also possess IP3R and (Ca2+ + Mg2+)ATP-
ase (SPCA). Numerous Ca2+ binding proteins are present in the cytoplasmic space 
and in organelles.  

1.31.3



Chapter I: Introduction 12

1.2.2. Role of intracellular stores in the regulation [Ca2+]cyt  

The resting level of Ca2+ in the cytoplasmic space of non-excitable cells is ~ 100nM. 

As showed in Fig 1.4, there are several intracellular organelles such as endoplasmic 

reticulum, mitochondria, Golgi apparatus, lysosomes, nuclear envelope (contiguous 

with the ER), and possibly secretory granules, which contributes to regulated 

[Ca2+]cyt (Prakriya and Lewis, 2001; Sorrentino and Rizzuto, 2001).  

Among the different intracellular stores mentioned above, the endoplasmic reticulum 

(ER) plays a central role in the regulation of [Ca2+]cyt. Studies with hepatocytes have 

shown that Ca2+ can be released from the ER by types 1 and 2 inositol 1,4,5-

trisphosphate receptors (IP3R), (Wojcikiewicz, 1995; Hirata et al., 2002) and from 

ryanodine receptors (Pierobon et al., 2006). However, the uptake of Ca2+ by the ER 

is mediated by the ER (Ca2+ + Mg2+)ATP-ase pump (SERCA).  

It has been described that the release of Ca2+ from the ER is involved in different 

cellular process, such as: hormone-induced Ca2+ oscillations (Woods et al., 1986, 

1987; Rooney et al., 1989, 1990; Thomas et al., 1991); vesicle trafficking (Gorelick 

and Shugrue, 2001); release of stress signals (Kaufman, 1999); regulation of 

cholesterol metabolism (Brown and Goldstein, 1999), and apoptosis (Ferri and 

Kroemer, 2001). The release of Ca2+ from intracellular stores (ER) is transient event. 

This is in part due to Ca2+- and/or ligand-dependent inactivation of the release 

channels themselves; as well as due to the clearance of Ca2+ from the cytoplasmic 

space by re-sequestration into the ER (by the action of SERCA pumps) and into 

other organelles, particularly mitochondria (Barritt et al., 2000; Gaspers and Thomas, 

2005; Delgado-Coello et al., 2006). Additionally, Ca2+ can be actively extruded from 

the cell by plasma membrane (Ca2+ + Mg2+)ATP-ases (PMCA) (Howard et al., 1994; 
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Delgado-Coello et al., 2003) and Na+/Ca2+ exchangers (Studer and Borle, 1992; 

Gasbarrini et al., 1993; Delgado-Coello et al., 2006). 

1.2.3. Ca2+ entry across the plasma membrane 

1.2.3.1 Gradient of Ca2+ in the cells 

As illustrated in Fig 1.4, the extracellular free Ca2+ concentration in the physiological 

range is ~ 1.3mM (reviewed in (Clapham, 1995)). Considering the low levels of 

cytoplasmic Ca2+
 (100nM), the  gradient for Ca2+ across the plasma membrane 

represents a difference in concentration of 10,000-fold. Additionally, the resting 

membrane potential of non-excitable cells is ~ -70mV. Despite this huge 

electrochemical driving force (in favour of Ca2+ entry), resting cells generally have 

low membrane permeability to Ca2+. However, modest increases in the membrane 

permeability result in large Ca2+ entry, due to the Ca2+ electrochemical driving force. 

An increase in membrane permeability to Ca2+ can be produced by the opening of 

Ca2+-permeable ion channels in the plasma membrane. 

1.2.3.2 Ca2+-permeable channels in liver cells 

A variety of different Ca2+-permeable channels have been found to coexist in the 

plasma membrane of liver cells. They are described as follows:  

- Receptor-operated channels (reviewed in (Barritt, 1999; Barritt et al., 2008)): these 

channels open as result of the binding of an agonist (such as hormones or other 

agonists) to its receptor. In this case, the receptor protein is separate from the 

channel protein. The binding of the agonist to its receptor in the extracellular 

space, either activates the channel directly or generates an intracellular messenger 

which binds to a region on the cytoplasmic domain of the channel, leading to 

activation of the channel.  
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- Ligand-gated channels ((Capiod, 1998) and reviewed in (Barritt, 1999; Barritt et al., 

2008)): these channels are activated directly by the binding of an external ligand to 

the channel proteins that contain both, the binding site for the ligand and the pore of 

the ion channel. They are non-selective cation channels, which, under physiological 

conditions, admit considerable amounts of Na+ as well as Ca2+. 

- Stretch-activated Ca2+-permeable channels (Bear, 1990; Bear and Li, 1991; Barros 

et al., 2001): these channels open by transduction of mechanical forces (eg., plasma 

membrane stretch induced by increases in cellular volume).  

- Store-operated Ca2+ channels (Rychkov et al., 2001; Litjens et al., 2004): these 

channels open in response to a decrease in the endoplasmic reticulum Ca2+ 

concentrations. They are high selective for Ca2+ and their main function is the 

replenishment of the ER Ca2+ levels. Moreover, it has been suggested that SOCs 

are the main Ca2+ entry pathway activated by hormones and growth factors in 

hepatocytes (Rychkov et al., 2001; Rychkov et al., 2005). This channel will be the 

focus of attention in the next section. 

1.3 Store-operated Ca2+ channels (SOCs)  

The concept of store-operated Ca2+ entry arose from the work of Putney and 

colleagues (Putney, 1986). They concluded that the decrease of Ca2+ from 

intracellular stores (the ER) trigged by receptor agonists, could initiate the activation 

of Ca2+ entry through the plasma membrane. Such a phenomenon was subsequently 

described to be a ubiquitous pathway of Ca2+ entry, apparently existing in all 

eukaryotes from yeast (Locke et al., 2000) to humans (Partiseti et al., 1994).  
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1.3.1. Physiological significance of Ca2+ entry through SOCs 

It has been described that SOCs appears to be important for a wide range of 

biological processes such as: gene transcription, cell proliferation, exocytosis, 

secretion, chemotaxis, fertilization, among others (Fanger et al., 1995; Artalejo et al., 

1998; Fomina and Nowycky, 1999; Saunders et al., 2002; Sweeney et al., 2002; 

Ishikawa et al., 2003; Yoshida et al., 2003). Additionally, it has been proposed that 

Ca2+ entry through SOCs is required for the maintenance of bile flow in rats. The 

mechanism proposed by which SOCs could regulated the bile flow is by contributing 

to the increase in the hepatocyte [Ca2+]cyt that initiates contraction of the bile 

canaliculus (Gregory et al., 2004a). 

At the cellular level, when Ca2+ is released from intracellular stores, store-operated 

calcium entry is required as described below: 

- During transient stimulation, for example occurring with cholinergic 

neurotransmission, Ca2+ entry through SOCs, replenishes rapidly the intracellular 

Ca2+ stores, leaving the cells ready for subsequent stimulations. 

- Store-operated calcium entry provides a way for inducing sustained elevation in 

[Ca2+]cyt. For example, in the maintenance of smooth muscle tone, a sustained 

[Ca2+]cyt elevation is needed. This cannot be achieved without a calcium entry 

mechanism, because intracellular stores contain a finite amount of Ca2+ to provide 

an elevated [Ca2+]cyt for only few minutes.  

- Finally, SOCs are described to be involved during the Ca2+ oscillations response. In 

this case, store-operated Ca2+ entry provides the refilling of intracellular Ca2+ 

stores, to maintain the amplitude of each intracellular Ca2+ spike. In the absence of 

Ca2+ entry the spike height would gradually diminish. Previous studies, with 
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primary cultured rat hepatocytes, demonstrated that Ca2+ entry through SOCs were 

required to maintained the oscillatory response of hormone-induced Ca2+ 

oscillations (Gregory and Barritt, 2003). 

Additionally, it has been found, that Ca2+ entry through SOCs is involved in the 

regulation of several enzymes; such is the case of adenylate cyclase (Cooper et al., 

1998; Fagan et al., 1998; Gu and Cooper, 2000) and endothelial nitric-oxide synthase 

(Lin et al., 2000). SOCs activation may also be important for the remodelling of 

plasma membrane such as phosphatidyl serine externalisation, which is one of the 

early characteristics of cells undergoing apoptosis (Martinez et al., 1999; 

Kunzelmann-Marche et al., 2001).  

1.3.2. Approaches to activate SOCs 

Under physiological conditions, SOCs are activated by Ca2+ release from the 

endoplasmic reticulum induced by an increase in the levels of inositol 1,4,5-

trisphosphate (IP3), produced through receptor stimulation, or other Ca2+-releasing 

signals (reviewed in (Parekh and Penner, 1997; Parekh and Putney, 2005)). 

Additionally, SOCs can be activated by any method that induces the decrease of Ca2+ 

in the ER such as:  

- By addition of sarcoplasmic/endoplasmic reticulum Ca2+-ATPase (SERCA) 

inhibitors like thapsigargin and di-tert-butylhydroquinone (DBHQ). The inhibition 

of the SERCA pump would impede the active endoplasmic reticulum Ca2+ 

refilling; hence would causing the depletion of the ER Ca2+ content (Hoth and 

Penner, 1992; Parekh and Penner, 1995, 1997; Hofer et al., 1998; Lewis, 1999).  

- By cytoplasmic IP3 elevation via dialysis of the cytoplasm with IP3 (Putney, 1986; 

Hoth and Penner, 1992; Parekh and Penner, 1997; Rychkov et al., 2001). Usually 
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the IP3 addition is combined with cytoplasmic Ca2+ chelation induced with high 

concentrations of Ethylene Glycol-bis(b-aminoethyl ether)-N,N,N´N´-Tetraacetic 

Acid (EGTA). This compound chelates the Ca2+ that leaks from the stores and 

hence prevents store refilling.  

- By diminishing the free intraluminal Ca2+ concentration in the ER via loading the 

cells with membrane-permeable metal Ca2+ chelators like N,N,N',N'-tetrakis(2-

pyridylmethyl) ethylene diamine (TPEN) (Hofer et al., 1998; Chan et al., 2004); or 

by addition of Ca2+ ionophore ionomycin, which permeabilise the ER membrane 

(Morgan and Jacob, 1994). 

1.3.3. Mechanism of activation of SOCs 

1.3.3.1 Molecular identities of the ER Ca2+ sensor and the PM Ca2+ permeable 
channel 

The molecular identity of the ER Ca2+ sensor that detects the decrease in ER Ca2+, 

and the Ca2+-permeable channel (SOCs) that consequently opens at the PM, 

remained elusive for almost 20 years. Recent studies have shown that Orai1 proteins 

constitute the pore of SOCs; while Stromal Interaction Molecule 1 (STIM1) proteins 

constitute the “Ca2+ sensor”, which detects the decrease in Ca2+ in the ER and 

communicates this information to Orai1 in the plasma membrane (Liou et al., 2005; 

Roos et al., 2005; Zhang et al., 2005; Feske et al., 2006; Mercer et al., 2006; Peinelt 

et al., 2006; Prakriya et al., 2006; Soboloff et al., 2006b; Spassova et al., 2006; Vig 

et al., 2006; Yeromin et al., 2006; Zhang et al., 2006).  

STIM1 is a protein with only one transmembrane domain and no known catalytic 

activity. The N-terminal region of STIM1 (within the ER lumen) includes a sterile α-

motif (SAM), which often mediate oligomerization, and most importantly, a single 

EF-hand that binds Ca2+ (Williams et al., 2001) (Fig. 1.5). Orai1 is a protein with 
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four membrane-spanning regions (M1–M4); it is incorporated into the PM with its 

M3–M4 loop in the extracellular space (Prakriya et al., 2006) and its N and C termini 

in the cytoplasmic space (Feske et al., 2006; Vig et al., 2006) (Fig. 1.5). Orai1 

mRNA is widely expressed (Feske et al., 2006) and its function conserved across 

diverse species. The M1-M2 loop of the Orai1 channel is the region involved in the 

ion selectivity and Gd3+ inhibition (Yeromin et al., 2006). Both proteins contain 

cytoplasmic proline-rich regions (Fig. 1.5, S/P) and coiled-coil domains (Fig. 1.5, 

CC), each of which could mediate protein–protein interactions (reviewed in (Taylor, 

2006)). 
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Fig. 1.5. Expected topology of STIM1 and Orai 1 proteins. STIM1 is localized 
primarily in the ER membrane. The organization of the major predicted domains is 
shown, including an unpaired EF hand and sterile-  motif (SAM) domains on the 
luminal side. In the cytoplasmic space side, overlapping coiled-coil (CC) and ezrin-
radixin-moesin (ERM) domains, and serine-proline-rich (S/P), which includes many 
phosphorylation sites (P), and lysine-rich (K) domains, are shown. Orai1 located at 
the PM has four membrane-spanning regions and intracellular N and C terminal.  
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1.3.3.2 Mechanism of activation of SOCs 

It has been suggested that the mechanism of activation of SOCs (Orai1) involves the 

sequence of events schematically shown in Fig. 1.6. These are described as follows: 

In resting cells with the Ca2+ stores full (Fig. 1.6 A), STIM1 and Orai1 are 

homogeneously dispersed throughout the ER and plasma membrane, respectively. 

When Ca2+ is released from the ER, the EF-hand portion of STIM1 proteins sense the 

decrease of Ca2+ inside the ER. As a consequence, STIM1 aggregates at locations 

where the ER is located in the vecinity of the plasma membrane ('junctional ER') 

(blue arrows); additionally the ER increases the number of these close contacts with 

the plasma membrane (red arrow) (Wu et al., 2006). Moreover, Orai1 moves within 

the PM (green arrows) and concentrates above STIM1 aggregates. Finally, after this 

sequence of events, Orai1 opens allowing Ca2+ entry into the cytoplasmic space (Fig. 

1.6 C). Subsequently, the SERCA pumps restore the ER Ca2+ content (Fig. 1.6 C). 

(Liou et al., 2005; Zhang et al., 2005; Baba et al., 2006; Mercer et al., 2006; Wu et 

al., 2006; Xu et al., 2006; Liou et al., 2007; Ong et al., 2007a). 

It has been reported that, the peripheral ER membrane frequently comes within 8–20 

nm of the PM, with which it appears to form ‘junctions’. These junctions have being 

reported in liver cells (Guillemette et al., 1988; Rossier et al., 1991) and other 

cellular types such as excitable cells (Henkart et al., 1976; Watanabe and Burnstock, 

1976; Chadborn et al., 2002) and yeast (Pichler et al., 2001). The idea that the close 

relationship between the ER and the PM is required, for the activation of SOCs, has 

previously been suggested (Patterson et al., 1999; Yao et al., 1999; Rosado et al., 

2000; Wang et al., 2000; Venkatachalam et al., 2002). 
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Furthermore, it has been demonstrated that STIM1 redistribution is necessary for 

SOCs activation in lymphocytes, mast cells and other cell types (Liou et al., 2005; 

Zhang et al., 2005; Baba et al., 2006; Luik et al., 2006; Mercer et al., 2006; Soboloff 

et al., 2006a; Wu et al., 2006; Xu et al., 2006), including liver cells (Litjens et al., 

2007). Additionally, two independent groups have indicated that mutations within 

the putative pore regions of Orai1 change the biophysical properties of SOC 

(Prakriya et al., 2006; Yeromin et al., 2006). 
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Fig. 1.6. Proposed model for the mechanism of activation of SOCs. Ca2+ 
depletion of the ER induced the redistribution of homogeneously distributed STIM1 
proteins (A) into punctate aggregates within the ER (B, blue arrows). This 
redistribution occurs in ER regions located in close apposition to the plasma 
membrane and induces the activation of SOCs (CRAC). Additionally, Orai1 
channels moves within the PM (B, green arrows) towards the STIM1 aggregates. (C) 
Once Orai1 channels at the PM activates, Ca2+ entry into the cytoplasmic space and 
the ER SERCA pumps replenish the ER Ca2+ content.  
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1.3.4. Measurement of Ca2+ entry through SOCs 

1.3.4.1 The use of fluorescent Ca2+ dyes to measure Ca2+ entry through SOCs 

A valuable and important tool for the study of SOCs activation is the use of 

fluorescent Ca2+ dyes (like fura-2). Using this method, Ca2+ entry can be measured; 

additionally Ca2+ release from the intracellular stores (ER) can be determined, a key 

step in the activation of SOCs.  

Roger Y. Tsien designed the first calcium-binding indicator, called "quin2" (Tsien, 

1980, 1981). The measurement of Ca2+ using calcium indicators is a non-invasive 

method in which the cells are loaded with the dye in its acetoxymethylester form. 

Once the dye is inside the cell, cytoplasmic esterases cleave off the ester groups and 

the dye remains free in the cytoplasmic space, where reports the changes in calcium 

concentration with great sensitivity. Nevertheless this method has some 

particularities as below discussed: 

The Ca2+ dyes (like fura-2) measure the changes in the cytoplasmic Ca2+ 

concentration, which is not an accurate indication of Ca2+ entry across the plasma 

membrane. The concentration of cytoplasmic Ca2+ is a balance between Ca2+ entry 

and Ca2+ removal from the cytoplasmic space; so if Ca2+ entry stays constant, the net 

size of the cytoplasmic signal could be underestimated, because of the active 

removal of Ca2+ from the cytoplasmic space.  

Additionally, in experiments conducted with Ca2+ dyes, the membrane potential is 

not controlled. SOCs are considered voltage-independent channels in the sense that 

they are not gated by membrane voltage changes (Hoth and Penner, 1993; Zweifach 

and Lewis, 1993). Depolarisation of the plasma membrane could inhibit Ca2+ entry 

by reducing the driving force for Ca2+ entry (Kagaya et al., 2002), whereas 
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hyperpolarisation can reduce the size of the SOCs current, at least in RBL-1 cells 

(Bakowski and Parekh, 2000, 2002). Although, it is has been reported that the effect 

of any altered membrane potential on Ca2+ entry through SOCs is likely to be small 

(Parekh and Putney, 2005).  

Finally, it is possible that the protocol used to activate SOCs, activates in addition, 

another Ca2+-permeable channel. In this case the resulting increases in [Ca2+]cyt 

would not be through SOCs channels exclusively. It has been described that 

thapsigargin-induced Ca2+ release can activate the Ca2+/calmodulin-dependent 

protein kinase. Once active, this kinase can phosphorylate (activate) Ca2+-dependent 

channels located at the plasma membrane (Braun and Schulman, 1995).  

1.3.4.2 The use of electrophysiology to measure Ca2+ entry through SOCs  

The other method to measure the Ca2+ entry through SOCs is the use of 

electrophysiology patch-clamp techniques to monitor the store-operated Ca2+ current. 

This technique was invented by Erwin Neher and Bert Sakmann (Neher and 

Sakmann, 1976). For this method, an electrode is introduced into a tiny glass pipette 

(filled with a saline controlled solution), which is placed against the cell membrane. 

The movement of ions in or out of the ion channels located in the plasma membrane 

can be detected by this electrode, which transmits the signal to an amplifier. 

The key problem of this technique is presented by the dialysis of the cytoplasmic 

space via the patch pipette. Because of this, cytoplasmic factors diffuse into the 

pipette and are hence lost from the cell, moreover, isolation of SOCs currents 

requires inhibition of other currents, and hence, the ionic composition of the pipette 

solution is non-physiological. Finally, in some cell types, the store-operated currents 
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are very small, limiting the measurement of direct currents (Parekh and Putney, 

2005). 

Using the patch clamp electrophysiological technique in mast cells, the Ca2+ current 

induced by intracellular stores depletion was identified. The current was named Ca2+ 

Release-Activated Ca2+ Current (Icrac) and the channel responsible was called Ca2+ 

Release-Activated Ca2+ Channel (CRAC) (Hoth and Penner, 1992). ICRAC is not the 

only store-operated current but remains the most used model for studying store-

operated entry.  

 

The combination of both techniques (fluorescent Ca2+ dyes and electrophysiology) it 

is considered the best strategy to study the activation of SOCs. Previous evidence 

obtained from our group (using patch clamp recording and fura-2 to measure 

[Ca2+]cyt) indicates that there is only one type of SOC in liver cells; which has a high 

selectivity for Ca2+ and its properties are essentially indistinguishable from those of 

Ca2+ release-activated Ca2+ channels (Rychkov et al., 2001; Rychkov et al., 2005).   

The experiments performed and described in this thesis were done using fura-2, 

however a series of patch clamp complementary experiments (used in the discussion 

of this thesis), were undertaken in parallel by our collaborators.  

1.3.5. Ca2+ feed back and pharmacological inhibition of SOCs 

1.3.5.1. Ca2+ feed back inhibition of SOCs 

When SOCs opens, the Ca2+ entry through the channel creates a micro-domain of 

elevated Ca2+ in the vicinity of each open channel, which causes the inactivation of 

SOCs (Hoth and Penner, 1993; Zweifach and Lewis, 1995; Fierro and Parekh, 1999). 

However, it has been demonstrated that, under physiological conditions, the 
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polarised mitochondria located below the plasma membrane can buffer the Ca2+ 

entry through SOCs. This bypasses SOCs inhibition caused by Ca2+ accumulation at 

the channel mouth, resulting in a sustained Ca2+ entry through SOCs. Accordingly, it 

has been reported that mitochondrial depolarisation inhibits Ca2+ entry through 

CRAC channels in lymphocytes and mast cells (Gilabert and Parekh, 2000b; Hoth et 

al., 2000; Gilabert et al., 2001; Glitsch et al., 2002a; Malli et al., 2003; Montalvo et 

al., 2006).   

1.3.5.2. Pharmacological inhibition of SOCs 

Ca2+ entry through SOCs can be pharmacologically inhibited by addition of trivalent 

cations like Lanthanum (La3+) and Gadolinium (Gd3+) into the incubation medium. 

These compounds are particularly effective, blocking SOCs fully in the low 

micromolar concentration range (Hoth and Penner, 1993). In experiments employing 

fluorescent dyes to study Ca2+ entry through SOCs, Gd3+ is often used (Parekh and 

Putney, 2005).  

Another pharmacological agent used to inhibit store-operated Ca2+ entry is 2-

aminoethoxydiphenylborane (2-APB). 2-APB was first described as a membrane-

permeable inhibitor of IP3 receptor function, which rapidly inhibited thapsigargin-

induced Ca2+ entry (Ma et al., 2000). Electrophysiological experiments subsequently 

confirmed that 2-APB inhibited ICRAC activation (Bakowski et al., 2001; Prakriya and 

Lewis, 2001; Voets et al., 2001). The inhibition of SOCs caused by 2-APB appears 

to be on an external site of the channel (Bakowski et al., 2001; Prakriya and Lewis, 

2001). 
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1.4 Role of an endoplasmic reticulum sub-region in the activation of 
SOCs 

1.4.1. Role of the ER in the activation of SOCs 

As mentioned in Sections 1.3.1 and 1.3.2, the decrease in Ca2+ in the ER is required 

for the activation of SOCs. However, it is not clearly established whether this 

involves the whole of the ER or only a small region. There are some studies that 

suggested that Ca2+ can freely move through the ER and that the whole of the ER is 

involved in the activation of SOCs (Mogami et al., 1997; Subramanian and Meyer, 

1997; Hofer et al., 1998; Park et al., 2000; Sedova et al., 2000). Nevertheless, 

growing evidence indicates that functional compartmentalisation exists within the 

reticulum such that it’s Ca2+-releasing capabilities are not homogeneously distributed 

throughout the organelle (Pozzan et al., 1994). In this respect, the results of some 

studies suggest that only a small component of the ER is required for activation of 

SOCs (Parekh and Penner, 1997; Hartmann and Verkhratsky, 1998; Huang and 

Putney, 1998; Gregory et al., 1999; Parekh and Putney, 2005; Ong et al., 2007b); 

accordingly, it has been suggested that Ca2+ movement through the ER is restricted 

(Golovina and Blaustein, 1997; Horne and Meyer, 1997).  

1.4.1.1 Role of the ER sub-region in the activation of SOCs in non-liver cell types 

The following points take into account the reported evidence from different 

experimental approaches, which suggest that only a sub-region of the ER is required 

for the activation of SOCs in non-liver cell types: 

• In other study with NIH 3T3 cells, the treatment with phorbol esters, reduced the 

total Ca2+ content of the ER by ~ 50% (via activation of protein kinase C). 

However, this depletion of Ca2+ did not activate entry, nor did it affect the ability 
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of thapsigargin to activate entry when the remaining stores were emptied 

(Ribeiro and Putney, 1996). 

• In a recent study, the abilities of two concentrations of thapsigargin (1.0nM and 

1.0µM) were used to release Ca2+ from the ER and activate Ca2+ entry in human 

salivary gland cells (Ong et al., 2007b). In that study it was observed that the 

addition of 1nM thapsigargin, despite the reduced capacity of Ca2+ release from 

the ER, was able to induce the complete activation of SOCs to the same extent as 

that of 1µM. In addition it was demonstrated that both concentrations of 

thapsigargin were able to induce the redistribution of STIM1 in a region of the 

ER located close to the PM. 

• The results of experiments conducted with DT40B lymphocytes and ectopically-

expressed STIM1-GFP indicate that while the bulk of STIM1 is located in the 

ER, some is localised in a sub-compartment, possibly comprised of mobile 

vesicles.  When Ca2+ stores are depleted these vesicles accumulate just below the 

plasma membrane and are associated with SOCs activation (Baba et al., 2006). 

• In another study, Liou et al (Liou et al., 2007), using TIRF microscopy combined 

with confocal microscopy, showed that upon Ca2+ release from the ER, STIM1 

redistributes in a region of the ER located at 2 µm plasma membrane. Suggesting 

that region is the relevant component of the ER in the activation of SOCs. 

• Recent studies using fluorescence quenching and electron microscopy have 

identified that after the redistribution of STMI1 within the ER, the distance of 

STIM1 from the plasma membrane was calculated to be ~ 6 nm. This ER-PM 

junction is the site of STIM1-Orai1 interactions (Varnai et al., 2007). 
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• Finally, there is some evidence that SOCs can not be activated by the release of 

Ca2+ from the ER induced by activation of ectopically expressed Transient 

Receptor Potential cation channel, subfamily V, member 1 (TRPV1) in the ER 

(Turner et al., 2003; Wisnoskey et al., 2003).  

1.4.1.2 Role of the ER sub-region in the activation of SOCs in liver cell 

Evidence has been presented, which suggest that a small sub-region of the ER, 

enriched in type 1 IP3Rs, is required for SOC activation in liver cells. It was observed 

that the microinjection of rat hepatocytes with adenophostin A (which has high 

affinity for IP3Rs), induced the near-maximal activation of Ca2+ entry, with little 

detectable release of Ca2+ from intracellular stores (Gregory et al., 1999). 

Additionally, when rat hepatocytes were microinjected with the monoclonal anti-type 

1 IP3R antibody (to inhibit Ca2+ release mediated by type 1 IP3R), the addition of 

hormone or thapsigargin, despite causing normal release of Ca2+ from intracellular 

stores, failed to fully activate Ca2+ entry through SOCs (Gregory et al., 1999).  

In another study using microinjection of IP3 analogues, it was found that the IP3 

analogue selective for IP3R type 1, was more efficient in activating SOCs than the IP3 

analogue selective for IP3R type 2 (Gregory et al., 2004b). Moreover, it was found 

that type 1 IP3R was located throughout most regions of the ER with some 

concentrated very close to the plasma membrane (Rossier et al., 1991; Lievremont et 

al., 1994; Lievremont et al., 1996; Hirata et al., 2002; Gregory et al., 2004b; 

Hernandez et al., 2007). 

1.4.2. Use of TRPV1 to investigate the involvement of an small region of the ER 
in the activation of SOCs 
The TRPV1 channel (Transient Receptor Potential cation channel, subfamily V, 

member 1) was first cloned by Julius and co-workers in 1997 (Caterina et al., 1997). 
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TRPV1 is a nonselective ligand-gated cation channel that can be activated by a wide 

variety of exogenous and endogenous stimuli, including heat greater than 43°C, low  

pH, anandamide, N-vanillilnonamide, capsaicin and resiniferatoxin (RTX) (reviewed 

in (Szallasi and Blumberg, 1999)). TRPV1 receptors are found in the central and 

peripheral nervous systems and are involved in the transmission and modulation of 

pain (Huang et al., 2002; Cui et al., 2006).  

Several studies have shown that TRPV1 is localised at the plasma membrane and at 

intracellular membranes. Moreover it has been shown that the activation of TRPV1, 

in addition to promoting Ca2+ entry across the plasma membrane, releases Ca2+ from 

intracellular stores (Olah et al., 2001; Liu et al., 2003; Marshall et al., 2003; Turner 

et al., 2003; Wisnoskey et al., 2003; Karai et al., 2004; Vos et al., 2006; Thomas et 

al., 2007). In the work performed by Turner and collaborators, the membrane-

permeable agonist capsaicin, was used to activate intracellular TRPV1 channels 

expressed in RBL cells. In that work it was found that capsaicin released Ca2+ from 

intracellular stores that were contained within the total IP3-sensitive stores. However, 

the release of the Ca2+ from the capsaicin-sensitive Ca2+ store failed to activate ICRAC 

(Turner et al., 2003). Using a similar approach, in insect Sf 9 and HEK-293 cells, and 

using fura-2 to monitor Ca2+ and Ba2+, it was observed that in TRPV1-expressing 

cells, capsaicin was able to trigger both Ca2+ release and Ba2+ entry. However, in 

contrast to the store-operated pathway, capsaicin-induced Ba2+ entry was insensitive 

to La3+ and 2-APB. Moreover, these authors found that the capsaicin- and 

thapsigargin-sensitive stores overlapped considerably. Despite the considerable 

overlap, thapsigargin, but not TRPV1 agonists, was capable of activating store-

operated Ca2+ entry. (Wisnoskey et al., 2003).  These two separated works may 

represent additional evidence for the idea that the component of the ER responsible 
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for signalling to store-operated channels is specialized and distinct from the bulk of 

the ER. 

1.4.3. Use of FFP-18 Ca2+ dye to measure changes in Ca2+ levels at the vicinity of 
the plasma membrane  

As mentioned above (section 1.4.1), the ER sub-region suggested to be responsible 

for the activation of SOCs, is located in the vicinity of the plasma membrane. Thus, 

measurements of Ca2+ changes restricted to that region represent key information to 

understand the role of the ER on the activation of SOCs.  

The Ca2+ dye FFP-18, is a lipophilic analogue of fura-2 (Vorndran et al., 1995), 

which has been successfully used to monitor rapid changes in the sub-plasma 

membrane Ca2+ levels ((Ca2+)SPM) in a variety of cells types (Etter et al., 1994; Etter 

et al., 1996; Davies and Hallett, 1998; Graier et al., 1998; Chadborn et al., 2002). 

FFP-18-AM incorporates into the plasma membrane and reorientates (by slow “flip-

flop” diffusion) to the inner face of the plasma membrane where cytoplasmic 

esterases cleave off the ester groups. The Ca2+ sensitive FFP-18 acid generated on 

the inner face of the plasma membrane is unable to diffuse back. It has a 12-carbon 

hydrophobic tail that partitions into the cell membrane and a positively charged 

piperazine moiety that aids in binding to membrane phospholipids and thereby 

prevents the Ca2+-binding portion of the dye from being pulled out of the plasma 

membrane (Etter et al., 1996).  

As mentioned above, the peripheral ER membrane frequently comes within few 

nanometers of the PM (‘ER-PM junctions’). It is suggested that the diffusion of ions 

from the ‘bulk’ of the cytoplasm to the ‘ER-PM junctions’ could be markedly 

restricted (van Breemen et al., 1995; Delmas and Brown, 2002; Golovina, 2005). 

Consequently, some studies reported that FFP-18 monitors changes in (Ca2+)SPM 
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rather than the bulk of the cytoplasmic space ([Ca2+]cyt) (Davies et al., 1997; Paltauf-

Doburzynska et al., 1998; Chadborn et al., 2002).  

One of those studies (Paltauf-Doburzynska et al., 1998), describes the inability of the 

cytoplasmic Ca2+ dye fura-2 (distributed it in the bulk of the cytoplasm) to detected 

the Ca2+ release induced by ryanodine, in endothelial cells (in spite of the existence 

of ryanodine receptors in this cellular type). The lack of fura-2 detection was 

attributed to the active extrusion of the Ca2+ released by the plasma membrane Na+-

Ca2+ exchange; hence, in cells in which the Na+-Ca2+ exchange was inhibited, fura-2 

could effectively detect the ryanodine induced Ca2+ release. Moreover, when FFP-18 

(distributed beneath the plasma membrane) was employed to measured (Ca2+)SPM 

changes, the addition of ryanodine caused a detectable Ca2+ release (Paltauf-

Doburzynska et al., 1998).  

In this thesis, the Ca2+ dye FFP-18 is used, to estimate the changes in Ca2+ levels 

beneath the plasma membrane. This, together with the measurement of [Ca2+]cyt 

reported by fura-2, offers a significant approach to understand the spatial location of 

the ER sub-region involved in the activation of SOCs. 

1.5 Aims of the present study 

The overall aims for this study are to investigate the effects and mechanism(s) of bile 

acids on SOCs activity, and to evaluate the role of the ER in the activation of SOCs 

in liver cells. The specific aims are as follows: 

1- Evaluate the effects of cholestatic and choleretic bile acids on SOCs.  

2- Test the ability of choleretic bile acids to counteract the effects induced by 

cholestatic bile acids. 
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3- Characterise the mechanism(s) of action of cholestatic and choleretic bile 

acids-mediated effects on SOCs. 

4- Test if all the ER is required for the activation of SOCs in liver cells. 

5- Evaluate the distribution and requirement of STIM1 proteins in bile acid-

mediated SOC regulation. 
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CHAPTER II: GENERAL MATERIALS AND 

METHODS 

 

 

2.1 Materials 

Collagenase (Type IV) was obtained from Worthington Biochemical Corporation; 

fura-2, Calcium Green 5N and FFP-18 (in their acetoxymethylester form), 

Tetramethyl rhodamine methyl ester (TMRM), Dulbecco’s Modified Eagles Medium 

(DMEM), F-12 (Ham) nutrient mixture  (F-12), Opti-MEM medium, Bodipy TR-X 

Tg, goat anti-mouse Alexa-Fluor 488 antibody, goat anti-rabbit Alexa-Fluor 647 

antibody, chicken anti-rabbit Alexa-Fluor 594 antibody, pluronic acid F-127 and 

Library Efficiency DH5αTM competent cells were purchase from Invitrogen (Mt 

Waverley, Victoria Australia); ruthenium red (RR), ionomycin, digitonin, bile acids, 

Ethylene Glycol-bis(b-aminoethyl ether)-N,N,N´N´-Tetraacetic Acid (EGTA), 

carbonylcyanide-p-trifluoromethoxyphenylhydrazone (FCCP) and 2-aminoethyl 

diphenylborate (2-APB) from Sigma-Aldrich (Castle Hill, N.S.W., Australia); 

thapsigargin, 2,5-di-(tert-butyl)-1,4-benzohydro-quinone (DBHQ) and goat anti-

rabbit Cy5 labelled polyclonal antibody from Sapphire Bioscience (Redfern, N.S.W., 

Australia); mouse anti-GOK STIM1 monoclonal antibody from BD Biosciences 

Pharmingen (San Jose, CA, USA); capsaicin, resiniferatoxin (RTX), and N-

vanillylnonamide from Alexis Biochemical Co (Lausem Switzerland); FuGENE 6 

from Roche Pharmaceutical (Nutley, NJ, USA); HiperFect from QIAGEN Pty Ltd. 

(Doncaster VIC., Australia); the pDsRed2-ER and pEYFP-ER plasmids from 
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Clontech (Mountain View, CA, USA); and glass coverslips from Menzel-Glaser 

(GmgH, Braunschweig, Germany); IMMU-Mount medium was purchased from 

Theomo Shandon (Pittsburg, PA, USA). The GFP-STIM1 plasmid, in which cDNA 

encoding Green Fluorescent Protein (GFP) is located immediately downstream of the 

predicted signal sequence of the STIM1 gene and inserted into the pApuro 

expression vector (GFP-STIM1/pApuro) (Baba et al., 2006) was kindly provided by 

Dr T Kurosaki, RIKEN Research Centre for Allergy and Immunology, Kanagwa, 

Japan. Ad-Track-CMV-TRPV1, prepared by ligating DNA encoding TRPV1, cloned 

from mouse nodose ganglia, into the Ad-Track-CMV plasmid, was kindly provided 

by Drs Lei Zhang and S Brookes, Department of Physiology, Flinders University, 

Adelaide. The Cherry-STIM1 plasmid (HRP-STIM1), constructed by inserting 

mCherry after the signal sequence of hSTIM1 then inserting this construct into HRP 

(Luik et al., 2006), was kindly provided by Dr Rich Lewis, Stanford University, Ca, 

USA. The YFP-TRPV1 plasmid, constructed by inserting Yellow Fluorescent 

Protein (YFP) into the Xba1 and Apa I sites of pcDNA3 vector (invitrogen) followed 

by C-terminal fusion of rat TRPV1 with the FLAG epitope of the YFP for which the 

stop codons were replaced by in –frame XbaI restriction sites by PCR-mediated 

mutagenesis and subsequent subcloning into pcDNA3-YFP types (Turner et al., 

2003; Wisnoskey et al., 2003; Hellwig et al., 2005),was kindly provided by Dr 

Michael Schaefer, Charite University, Berlin, Germany. Concentrated stocks (250-

1000 times working solution) were prepared from solid chemicals, by dissolved in 

double deionised water (DDI H20), dimethylsulfoside (DMSO) or ethanol as 

appropriate, then diluted with the respective solution as required. 
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2.2 Cell culture  

2.2.1. H4-IIE rat cell line culture 

H4-IIE rat liver cells (ATCC CRL 1548) (Darlington, 1987) were cultured in 75mm 

sterile flask in DMEM, supplemented with 10% (v/v) fetal bovine serum (FBS), 

penicillin (100 U/ml), streptomycin (0.1 mg/mL) and 10mM HEPES in 5% (v/v) 

CO2 (pH 7.4) at 37°C. Once a week the cells were subcultured to another flask 

and/or individual 35mm sterile Petri dishes containing No. 1 glass coverslips. The 

coverslips (12, 22 and 30mm diameter for immunofluorescence, calcium imaging 

and confocal imaging experiments, respectively), were previously sterilised by 

immersion into 100% ethanol and subsequently flamed. After 48 h the medium was 

replaced for fresh medium (DMEM medium was used for no longer than 1 month 

and was stored at 40C). The cell subculture was performed by washing cells 3 times 

with Phosphate Buffered Saline (PBS) followed by addition of 1mL of the mix 

trypsin 0.25% plus EDTA 1mM, and left for 2-4 min at 370C to de-attach the cells. 

Once the cells were de-attached, 9mL of DMEM medium was added and the cells 

were resuspended by pipetting up and down. Finally, 3mL of that suspension was 

transferred to another flask to which 10mL of fresh DMEM medium was added. The 

cells were used for 25-30 passages in order to preserver the morphological/functional 

characteristics of the cellular line. The PBS solution contained (mM): NaCl, 136; 

KCl, 4.7; KH2PO4, 1.3; Na2HPO4, 3.2; adjusted to pH 7.4 with NaOH. 

2.2.2. Isolation and culture of rat hepatocytes  

Hepatocytes were isolated from rat liver by perfusion with collagenase, as described 

previously (Aromataris et al., 2006). Hepatocytes were plated on 35mm sterile Petri 

dishes containing No. 1 glass coverslips pre-treated with concentrated HCl to 



Chapter II: General materials and methods 37

facilitate their attachment. The hepatocytes were plated for 4 hours in 5% (v/v) CO2 

(pH 7.4) at 370C in “attachment medium” (see below). After this period, the 

“attachment medium” was replaced for “growing medium” (see below) and then 

cultured for 24-72 h in 5% (v/v) CO2 (pH 7.4) at 370C. Animals received humane 

care, and the experimental protocols were conducted according to the criteria 

outlined in the “Australian Code of Practice for the Care and Use of Animals for 

Scientific Purposes” (National Health and Medical Research Council of Australia). 

The Animal Welfare Committee approval number is 165/02 (i). 

Attachment medium: DMEM/F12 supplemented with 10% (v/v) fetal bovine serum 

plus penicillin/streptomycin and HEPES plus dexamethasone and insulin 100nM. 

Growing medium: DMEM/F12 supplemented with 10% (v/v) fetal bovine serum, 

penicillin/streptomycin and HEPES. 

2.3 Measurement of Ca2+ in the cytoplasm, beneath the plasma 
membrane and endoplasmic reticulum using fluorescence dyes 

2.3.1. Loading of liver cells with fura-2, FFP-18 and Calcium Green 5N  

Cells attached to 22mm No. 1 glass coverslips were incubated with 5 µM of fura-2, 

FFP-18 or Calcium Green 5N in the acetoxymethylester (AM) form in Krebs-Ringer-

HEPES buffer (KRH) containing 0.02% (v/v) pluronic acid for the incubation 

periods indicated below. After the loading period, the cells were washed twice with 

KRH and then incubated for a further 30 min at room temperature to allow de-

esterification of the acetoxymethylester by intracellular esterases. The Krebs-Ringer-

Hepes solution contained (mM): NaCl, 136; KCl, 4.7; CaCl2, 1.3; MgCl2, 1.25; 

glucose, 10; and HEPES, 10; adjusted to pH 7.4 with NaOH.  



Chapter II: General materials and methods 38

Fura-2 and Calcium Green 5N were loaded for 30 min at room temperature in H4-IIE 

cells, while rat hepatocytes were loaded with fura-2 for 1 h at 370C. 

FFP-18 loading was carried out for 90 min at room temperature in Krebs-Ringer-

HEPES buffer containing 0.02% (v/v) pluronic acid supplemented with 10% BSA. 

FFP-18 Ca2+ dye is derived from fura-2. FFP-18-AM incorporates into the plasma 

membrane and reorientates (by slow “flip-flop” diffusion) to the inner face of the 

plasma membrane where cytosolic esterases cleave off the ester groups. Because the 

“flip-flop” process is slow compared to diffusion of other dyes like fura-2, loading 

the cells with FFP-18 takes longer than fura-2 and Calcium Green 5N ((Davies et al., 

1997; Golovina, 2005)).  

2.3.2. Measurement of cytoplasmic fura-2, sub-plasma membrane FFP-18 and 
endoplasmic reticulum Calcium Green 5N fluorescence in liver cells  

After the loading period, cells were placed in an open working chamber containing 

KRH buffer, for the measurement of the respective dyes fluorescence. Fura-2, FFP-

18 or Calcium Green 5N fluorescence were measured with a Nikon TE300 Eclipse 

inverted microscope in conjunction with a Sutter DG-4/OF wavelength switcher at 

room temperature, in the presence of the indicated concentrations of CaCl2 (zero mM 

Ca2+ was achieved by prepared a KRH buffer without any Ca2+ addition plus 0.5mM 

EGTA in order to chelated any Ca2+ traces).  An Omega XF04 filter set was used for 

fura-2 and FFP-18. The band pass emission Endow GFP filter block was used for 

Calcium Green (Chroma Technology Corp., Rockingham, VT., USA). Fluorescence 

measurements were performed over a given experimental period, using ratiometric 

acquisition of fura-2 and FFP-18 fluorescence, under alternating excitation 

wavelengths of 340 nm and 380 nm. The fluorescence emission was measured at a 

wavelength of 510 nm. For Calcium Green 5N the excitation wavelength was 470/40 
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nm with emission wavelength of 525-550 nm and a 495 LP dichroic mirror. The 

images were acquired every 20 seconds (unless indicated otherwise) using a 40x 

objective. The time course of the changes in the fluorescence emissions was 

measured with the Photonic Science ISIS-3 ICCD camera controlled by a computer 

running UIC MetaFluor software (Molecular Devices Co., Downingtown, PA., 

USA). The fluorescence of fura-2, FFP-18 or Calcium Green 5N were acquired by 

selecting regions of interest (ROI) at the cytoplasmic, plasma membrane or 

endoplasmic reticulum regions, respectively. Background noise was automatically 

subtracted to each individual ROI by setting a reference ROI in a region without of 

cells. Only those cells with homogeneous fluorescence and with a range of 

fluorescence intensity below the saturation set point of the camera were chosen for 

experiments. In this manner, normally 15-20 out of 30 cells in a field were selected. 

In control experiments the fluorescence of non-loaded cells (autofluorescence) was 

estimated to be less than 5% of that of the dye-loaded cells under the above settings.  

To test the specificity of the FFP-18 Ca2+ dye, to measured Ca2+ levels exclusively 

from sub-plasma membrane locations, a separate group of control experiments were 

performed. For this, the fluorescence from extracellular facing FFP-18 was quenched 

by the addition of Ni2+ (1mM). The remaining FFP-18 fluorescence signal 

corresponds to the inner face of the plasma membrane (Pettit and Hallett, 1995; 

Davies et al., 1997; Golovina and Blaustein, 1997; Davies and Hallett, 1998; 

Golovina, 2005). Using this approach, the proportion of the FFP-18 dye distributed 

beneath the plasma membrane was estimated to be more than 95%. 

Experimental agents were added directly to the working chamber and mixed twice by 

gently drawing buffer into the pipette tip and expelling back into the chamber. 
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All the fluorescence changes inside the ROI were automatically analysed with the 

MetaFluor software and stored as a Microsoft Excel files for further analysis. 

Finally, all the graphs were created by GraphPad prism software (GraphPad 

Software, Inc., San Diego, CA., USA). The results of the individual experiments are 

expressed as means ± SEM (between 10 and 20 cells for each experiment as 

indicated in the figure legends). 

2.3.3. Conversion of fura-2 fluorescence ratio to cytoplasmic Ca2+ concentration 
([Ca2+]cyt) 

Values of fura-2 fluorescence ratio (340 nm/380 nm) were converted to cytoplasmic 

calcium concentration ([Ca2+]cyt) using the equation (shown below) and dissociation 

constant (Kd) derived by Grynkiewicz et al (1985) (Grynkiewicz et al., 1985). The 

values for the equation were determined in the calibration experiment, as illustrated 

in Fig. 2.1.  

Briefly, cells loaded with fura-2 in the presence of KRH buffer containing 5mM 

CaCl2, were exposed to the Ca2+ ionophore, ionomycin (10µM) to allow the 

equilibrium of cytoplasmic Ca2+ with extracellular Ca2+ to be achieved. The values of 

fluorescence obtained at 380 nm represent fura-2 emission fluorescence when fully 

bound to Ca2+ (F380 bound). Once the new plateau was established, Ca2+ was chelated 

by replacing the previous buffer (KRH buffer containing 5mM CaCl2) for a mix of 

0.15 M Tris buffer plus 20mM EGTA at pH 8.7. The values of fluorescence obtained 

at 380 nm represent fura-2 emission fluorescence when completely unbound to Ca2+ 

(F380 unbound) (Fig 2.1 A).  

After the calibration assay, the ratio of 340 nm/380 nm fluorescence was calculated. 

The maximum and minimum ratios (Rmax and Rmin), were obtained after ionomycin 
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and EGTA addition respectively (Fig. 2.1 B). The Kd for binding of fura-2 to Ca2+ is 

224nM and the equation used to convert fura-2 fluorescence ratio to [Ca2+]cyt is: 

 

 

 

“r” is the ratio at any given time.   

Using this equation, the subsequent experiments undertaken with fura-2, were 

converted to [Ca2+]cyt in order to compare quantitatively the change in cytoplasmic 

Ca2+ levels. 

 

[Ca2+]cyt = Kd X
F380unbound r - Rmin

F380bound                Rmax- r
[Ca2+]cyt = Kd X

F380unbound r - Rmin

F380bound                Rmax- r
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Fig. 2.1. Experimental protocol used to convert fura-2 fluorescence to 
cytoplasmic Ca  concentration2+ . Representatives traces (averaged for 15-20 cells 
on a coverslip) are presented, showing the changes in the fluorescence at 340 and 
380 nm (A) or 340/380 ratio (B) of fura-2 induced by ionomycin 10µM in the 
presence of 5 or 0 mM Ca2+

ext (as indicated by the horizontal bar) followed by the 
cellular lysis and consequent fura-2 washing out from the cytoplasmic space induced 
by digitonin.  
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2.3.4. Quantification of Ca2+ release from the intracellular calcium stores and 
Ca2+ entry across the plasma membrane 

To study quantitatively the amount of the agonist-induced Ca2+ release from 

intracellular stores and Ca2+ entry across the plasma membrane, a so-called “Ca2+-

add back” protocol was used. The “Ca2+-add back” protocol is illustrated in Fig. 2.2 

and was performed as follows. Agonist (thapsigargin in this particular case) was 

added to cells in the absence of extracellular Ca2+ (Ca2+
ext) inducing Ca2+ release 

from intracellular stores. After the [Ca2+]cyt returned to the basal levels, Ca2+
ext was 

added back to the medium, causing a second increase in [Ca2+]cyt until a new plateau 

was reached. This second increase in [Ca2+]cyt corresponds to Ca2+ entry across the 

plasma membrane (through the channel activated by the agonist added).  

A representative graph showing changes in [Ca2+]cyt, resulting from the release of  

Ca2+ from the endoplasmic reticulum and subsequent Ca2+ entry is illustrated in Fig. 

2.2. The amounts of Ca2+ released were determined by measuring the height of the 

peak of the agonist-induced increase in [Ca2+]cyt. The initial rate of Ca2+ entry was 

determined by linear regression. In order to get an adequate amount of data in the 

linear area of the curve (for the linear regression analysis), the frequency of the 

image acquisition was increased by 4 times (every 5 seconds). Values of the peak of 

Ca2+ entry observed after Ca2+
ext addition were determined by calculating the 

difference between the maximum [Ca2+]cyt observed after Ca2+
ext addition and the 

value of [Ca2+]cyt obtained immediately before Ca2+
ext addition.  

The experiment shown in Fig. 2.2 represents the protocol used in this study to induce 

the activation of the Store-Operated Ca2+ Channels (SOCs). It is well documented 

that SOCs can be activated pharmacologically by inhibiting the ER (Ca2+ + Mg2+) 
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ATPase (SERCA) with DBHQ and thapsigargin (Parekh and Penner, 1997; Lewis, 

1999).  

 

 

 

 

 

 

 

 

 

 

Fig. 2.2. “Ca -add back” protocol to quantify the amount of Ca  release from 
intracellular stores and Ca  entry through SOCs at the plasma membrane

2+ 2+

2+ . A 
representative trace (averaged for 18 cells on a coverslip) is presented, showing the 
changes in [Ca2+]cyt resulting from the release of Ca2+, by thapsigargin in the absence 
of Ca2+

ext, from thapsigargin-sensitive stores (endoplasmic reticulum) and Ca2+ entry 
(through SOCs) by subsequently Ca2+ re-addition into the medium. The quantitation 
of Ca2+ release and entry is described in Section 2.3.4. 
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2.4 Measurement of mitochondrial potential using TMRM  

Mitochondrial membrane potential was measured using tetramethylrhodamine 

methyl ester (TMRM). TMRM is a cationic dye that crosses lipid membranes with 

ease but remains in the aqueous phase, distributing in intracellular compartments 

according to their membrane potential, following the Nerst equation. H4-IIE cells 

were loaded with 100nM TMRM by incubation at room temperature for up to 10 

min, this concentration does not affect mitochondrial function (Scaduto and 

Grotyohann, 1999). TMRM fluorescence was measured using a Leica SP5 confocal 

microscope imaged at 541 nm excitation and 560-615 nm emission wavelengths. 

Peripheral mitochondria were highly mobile, which precluded reliable measurement 

of individual organelles. Two to five clusters of approximately 20 organelles in the 

perinuclear region were averaged for every cell. 

2.5 Ectopic expression of proteins by DNA plasmid transfection  

 2.5.1. Plasmid amplification by bacterial transformation  

The Ad-Track-CMV-TRPV1, YFP-TRPV1 and Cherry-STIM1 plasmids were 

separately inserted into “Library Efficiency DH5αTM” competent bacteria by ice/heat 

shock incubation following the instruction of the manufacturer. After the bacteria 

transformation with each individual plasmid, 1:10 dilutions of the transformed cells 

were spread on LB agar plates (which contains ampicillin 100µg/mL in order to 

allow the growth of the transformed bacteria only). After overnight incubation at 

370C, 2-3 colonies were separately picked and placed in sterile containers with 10mL 

LB medium plus ampicillin 100µg/mL at 370C for 8 hours, shaking at 300rpm. Then 

1 to 1.5mL of each bacterial solution were inoculated into separate Erlenmeyer 



Chapter II: General materials and methods 46

containing 100mL LB medium plus ampicillin 100µg/mL for an overnight growth at 

370C, shaking at 300rpm. After this 7mL of each individual bacterial suspension, 

corresponding to an individual colony, was mixed with 3mL of glycerol 50% 

solution (made in distilled water) and then frozen at - 800C in 1mL aliquots. These 

aliquots were labelled with the name of the colony they originated from. The rest of 

the bacterial suspension was used for the plasmid purification. The LB medium 

contained (grams): Tryptone, 10; Yeast extract, 5; NaCl 10; adjusted to pH 7.0 with 

NaOH. The LB agar plates were prepared by adding 1.5% agar to the LB medium, 

then mixing, autoclaving and finally placing 15mL into 10cm sterile plates.   

2.5.2. Plasmid purification from transformed bacteria 

The DNA plasmids were extracted individually from the large scale bacterial-

contained plasmid suspension by a “DNA purification assay”, using QIAfilter Maxi 

Kit. This Kit is based on a modified alkaline lysis procedure, followed by the binding 

of DNA to an anion-exchange resin under appropriate low-salt and pH conditions 

(QIAGEN Pty Ltd., Doncaster VIC., Australia). The pure DNA plasmids obtained 

were redissolved in 200-300µL of Tris-Cl pH 8.5 (prepared with RNA-ase free 

distilled water). The concentration of DNA present was then determined by UV 

spectrophotometry analysis. For this, DNA aliquots were diluted into Tris-Cl, pH 7.0 

buffer (prepared with RNA-ase free distillate water) and read in a Shimadzu 

Spectrophotometer (Shimadzu Scientific Instrument Pty. Ltd Waverly, Victoria, 

Australia) at an absorbance wavelength of 260 nm, to determine the DNA 

concentration through the following equation:  

[DNA] = Absorbance260nm x Dilution factor x 50µg/mL 

Where: 1 unit of DNA at 260nm is = 50µg/mL. 
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The concentration of DNA obtained (yield) for the plasmids Ad-Track-CMV-

TRPV1, YFP-TRPV1 and Cherry-STIM1 were 0.9, 1.2 and 1.15µg/µL, respectively. 

2.5.3. Plasmid DNA analyses by restriction enzyme assay, followed by agarose 
gel electrophoresis 

After obtaining pure plasmid DNA, a “restriction enzyme analysis” was performed, 

for each of the plasmids individually, to verify they correspond to the correct plasmid 

they were originally amplified from. This assay is based on size estimation of the 

DNA fragments, originated by specific cuts into plasmid DNA by selected enzymes: 

BamH1 or EcoR1 (for Ad-Track-CMV-TRPV1 plasmid); a mix of Hind-III and Xab-

I (for YFP-TRPV1 plasmid); and Kpn1 (for Cherry-STIM1 plasmid). The restriction 

enzyme analyses were performed with 1µL of the selected enzymes; which were 

incubated for 1 h, at 370C, with 0.5µg of the cDNA plasmid. In order to determine 

the size of the DNA fragments obtained by the restriction enzymes assay, the 

samples were loaded into agarose gel and an electrophoresis performed. The agarose 

gel was prepared with agarose (electrophoresis grade) at different percentages (0.7, 

1.1 and 1.3 % agarose gel for Ad-Track-CMV-TRPV1, YFP-TRPV1 and Chery-

STIM1 plasmids, respectively) in TBE buffer, melted in the microwave and 

subsequently cooled to 550C in a water bath. The TBE buffer contained (mM): Tris-

base. 89; Boric acid, 89; EDTA 2; adjusted to pH 8.0 with NaOH. Once the mix 

reached ~ 550C, it was placed into the gel casting platform (in which the gel comb 

was previously positioned). After 40 min (to allow the complete solidification of the 

gel), the gel comb was removed and the gel casting platform (containing the gel) was 

placed into the electrophoresis chamber with the adequate voltage setting (80, 60 and 

70V for Ad-Track-CMV-TRPV1, YFP-TRPV1 and Chery-STIM1 plasmids, 

respectively). Then the samples from the restriction enzyme assay, were loaded in 
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separate lanes and electrophoreses performed for 60min (for Ad-Track-CMV-

TRPV1), and 90min (for YFP-TRPV1 and Chery-STIM1 plasmids). After this, the 

gel was stained for 20 min with ethidium bromide (0.5µg/mL), and de-staining for 30 

min in H2O. An image of the gel was subsequently captured with an Amershan 

Pharmacia Biotech UV trans-illuminator operated by Image Master UDS-Cl software 

(GE Healthcare Bio-Sciences Pty. Ltd., Rydalmere, N.S.W., Australia). The sizes of 

the DNA fragments, from the different plasmids used in this study, were then 

determined by comparing them to the size of commercially available DNA fragments 

marker SPP1-DNA/EcoR1.  

A representative image of three gels, showing the cDNA fragments (bands) obtained 

from the restriction enzyme assays of the plasmids Ad-Track-CMV-TRPV1, YFP-

TRPV1 and Chery-STIM1, are illustrated below in Fig. 2.3, 2.4 and 2.5, respectively. 
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As shown in Fig. 2.3 the size of the Ad-Track-CMV-TRPV1 DNA fragments 

obtained from the restriction enzyme analysis (BamH1 or EcoR1), match the 

expected DNA fragment sizes, confirming the pure-DNA solution obtained above 

corresponds to the Ad-Track-CMV-TRPV1 plasmid. The expected size of Ad-Track-

CMV-TRPV1 DNA fragments are: 2.9 and 9.1 Kb for the cuts originated by EcoR1 

and 1.0, 5.5 and 5.6 Kb for the cuts originated by BamH1. 

 

 
 
 
 
 
 
 

 

 

 

 
 

Fig. 2.3. Gel electrophoresis of Ad-Track-CMV-TRPV1 DNA fragments 
obtained after restriction enzyme analysis. The samples obtained from the 
restriction enzyme analysis of Ad-Track-CMV-TRPV1 plasmid performed with 
BamH1 or Eco R1, were loaded into a 0.7% agarose gel and an electrophoresis was 
performed at 80V for 60 min. The image on the right illustrated the size (Kb) of the 
fragments obtained by the respective enzyme cuts per duplicate plus the un-cut 
plasmid (at the top). The size of the fragments originated by BamH1 or Eco R1 
(estimated by comparison with the commercial DNA marker SPP-1 DNA/Eco R1 
(left panel)), correspond to 5.5-5.6 and 1.0 Kb and 9.1 and 2.9 Kb respectively. 
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As shown in Fig. 2.4, the size of the YFP-TRPV1 DNA fragments obtained from the 

restriction enzyme analysis (Hind-III / Xab-I), match the expected DNA fragment 

sizes, confirming the pure-DNA solution obtained above corresponds to the YFP-

TRPV1 plasmid. The expected size for YFP-TRPV1 DNA fragments originated by 

the mix of Hind-III and Xab-I are approximately: 0.8, 2.5 and 6.2 Kb (corresponding 

to the YFP sequence, the TRPV1 portion and the pcDNA3 vector, respectively). 

 

 

 

 

 

 

 
 
 
 
 

 

Fig. 2.4. Gel electrophoresis of YFP-TRPV1 DNA fragments obtained after 
restriction enzyme analysis. The samples obtained from the restriction enzyme 
analysis of YFP-TRPV1 plasmid performed with Hind-III plus Kba-I, were loaded 
into a 1.1% agarose gel and an electrophoresis was performed at 60V for 90 min. 
The image on the right illustrated the size (Kb) of the fragments obtained by the 
respective enzyme cuts plus the un-cut plasmid (at the top). The size of the fragments 
originated by Hind-III plus Kba-I (estimated by comparison with the commercial 
DNA marker SPP-1 DNA/Eco R1 (left panel)), correspond to 6.2 and 2.5 Kb. 
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As is shown in Fig. 2.5, the size of the Cherry-STIM1 fragments obtained from the 

restriction enzyme analysis (Kpn1), match the expected DNA fragment sizes, 

confirming the pure-DNA solution obtained above corresponds to the Cherry-STIM1 

plasmid. The uncut Cherry-STIM1 plasmid has the total size of 8.773 Kb. The 

expected sizes for cuts originated by Kpn1 are: 0.719 Kb from Cherry sequence and 

8.054 Kb from the rest of the plasmid.  

 

 

 

 

 

 

 

 

Fig. 2.5. Gel electrophoresis of Cherry-STIM1 DNA fragments obtained after 
restriction enzyme analysis. The samples obtained from the restriction enzyme 
analysis from two colonies of the Cherry-STIM1 plasmid performed with Kpn1, 
were loaded into a 1.3% agarose gel and an electrophoresis was performed at 70V 
for 90 min. The image on the right illustrated the size (Kb) of the fragments obtained 
by the respective enzyme cuts per duplicate plus the uncut plasmid (at the top). The 
size of the fragments originated by Kpn1 (estimated by comparison with the 
commercial DNA marker SPP-1 DNA/Eco R1 (left panel)), correspond 
approximately to 8.05 and 0.719 Kb. 
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2.5.4. Cellular transfection 

H4-IIE cells were transfected with 1-3µg of the plasmids used in this study (Ad-

Track-CMV-TRPV1; Ad-Track-CMV; YFP-TRPV1; pDesRed2-ER; pEYFP-ER 

Cherry-STIM1 and GFP-STIM1/pApuro) using the lipidic reagent FuGENE 6, 

according to the manufacturers instructions. For the transfection a “transfection 

cocktail” was prepared by mixing 15µL of FuGENE 6 with 150µL Opti-MEM 

medium (antibiotic and serum free) placed into an eppendorf tube and incubated for 

5 min. After this, the plasmid was added, mixed and incubated for another 30 min. 

Simultaneously, H4-IIE cells growing in a 75 mm culture flask (≈ 90% confluence) 

were subcultured by adding 1mL of trypsin 0.25% plus EDTA 1mM and then 

resuspended in 9mL DMEM medium. 250µL of this cell suspension was placed in a 

Flacon tube containing 40mL of PBS in order to wash out any remaining 

trypsin/EDTA. Then the cells were pelleted down for 1 ½ min at 1500rpm, the 

supernatant discarded, and 1mL of normal DMEM added to resuspend the cells. 

After the 30 min incubation for the “transfection cocktail” was concluded, the 

“transfection cocktail” was added in a drop fashion to the cell suspension and then 

mixed by pipetting up and down. After this, 70µL of the DNA/cells mix was placed 

at the centre of sterile coverslips (previously positioned into sterile 35 mm Petri 

dishes). The petri dishes were then placed into the incubator at 5% (v/v) CO2 and 

370C. Four hours later, 1mL of warm DMEM medium was added to each petri dish 

and the cells were incubated for 48-72 h before the use.  

For selected experiments (control transfected cells), control transfections were 

performed, for which a similar protocol was used but the “transfection cocktail” was 

prepared without DNA.  
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For cells transfected with the Ad-Track-CMV-TRPV1 plasmid (1 µg), the 

transfection efficiency (proportion of cells expressing TRPV1) was approximately 

10%, while for cells transfected with 3 µg of either GFP-STIM1/pApuro or Cherry-

STIM1 plasmids, the transfection efficiency (proportion of cells expressing STIM1) 

was approximately 30%. 

For immunofluorescence assays (described below), H4-IIE cells attached to 12 mm 

glass coverslips were co-transfected with 3 µg of both, pDsRed2-ER and Ad-Track-

CMV-TRPV1 plasmids. For co-localisation assays (described below), H4-IIE cells 

attached to 30 mm glass coverslips were co-transfected with 3 µg of both YFP-

TRPV1 and pDsRed2-ER plasmids; or 3 µg of both Cherry-STIM1 and pEYFP-

STIM1 plasmids; or 3 µg of both GFP-STIM1/pApuro and pDsRed2-ER plasmids.  

The Biosafety Committee approval number for the research involving DNA 

technology is NLDR 1335/2004. 

2.6 Transfection with siRNA to knockdown STIM1 expression 

H4-IIE cells were transfected with 125nM custom siRNA, targeted against STIM1 

and control siRNA, using HiperFect, according to the manufacturer’s instructions. 

For the transfection, a “transfection cocktail” was prepared by mixing 7.5µL of 

HiperFect transfection reagent plus 6.6 µL of the siRNA (20µM) with 43.4 µL Opti-

MEM medium (antibiotic and serum free) in an eppendorf. The mix was incubated 

for 10 min. Simultaneously, H4-IIE cells growing in a 75 mm culture flask (≈ 90% 

confluence) were de-attached by adding 1mL of trypsin 0.25% plus EDTA 1mM and 

then resuspended in 9mL DMEM medium (antibiotic free). 100µL of this cell 

suspension was placed in a Falcon tube containing 40mL of PBS in order to wash out 
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any remaining trypsin/EDTA. Then the cells were pelleted down for 1 ½ min at 1500 

rpm, the supernatant discarded, and 1mL of DMEM (antibiotic free) added to 

resuspend the cells. After the 10 min incubation for the siRNA/transfection mix 

concluded, the “transfection cocktail” was added in a drop fashion to the cell 

suspension, and then mixed by pipetting up and down. After this 500µL of the 

siRNA/cells mix was placed at the centre of sterile coverslips (previously positioned 

into sterile 35mm Petri dishes). The petri dishes were then placed into the incubator 

at 5% (v/v) CO2 and 370C. Four hours later, 500µL of warm DMEM medium 

(antibiotic free) was added to each petri dish and the cells incubated for 72 h before 

use.  

Note: The RNA sense sequence used in this study of` rat STIM1 was 5’-

AGCUGCGUGACGAGAUCdTdT-3’ and RNA sense sequence of the negative 

control was 5’-UUCUCCGAACGUGUCACGUdTdT-3’. The negative control 

siRNA has no significant sequence homology to any known rat gene. 

2.7 Visualisation of TRPV1 and STIM1 proteins by confocal 
microscopy 

2.7.1. TRPV1 and STIM1 detection by immunofluorescence 

To visualise the distribution of ectopically expressed TRPV1 proteins, an 

immunofluorescence assay was performed. For this, H4-IIE cells (attached to 12 mm 

glass coverslips) were fixed for 15 min in 4% (v/v) paraformaldehyde in PBS and 

permeabilised with 0.2% (v/v) Triton X-100 in PBS at room temperature. Fixed cells 

were blocked for 2 h in 10% (v/v) fetal bovine serum, in PBS at room temperature; 

and subsequently washed and incubated overnight at 40C with a polyclonal anti-

TRPV1 antibody raised in rabbits (1/1000) in 1% (v/v) fetal bovine serum diluted in 
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PBS. The cells were then washed in PBS, and incubated with Alexa-Fluor 647 

labelled polyclonal anti-rabbit antibody made in goat (1/1000) for 2 h at room 

temperature. Finally, the cells were washed 5 times with PBS and mounted on glass 

slides in IMMU-Mount medium. The fluorescence of Alexa-Fluor 647 was measured 

using a Leica SP5 laser-scanning confocal microscope, the excitation/emission 

wavelengths were 633/675-750 nm.  

The cells used for this assay, were expressing ectopically TRPV1 proteins, which 

were identified by the presence of GFP fluorescent protein (present in the Ad-Track-

CMV-TRPV1 plasmid) at excitation/emission wavelengths 488/500-550 nm. The 

Ad-Track-CMV-TRPV1 plasmid expresses TRPV1 and GFP as separate proteins, 

each under the control of the CMV promoter, Fig. 2.3 right panel. 

 

 

 

 

 

 

 

 

Fig. 2.6. Ad-Track-CMV and Ad-Track-CMV-TRPV1 plasmids maps. The right 
panel represent the plasmid map encoding TRPV1 cDNA which was sub-cloned into 
Ad-Track-CMV plasmid (left panel) as an Xba I / Not I fragment. The TRPV1 
cDNA region is under the control of the CMV promoter. In addition to the cDNA 
encoding TRPV1, both Ad-Track-CMV and Ad-Track-CMV-TRPV1 plasmids has 
incorporated the cDNA encoding for the GFP protein, which, as well, is under the 
control of the CMV promoter. The sites of cut for different restriction enzymes are 
schematically represented. 
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To visualise the distribution of endogenously expressed STIM1, an 

immunofluorescence assay was performed. For this, H4-IIE cells (attached to 12 mm 

glass coverslips) were washed 3 times with PBS and then fixed in 3% (v/v) 

paraformaldehyde at room temperature, for 10 min. The fixed cells were washed 5 

times with 100mM glycine in PBS, and permeabilised with 0.1% (v/v) saponin in 

PBS for 10 min at room temperature. Cells were washed 5 times in PBS, and then 

blocked with blocking buffer (gelatine 0.2% (w/v) plus TWEEN 0.1% (w/v) in PBS) 

for 30 min at room temperature. After this, the cells were incubated for 3 hours with 

the monoclonal mouse anti-GOK/STIM1 (1:100 dilutions in blocking buffer). 

Subsequently, the cells were washed 5 times with blocking buffer and incubated for 

1 hour with Alexa-Fluor 488-conjugated goat anti-mouse IgG (1:500 dilutions in 

blocking buffer). Finally, the cells were washed 5 times with PBS and the coverslips 

mounted on slides in IMMU-Mount medium. The fluorescence was imaged at 

excitation/emission wavelengths 488/500-550 nm using Leica SP5 scanning confocal 

microscope.  

In both immunofluorescence assays mentioned above (against TRPV1 and STIM1 

proteins), control samples were prepared by omitting the primary antibodies. The 

images of those control samples consistently showed low fluorescence (due to non-

specific binding of the secondary antibody), compared with samples containing both 

primary and secondary antibodies. The fluorescence of control samples was set to 

zero by adjusting the gain of the confocal microscope detector, until no fluorescence 

could be detected. These confocal settings were used to image the subsequent 

samples, containing both primary and secondary antibodies.  



Chapter II: General materials and methods 57

2.7.2. Visualisation of ectopically expressed YFP-TRPV1, GFP-STIM1 and 
Cherry-STIM1 in living cells using confocal microscopy 

Ectopically expressed TRPV1-YFP proteins were imaged at 514 nm excitation/520-

550 nm emission by Leica SP5 scanning confocal microscope. Ectopically expressed 

GFP-STIM1 and Cherry-STIM1 proteins were imaged at 488/500-550 nm or 

561/600-650 nm excitation/emission, respectively, using a Leica SP5 scanning 

confocal microscope. 

2.8 Co-localisation of TRPV1 or STIM1 proteins with endoplasmic 
reticulum markers 

2.8.1. Co-localisation of ectopically expressed TRPV1 proteins with the ER 
markers pDsRed2-ER and BODIPY TR-X Tg 

To determine whether the ectopically expressed TRPV1 proteins were expressed in 

the endoplasmic reticulum, a co-localisation study was performed in cells co-

transfected with both Ad-Track-CMV-TRPV1 and pDsRed2-ER plasmids, followed 

by immunofluorescence against TRPV1. The resultant fluorescent proteins were 

simultaneously imaged by a Leica SP5 scanning confocal microscope with 

excitation/emission wavelengths: 561/600-640 nm for DsRed2 and 633/675-750 nm 

for Alexa-Fluor 647. The cells imaged, ectopically expressed TRPV1 proteins, which 

were identified by the presence of GFP fluorescent protein (present in the Ad-Track-

CMV-TRPV1 plasmid).  

Alternatively, cells were co-transfected with both YFP-TRPV1 and pDsRed2-ER 

plasmids and the resultant fluorescent proteins were simultaneous imaged in living 

cells, by a Leica SP5 scanning confocal microscope with excitation/emission 

wavelengths of 561/600-650 nm for DsRed2 and 514/520-550 nm for YFP. 
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In a separate group of experiments H4-IIE cells were ectopically transfected with 

YFP-TRPV1 plasmid. After 48 h the cells were loaded for 10 min at room 

temperature with 1µM of membrane-permeant dye, BODIPY TR-X Tg methyl ester 

(which distributes throughout the thapsigargin binding sites (at the ER) in live cells). 

After the incubation period, the dye was washed out and the resultant fluorescent 

proteins simultaneously imaged, by a Leica SP5 scanning confocal microscope with 

excitation/emission wavelengths of 561/600-650 nm for BODIPY TR-X and 

514/520-550 nm for YFP. 

2.8.2. De-convolution of confocal images  

For the further resolution of the co-localisation images, a de-convolution analysis of 

the YFP-TRPV1, pDsRed2-ER and BODIPY TR-X Tg confocal images, was 

performed. A series of images (4-9 in total) of the cellular Z plane were captured by 

confocal microscope using the 63x water immersion objective (1.2 numeric 

aperture). The sizes of the images were (µm): 0.045, 0.045 and 0.200 in X, Y and Z 

axis, respectively. The images were imported into the AutoDeblur 7.5 software (Auto 

Quant Imaging, Inc. Watervliet, N.Y., USA) and a “3D blind de-convolution” 

analysis performed. 

2.8.3. Co-localisation of endogenous STIM1 with the ER marker pDsRed2-ER  

To determine whether endogenous intracellular STIM1 proteins were expressed in 

the endoplasmic reticulum, a co-localisation study was performed between the 

ectopically expressed ER marker pDsRed2-ER and the endogenous expressed 

STIM1 (assessed by immunofluorescence). The resultant fluorescent proteins were 

simultaneously imaged by a Leica SP5 scanning confocal microscope with 
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excitation/emission wavelengths of 561/600-650 nm for DsRed2 and 488/500-550 

nm for Alexa-Fluor 488.  

2.8.4. Co-localisation of ectopically expressed STIM1 with the ER markers 
pEYFP-ER and pDsRed2-ER 

To determine whether ectopically expressed STIM1 proteins were expressed in the 

endoplasmic reticulum, two different co-localisation studies were performed. For 

this, co-transfections between Cherry-STIM1 and pEYFP-ER plasmids and GFP-

STIM1 and pDsRed2-ER plasmids were performed. The resultant fluorescent 

proteins were simultaneously imaged by a Leica SP5 scanning confocal microscope 

with excitation/emission wavelengths of 561/600-650 nm for Cherry or DsRed2 and 

514/520-550 nm for YFP.   

2.9 Statistical analysis  

All data were entered into a standard spread sheet (Excel 2003, Microsoft Co) and 

the statistical significance of two groups was compare using Student’s t-test 

(unpaired and two tailed). The statistical significance between multiple groups was 

compare using ANOVA followed by the Bonferroni post hoc test (SPSS 12.0.1 

software (SPSS inc., Chicago, IL., USA)). Unless indicated otherwise, the data are 

expressed as Means ± Standard Error of the Mean (S.E.M) with “n” as the number of 

independent experiments. Differences between means were considered significant at 

P ≤ 0.05. 
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CHAPTER III:  ROLE OF BILE ACIDS IN LIVER 

CELLS CALCIUM HOMEOSTASIS  

 

 

3.1 Introduction  

Cholestasis is a significant contributor to liver pathology and can lead to primary 

sclerosis and liver failure. Cholestasis arises from hepatocyte dysfunction or 

intrahepatic or extrahepatic biliary obstruction, leading to impaired movement of bile 

along the biliary duct tree and impaired secretion of the components of bile fluid into 

the bile canaliculus. It has been shown that during cholestasis, conjugated and un-

conjugated bile acids accumulate in the blood, hepatocytes, and possibly also in the 

bile cannaliculus; leading to hepatocyte injury, apoptosis and necrosis (Lee and 

Boyer, 2000; Jansen et al., 2001; Bohan and Boyer, 2002; Boyer, 2002a; Elferink 

and Groen, 2002; Maddrey, 2002; Pauli-Magnus et al., 2005). 

It has been reported that these effects of bile acids involve changes in [Ca2+]cyt. 

While the effect of bile acids on the release of Ca2+ from intracellular stores in 

hepatocytes (Combettes et al., 1990; Beuers et al., 1993a) and other cell types 

(Gerasimenko et al., 2006) have been reasonably well described, little is known 

about the Ca2+ entry pathways modulated by bile acids. 

The main Ca2+ entry pathway activated by hormones and growth factors in 

hepatocytes is the Ca2+-selective store-operated Ca2+ channel (SOC) (Rychkov et al., 

2001; Rychkov et al., 2005) located in the plasma membrane. Previous studies have 



Chapter III: Role of bile acids in liver cells calcium homeostasis 61

provided evidence that Ca2+ entry through SOCs is required for normal bile flow, 

most likely by contributing to the increase in [Ca2+]cyt that initiates contraction of the 

bile canaliculus (Gregory et al., 2004a).  

Considering the evidence above, the general aim of the experiments described in this 

chapter was to evaluate the effects of bile acids on the activity of SOCs in liver cells. 

This chapter describes the inhibition and activation of Ca2+ entry through SOCs 

respectively, caused by cholestatic and choleretic bile acids, in H4-IIE rat liver cell 

line and primary cultured rat hepatocytes. It is demonstrated that inhibition of SOCs 

caused by cholestatic bile acids involves mitochondrial depolarisation; while 

activation of SOCs induced by choleretic bile acids, involves the release of Ca2+ 

from a region of the endoplasmic reticulum located in the vicinity of the plasma 

membrane. 
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3.2 Results  

3.2.1. Effects of cholestatic bile acids on SOCs  

To mimic the effects of the in vivo accumulation of bile acids during cholestasis, H4-

IIE liver cells were pre-incubated for 12 h with either LCA or CA cholestatic bile 

acids. Subsequently, the changes in [Ca2+]cyt induced by addition of the SERCA 

inhibitor DBHQ, was measured and compared in cholestatic bile acids treated and 

un-treated cells.  

As shown in Fig 3.1 A (top panel), in H4-IIE cells incubated in the absence of 

Ca2+
ext, the addition of the SERCA inhibitor DBHQ induced a transient increase in 

[Ca2+]cyt (representing Ca2+ release from intracellular stores). Additionally, the 

addition of Ca2+
ext back to the incubation medium caused a large increase in [Ca2+]cyt 

(representing Ca2+ entry through SOCs activated by DBHQ (Rychkov et al., 2001)). 

However, in H4-IIE cells pre-incubated for 12 h with the cholestatic bile acids LCA 

(middle panel) or CA (bottom panel); the magnitude of DBHQ-induced Ca2+ release 

from intracellular stores and Ca2+ entry was greatly reduced in comparison to control 

cells. The values of both the DBHQ-induced Ca2+ release and the DBHQ-induced 

Ca2+ entry through SOCs (calculated using the “Ca2+-add back” protocol), are 

respectively illustrated in Fig. 3.1 B and C. These results suggest in H4-IIE liver 

cells cholestatic bile acids inhibit Ca2+ entry through SOCs and indicate that pre-

incubation with LCA or CA leads to a depletion of Ca2+ from intracellular stores. 
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Fig. 3.1. Cholestatic bile acid LCA overnight pre-incubation, inhibit DBHQ-
induced Ca  release from intracellular stores and Ca  entry through SOCs in 
H4-IIE liver cells

2+ 2+

. (A) The addition of the SERCA inhibitor DBHQ (10µM) to H4-
IIE cells loaded with fura-2, in the absence of Ca2+

ext, induces the release of Ca2+ 
from intracellular stores. When Ca2+ was added back to the bath a DBHQ-dependent 
increase in [Ca2+]cyt was observed. Both, the DBHQ-induced Ca2+ release and Ca2+ 
entry, were diminished in cells pre-treated for 12 h with 50µM of cholestatic bile 
acids LCA or CA. [Ca2+]cyt was measured as a function of time in H4-IIE cells 
loaded with fura-2, as described in Section 2.3. The additions to the bath are 
indicated by the horizontal bars. Each data point is the mean + SEM of the values of 
[Ca2+]cyt obtained for 10 - 20 cells. (B) Amounts of Ca2+ released (peak height) by 
DBHQ in the presence and absence of LCA or CA. (C) Initial rates of Ca2+ entry and 
peak (maximum) values of [Ca2+]cyt following Ca2+

ext addition, determined as 
described in Section 2.3.4. The values are the means + SEM of 6 - 7 experiments 
similar to the one shown in panel A. In B and C, degrees of significance between 
LCA and the control and CA and the control, determined using ANOVA followed by 
Bonferroni post hoc test, are * P<0.05 and **, P<0.01. 
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In rat hepatocytes in primary culture, cholestatic bile acids also inhibited Ca2+ entry 

through SOCs when pre-incubated with the cells for 12 h. Cholestatic bile acids LCA 

and CA inhibited both the initial rate and peak maximum of Ca2+ entry through 

SOCs (Fig. 3.2 A and C). These decreases in the rate and peak maximum of Ca2+ 

entry were associated with a substantial reduction in the DBHQ-induced release of 

Ca2+ from intracellular stores (Fig. 3.2 A and B).  
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Fig. 3.2. Cholestatic bile acid LCA overnight pre-incubation, inhibit Ca  entry 
through SOCs activated by thapsigargin in rat hepatocytes

2+

. (A) The addition of 
the SERCA inhibitor DBHQ (10µM) to rat hepatocytes loaded with fura-2, in the 
absence of Ca2+

ext,  induces the release of Ca2+ from intracellular stores. When Ca2+ 
was added back to the bath a DBHQ-dependent increase in [Ca2+]cyt was observed. 
Both, the DBHQ-induced Ca2+ release and Ca2+ entry, were diminished in cells pre-
treated for 12 h with 50µM of cholestatic bile acids LCA or CA. [Ca2+]cyt was 
measured as a function of time in rat hepatocytes loaded with fura-2, as described in 
Section 2.3. The additions to the bath are indicated by the horizontal bars. Each data 
point is the mean + SEM of the values of [Ca2+]cyt obtained for 10 - 20 cells. (B) 
Amounts of Ca2+ released (peak height) by DBHQ in the presence and absence of 
LCA or CA. (C) Initial rates of Ca2+ entry and peak (maximum) values of [Ca2+]cyt 
following Ca2+

ext addition, determined as described in Section 2.3.4. The values are 
the means + SEM of 3 - 4 experiments similar to the one shown in panel A. In B and 
C, degrees of significance between LCA and the control and CA and the control, 
determined using ANOVA followed by Bonferroni post hoc test, are * P<0.05 and 
**, P<0.01. 
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3.2.2. Pre-incubation with cholestatic LCA bile acid induces mitochondrial 
membrane depolarisation in H4-IIE cells 

It has been demonstrated that cholestatic bile acids can induce mitochondrial 

membrane depolarisation (Rolo et al., 2000; Huang et al., 2003; Criddle et al., 2004; 

Voronina et al., 2004). Additionally, it has been suggested that polarised 

mitochondria located below the plasma membrane play an important role in 

maintaining the sustained Ca  entry through SOCs (Gilabert and Parekh, 2000b; 

Hoth et al., 2000; Gilabert et al., 2001; Glitsch et al., 2002a; Malli et al., 2003; 

Montalvo et al., 2006).

2+

 Hence, the effect of LCA on mitochondrial membrane 

potential was evaluated in H4-IIE cells using TMRM. 

TMRM is a cationic lipophilic dye, which distributes into the negatively charged 

mitochondria according to the Nerst equilibrium. The mitochondria membrane 

potential is normally -120mV. In order to make a semi-quantitative estimation of the 

mitochondrial membrane potential, the mitochondrial un-coupler FCCP was added 

(to induce mitochondrial depolarisation) to cells loaded with TMRM. The magnitude 

of the TMRM dye released by FCCP, is directly representative of the mitochondrial 

membrane potential of the cells analysed (Castro et al., 2004).   

In cells pre-incubated for 12 h with LCA, the initial measured values of 

mitochondrial TMRM fluorescence was less than that in control cells (Fig. 3.3 A and 

B (LCA)). Additionally, FCCP induced a substantial decrease in mitochondrial 

TMRM fluorescence in control cells (Fig. 3.3 A, and B (control)). However, in LCA-

treated cells, FCCP only induced a minor decrease in mitochondrial TMRM 

fluorescence (Fig. 3.3 A and B (LCA)). These results indicate that pre-treatment with 

LCA caused a substantial mitochondrial depolarisation. 
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Fig. 3.3. Cholestatic bile acid LCA overnight pre-incubation, induce 
mitochondrial membrane depolarisation. (A) Representative images of H4-IIE 
cells showing mitochondrial TMRM fluorescence before the addition of FCCP 
(1µM) and at the end of the incubation with FCCP (inserts), in control cells and cells 
pre-incubated for 12 h with 50µM LCA.  The scale bars represent 25µm. (B) Plots of 
TMRM fluorescence as a function of time in control cells and cells pre-incubated 
with LCA. Mitochondrial membrane potential was measured using TMRM as 
described in Section 2.4. The additions to the bath are indicated by the horizontal 
bars. The data are from a representative experiment in which the fluorescence of 10 - 
20 cells was measured. The results shown are representative of those obtained in 4 
similar experiments. 
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To test if mitochondrial depolarisation, induced by LCA, could be responsible for 

cholestatic bile acid-induced inhibition of Ca2+ entry through SOCs (observed in Fig. 

3.1), the effect of the mitochondrial un-coupler FCCP on Ca2+ entry through SOCs 

was then investigated in H4-IIE liver cells loaded with fura-2.  

As is illustrated in Fig 3.4 A, in control H4-IIE cells, the addition of the SERCA 

inhibitor thapsigargin (Tg) induced the release of Ca2+ from ER (in the absence of 

Ca2+
ext) and activated Ca2+ entry through SOCs once Ca2+ is added back to the 

incubation medium. However, as shown in Fig. 3.4 B, addition of FCCP (in the 

presence of 1.3mM Ca2+
ext) caused an increase in [Ca2+]cyt and substantially reduced 

the thapsigargin-induced Ca2+ release from intracellular stores (in the absence 

Ca2+
ext). Moreover, the presence of FCCP completely inhibited the thapsigargin-

induced Ca2+ entry through SOCs, observed when Ca2+
ext is added back to the 

incubation medium (Fig. 3.4 B cf Fig. 3.4 A). These results suggest that polarised 

mitochondria may be required to maintain the Ca2+ entry through SOCs in liver cells. 
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Fig. 3.4. In H4-IIE cells with depolarised mitochondria, thapsigargin failed in 
activates SOCs. (A) Fura-2 loaded H4-IIE cells were exposed to the SERCA 
inhibitor Tg (1µM) in the absence of Ca2+

ext. When Ca2+ was added back to the bath 
the typical Tg-dependent increase in [Ca2+]cyt originated by the Ca2+ entry through 
SOCs was observed. (B) The Tg-induced Ca2+ entry through SOCs, observed in A, 
was abolished in cells previously treated with the mitochondrial un-coupler FCCP 
(1µM). [Ca2+]cyt was measured as a function of time in H4-IIE cells loaded with fura-
2, as described in Section 2.3. The additions to the bath are indicated by the 
horizontal bars. The data in A and B are from a representative experiment in which 
the fluorescence of 10 - 20 cells was measured. The results shown are representative 
of those obtained in 4 similar experiments. 
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3.2.3. The choleretic bile acid TDCA rescues inhibition of SOCs and 
mitochondrial depolarisation caused by LCA pre-incubation 

Choleretic bile acids, like TUDCA and UDCA, have been used at pharmacological 

doses to treat cholestasis (Bouchard et al., 1993; Jacquemin et al., 1993; Azer et al., 

1995; van de Meeberg et al., 1996; Kinbara et al., 1997; Poupon et al., 1997; Beuers 

et al., 1998; Ono et al., 1998; Fabris et al., 1999; Pares et al., 2000; Lazaridis et al., 

2001). It has been shown in rat models of cholestasis, that treatment with choleretic 

bile acids can stimulate bile flow (Ishizaki et al., 2001). In addition, there is evidence 

to suggest that choleretic bile acid (TUDCA) may enhance bile flow by activating 

Ca2+ entry and increasing hepatocyte [Ca2+]cyt (Combettes et al., 1988b; Beuers et al., 

1993a; Beuers et al., 1993b; Bouscarel et al., 1993).  

Considering this evidence, the ability of choleretic bile acid TDCA to counteract the 

inhibition of Ca2+ entry through SOCs, caused by a 12 h pre-incubation with 

cholestatic bile acid LCA, was tested.  

Fig. 3.5 A (right panel), shows the characteristic changes in [Ca2+
cyt] induced by 

thapsigargin (Ca2+ release from intracellular stores and Ca2+ entry through SOCs), 

measured in H4-IIE cells using the “Ca2+-add back” assay. Pre-incubation for 12 h 

with the cholestatic bile acid LCA caused a substantial reduction in the thapsigargin-

induced Ca2+ entry through SOCs (Fig. 3.5 A, middle panel and B). However, when 

TDCA was pre-incubated together with LCA, the thapsigargin-induced Ca2+ entry 

through SOCs was significantly recovered (Fig. 3.5 A, right panel and B). 

Nevertheless, the inhibition of thapsigargin-induced intracellular Ca2+ release, 

caused by LCA, could not be reverted by the pre-incubation with TDCA (Fig. 3.5 A). 

In addition to this, when the TDCA was added to cells already pre-incubated for 12 h 

with LCA, a substantial increase in [Ca2+]cyt was observed (Fig. 3.5 C). All these 
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results suggest that choleretic bile acid TDCA can counteract the inhibition of Ca2+ 

entry through SOCs caused by pre-incubation with cholestatic bile acid LCA. 
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Fig. 3.5. Choleretic bile salt TDCA, counteract the inhibition of SOCs caused by 
12 h pre-incubation with cholestatic bile salt LCA. (A) Fura-2 loaded H4-IIE cells 
were exposed to SERCA inhibitor thapsigargin (1µM) in the absence of Ca2+

ext. 
When Ca2+

ext was added back to the bath the typical increase in [Ca2+]cyt was 
abolished in cells pre-incubated for 12 h with 50µM LCA but not in cells pre-
incubated for 12 h with 50µM LCA plus 200µM TDCA. [Ca2+]cyt was measured as a 
function of time in H4-IIE cells loaded with fura-2, as described in Section 2.3. The 
additions to the bath are indicated by the horizontal bars. Each data point is the mean 
+ SEM of the values of [Ca2+]cyt obtained for 10 - 20 cells. (B) Initial rates of Ca2+ 
entry and peak (maximum) values of [Ca2+]cyt following Ca2+

ext re-addition, were 
determined as described in Section 2.3.4. The degrees of significance for comparison 
of the values obtained for LCA plus TDCA with those obtained for LCA alone 
determined using Student’s t-test for unpaired samples are * P < 0.05 and ** P < 
0.01. The values are the means + SEM of 5 - 6 experiments similar to the one shown 
in panel A. (C) In the presence of 10mM Ca2+

ext, the addition of TDCA (300µM) 
induces an increase in [Ca2+]cyt in cells pre-incubated for 12 h with the cholestatic 
bile acid LCA. The result in C is from a representative experiment, of those obtained 
in 3 similar experiments, in which the fluorescence of 18 cells was measured. 
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Since the above results suggest that inhibition of SOCs, induced by 12 h pre-

incubation with LCA is due, in part, to a reduction of the mitochondrial membrane 

potential; the ability of choleretic bile acid TDCA to counteract the effect of LCA-

induced mitochondrial depolarisation, was evaluated in H4-IIE cells using TMRM. 

As shown in Fig. 3.6, the initial measured values of  TMRM fluorescence in cells 

pre-incubated for 12 h with both LCA plus TDCA was greater than that of cells 

treated with LCA alone (Fig. 3.6 A and B). In addition, in cells treated with LCA 

plus TDCA, FCCP caused a substantial decrease in the initial measured values of 

TMRM fluorescence compared with the FCCP-induced decrease in TMRM 

fluorescence of cells pre-incubated with LCA alone (Fig. 3.6). These results indicate 

that choleretic bile acid TDCA is able to prevent mitochondrial membrane 

depolarisation induced by cholestatic bile acid LCA. 
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Fig. 3.6. Pre-treatment with choleretic bile salt TDCA, is associated with the 
recovery of mitochondrial depolarisation caused by 12 h pre-incubation with 
cholestatic bile salt LCA. (A) Representative images of H4-IIE cells showing 
mitochondrial TMRM fluorescence before and after (inserts) the addition of FCCP 
(1µM) for control cells, cells pre-incubated for 12 h with 50µM LCA, and for cells 
incubated for 12 h with 50µM LCA plus 200µM TDC. The scale bars represent 
25µm. (B) Plots of TMRM fluorescence as a function of time for control cells and 
cells pre-incubated with LCA or LCA plus TDCA. The data are from a 
representative experiment in which the fluorescence of 10 - 20 cells was measured. 
(C) The decrease in TMRM fluorescence induced by addition of FCCP, between 
control and LCA plus TDCA treated cells is similar and approximately the double 
amount of the one in cells treated with LCA. The data are the means + SEM of 5 - 6 
experiments similar to those shown in (B).  The degrees of significance between 
control and LCA or between LCA and LCA plus TDCA, determined using ANOVA 
followed by Bonferroni post hoc test, are ** P < 0.01. Mitochondrial membrane 
potential was measured using TMRM as described in Section 2.4. The additions to 
the bath are indicated by the horizontal bars. 
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3.2.4. Choleretic bile acid TDCA activates Ca2+ entry through SOCs in H4-IIE 
liver cells and rat hepatocytes  

Considering the evidence presented that, choleretic bile acid TDCA can rescue the 

cholestatic bile acid-induced inhibition of Ca2+ entry through SOCs; the possible 

effect of choleretic bile acids on the activation of SOCs in H4-IIE liver cells, was 

investigated. 

As shown in Fig. 3.7 A, when TDCA was added to H4-IIE cells in the presence of 

1.3mM Ca2+
ext there was no increase in [Ca2+]cyt, but when Ca2+

ext was increased to 

10mM, a substantial increase in [Ca2+]cyt was observed. When [Ca2+]ext was reduced 

from 10mM to zero, the increases in [Ca2+]cyt induced by TDCA decreased to the 

basal level. The ability of TDCA to increase [Ca2+]cyt, at 10mM Ca2+
ext, was retained 

when TDCA was washed out and then re-introduced to the incubation medium in the 

presence of 10mM Ca2+
ext. As illustrated in Fig. 3.7 A insert, increases in the 

extracellular Ca2+ concentration from 1.3 to 10mM are not responsible for changes in 

[Ca2+]cyt.  

In addition, as is shown in Fig. 3.7 B, the choleretic bile acid TDCA was able to 

induce increases in [Ca2+]cyt at 2.4mM Ca2+
ext.  

Based on the above results and considering that in the patch clamp experiments 

(directed to investigate the effects of bile acids on SOCs activation) conducted in 

parallel by our collaborators Edoardo C. Aromataris and Grigori Y. Rychkov 

(Aromataris et al., 2008), where performed in 10mM Ca2+
ext; future experiments of 

the effect of TDCA on inducing Ca2+ entry, were performed with 10mM of Ca2+
ext.  
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Fig. 3.7. Choleretic bile salt TDCA induces a reversible Ca  entry in H4-IIE 
liver cells

2+

. (A) TDCA induces an increase in [Ca2+]cyt in the presence of 10mM 
Ca2+

ext. The TDCA-induced increase in [Ca2+]cyt is abolished when [Ca2+]ext is 
reduced to zero in the presence of TDCA. A second addition of TDCA increases 
[Ca2+]cyt in the presence of 10mM [Ca2+]ext. This increase in [Ca2+]cyt is abolished 
when TDCA is removed from the extracellular medium (in the presence of 10mM 
Ca2+

ext). The insert shows that the change in [Ca2+]ext does not induce any change in 
[Ca2+]cyt per se (B) TDCA induces an increase in [Ca2+]cyt in the presence of 2.4mM 
Ca2+

ext. The measurement of [Ca2+]cyt as a function of time in cells loaded with fura-2 
was conducted as described in Section 2.3. The additions to the bath are indicated by 
the horizontal bars. The results shown in A and B are from a representative 
experiment, of those obtained in 3 similar experiments, in which the fluorescence of 
10-20 cells was measured.  
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To investigate whether the TDCA-induced increase in [Ca2+]cyt observed at 10mM 

Ca2+
ext takes place through the SOCs, gadolinium (an inhibitor of SOCs (Broad et al., 

1999)), was added after TDCA-induced increase in [Ca2+]cyt had reached maximum 

levels.  

As shown in Fig. 3.8, the TDCA-induced increase in [Ca2+]cyt was substantially 

reduced to near basal values by addition of 10µM gadolinium (Gd3+). Since 

concentrations of Gd3+ within this range have been shown to inhibit Ca2+-entry 

through SOCs in a hepatocyte cell line (Auld et al., 2000; Rychkov et al., 2001; 

Rychkov et al., 2005), this result provides some evidence that the Ca2+ entry pathway 

activated by TDCA is the hepatocyte SOC channel.   
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Fig. 3.8. Choleretic bile salt TDCA induces Ca  entry through SOCs in H4-IIE 
liver cells

2+

. The increase in [Ca2+]cyt induced by TDCA, in 10mM Ca2+
ext, is inhibited 

by 10 µM Gd3+. The measurement of [Ca2+]cyt as a function of time in cells loaded 
with fura-2 was conducted as described in Section 2.3. The additions to the bath are 
indicated by the horizontal bars. The result shown is representative (averaged for 19 
cells on a coverslip) of those obtained for one of 3 experiments which each gave 
similar results. 
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To test if TDCA addition was activating only SOCs or other plasma membrane Ca2+ 

permeable channels, the Ca2+ entry induced by TDCA alone or in combination with 

thapsigargin (activator of SOCs), was investigated.  

In cells incubated in the presence of 10mM Ca2+
ext, addition of TDCA following 

thapsigargin did not cause a further increase in [Ca2+]cyt (Fig. 3.9 A). In addition, the 

magnitude of the [Ca2+]cyt reached following TDCA addition was not significantly 

different to that following thapsigargin addition (Fig. 3.9 B cf Fig. 3.9 A and Fig. 3.9 

C). These results provide further evidence that TDCA activates the same Ca2+ entry 

pathway as that activated by SERCA inhibitor thapsigargin. 
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Fig. 3.9. Choleretic bile salt TDCA-induced Ca  entry is no additive to 
thapsigargin-induced Ca  entry in H4-IIE liver cells

2+

2+ . (A) Effect of addition of 
TDCA following thapsigargin. (B) Effect of addition of TDCA. (C) The magnitude 
of the plateaus following TDCA or thapsigargin additions. [Ca2+]cyt was measured, in 
10mM Ca2+

ext, as a function of time in H4-IIE cells loaded with fura-2, as described 
in Section 2.3. The additions to the bath are indicated by the horizontal bars. The 
results shown in A and B are representatives of those obtained for one of 3 
experiments which each gave similar results. The values in C are the means ± SEM 
of 3 experiments (P > 0.05). 
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The effect of choleretic bile acid TDCA on Ca2+ entry through SOCs in primary 

cultured rat hepatocytes in primary culture was also investigated.  

When added directly to the hepatocyte incubation medium, choleretic bile acid 

TDCA increased [Ca2+]cyt in the presence of 10mM Ca2+
ext, which was reverted to the 

basal levels when [Ca2+]ext was reduced from 10mM to zero (Fig. 3.10 A). This 

increase was inhibited by 10µM Gd3+ (Fig. 3.10 B), similar to the results obtained 

with H4-IIE liver cell line. 
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Fig. 3.10. Choleretic bile salt TDCA induces Ca  entry through SOCs in rat 
hepatocytes

2+

. (A) TDCA induces an increase in [Ca2+]cyt in the presence of 10mM 
Ca2+

ext, which is abolished when [Ca2+]ext is reduced to zero in the presence of 
TDCA. (B) The increase in [Ca2+]cyt induced by TDCA, in 10mM Ca2+

ext, is inhibited 
by 10 µM Gd3+. The measurement of [Ca2+]cyt as a function of time in rat hepatocytes 
loaded with fura-2 was conducted as described in Section 2.3. The additions to the 
bath are indicated by the horizontal bars. The results shown in A and B are from a 
representative experiment, of those obtained in 3 similar experiments, in which the 
fluorescence of 10-20 rat hepatocytes was measured.  
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3.2.5. Choleretic bile acid TDCA induces the release of Ca2+ from intracellular 
stores in fura-2 loaded H4-IIE liver cells and rat hepatocytes 

It has been demonstrated that the release of Ca2+ from intracellular stores is a pre-

requisite for the activation of SOCs (Putney, 1986). To test whether the activation of 

Ca2+ entry through SOCs by choleretic bile acids is associated with the release of 

Ca2+ from intracellular stores, the effect of TDCA in [Ca2+]cyt was evaluated in the 

presence of 10µM Gd3+ to inhibit the Ca2+ entry (through the SOCs) component of 

the TDCA response.  

As illustrated in Fig 3.11, in the presence of 2.4mM Ca2+
ext and 10µM Gd3+, the 

addition of TDCA caused a transient increase in [Ca2+]cyt, indicative of the release of 

Ca2+ from intracellular stores. Compare this response with the sustained increases in 

[Ca2+]cyt induced by TDCA in the presence of 2.4mM Ca2+
ext and in the absence of 

Gd3+ observed in Fig 3.7 B.  
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Fig. 3.11. TDCA-induced Ca  release is detected by fura-2, in the presence of 
2.4mM Ca  and 10µM Gd

2+

2+
ext

3+. (A) In the presence of 2.4mM Ca2+
ext and 10µM 

Gd3+ (to inhibit TDCA-induced Ca2+ entry through SOCs), TDCA (300µM) induces 
a transient increase in [Ca2+]cyt. [Ca2+]cyt was measured as a function of time in cells 
loaded with fura-2, as described in Section 2.3. The additions to the bath are 
indicated by the horizontal bars. The result shown is from a representative 
experiment, of those obtained in 3 similar experiments, in which the fluorescence of 
10-20 H4-IIE cells was measured. 
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An alternative approach to evaluate the TDCA-induced Ca2+ release from 

intracellular stores was performed, in which the changes in [Ca2+]cyt induced by 

addition of TDCA, were measured with fura-2 in an incubation medium with zero 

mM Ca2+. The zero mM Ca2+ incubation medium composition is described in Section 

2.3.2. 

Under these conditions the addition of TDCA, failed to induce a fura-2 detectable 

increase in [Ca2+]cyt and subsequently, the addition of DBHQ induces a transient 

increase in [Ca2+]cyt (Fig. 3.12 A). No significant differences, in the DBHQ-induced 

increases in [Ca2+]cyt, were observed in the absence or presence of TDCA in the 

incubation medium (Fig. 3.12 A, insert). Similar results were observed in rat 

hepatocytes in primary culture (Fig. 3.12 B). 
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Fig. 3.12. TDCA does not induce any apparent Ca  release detected by fura-2, 
in the absence of Ca , in H4-IIE liver cells and rat hepatocytes

2+

2+
ext . In the absence 

of Ca2+
ext, TDCA does not induce any change in [Ca2+]cyt and the subsequent addition 

of 10µM DBHQ releases intracellular Ca2+ either in H4-IIE liver cells (A) and rat 
hepatocytes (B). The inserts in A and B shown the amount of Ca2+ released (peak 
height) by DBHQ in the presence and absence of TDCA. Comparison by Student’s t-
test showed no significant difference (P > 0.05). [Ca2+]cyt was measured as a function 
of time in cells loaded with fura-2, as described in Section 2.3. The additions to the 
bath are indicated by the horizontal bars. The results shown are from a representative 
experiment, of those obtained in 3 similar experiments, in which the fluorescence of 
10-20 H4-IIE (A) cells or 9-15 rat hepatocytes (B) was measured. 
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In order to understand the lack of fura-2 detection of the TDCA-induced Ca2+ release 

from intracellular stores, observed in the absence Ca2+
ext, the following group of 

experiments were performed.  

It could be possible that in the absence of Ca2+
ext, TDCA released just an small 

amount of Ca2+ from the stores, but this release can not be detected by cytoplasmic 

fura-2, due to a rapid clearance out of the cytoplasmic space mediated by the plasma 

membrane Ca2+ ATP-ase (PMCA) pumps. To test this theory, the activity of the 

PMCA pump was inhibited and the effect of TDCA on [Ca2+]cyt was evaluated with 

fura-2. It has been reported that high concentrations of Gd3+ (1mM) efficiently block 

PMCA pumps (Bird and Putney, 2005).  

As is shown in Fig 3.13 A, in zero Ca2+
ext, when thapsigargin was added in the 

presence of 1mM Gd3+, a large and sustained increase in [Ca2+]cyt was observed. The 

lack of recovery of [Ca2+]cyt to basal levels in cells pre-treated with 1mM Gd3+, as 

compared with Gd3+- untreated cells (Fig. 3.13 B), demonstrated a diminished 

capacity of cellular Ca2+ clearance through PMCA pumps. 

Using this strategy to inhibit the PMCA pumps, the effect of TDCA (in zero Ca2+
ext), 

in the presence of 1mM Gd3+, was then tested. As shown in Fig. 3.13 C, TDCA is 

capable of inducing an increase in [Ca2+]cyt, in the absence of Ca2+
ext, when added in 

the presence of 1mM Gd3+. This result suggests that, in the absence of Ca2+
ext, TDCA 

could be releasing Ca2+ from intracellular stores, as detected by fura-2 in cells with 

PMCA pumps inhibited. 
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Fig. 3.13. TDCA-induced Ca  release in the absence of Ca , is detected by 
fura-2 in H4-IIE cells with PMCA pumps inhibited by Gd  1mM

2+ 2+
ext

3+ . (A) In the 
absence of Ca2+

ext and the presence of 1mM Gd3+ (to inhibit Ca2+ extrusion by 
PMCA pumps), Tg (1 µM) induces a sustained and maintained increase in [Ca2+]cyt. 
(B) In the absence of Ca2+

ext and any added Gd3+, Tg (1 µM) induces a transient 
increase in [Ca2+]cyt. (C) In the absence of Ca2+

ext and the presence of 1mM Gd3+, 
TDCA (300µM) induces a sustained increase in [Ca2+]cyt in H4-IIE cells. [Ca2+]cyt 
was measured as a function of time in cells loaded with fura-2, as described in 
Section 2.3. The additions to the bath are indicated by the horizontal bars. The results 
shown in A, B and C are from a representative experiment, of those obtained in 3 
similar experiments, in which the fluorescence of 10-20 H4-IIE cells was measured.  
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3.2.6. Effect of TDCA on inducing Ca2+ release, in the absence of Ca2+
ext, when 

measured with FFP-18  

It is possible that the TDCA-induced Ca2+ release could escape fura-2 detection, if it 

is originated from an intracellular store region in the vicinity of the plasma 

membrane. If this was the case, the TDCA-induced Ca2+ release could be rapidly 

pumped out of the cells by the action of the PMCA pumps, escaping fura-2 detection. 

To test this hypothesis, the TDCA effects on the levels of Ca2+ beneath the plasma 

membrane ((Ca2+)SPM) were measured using the Ca2+ dye FFP-18. FFP-18 has been 

successfully used to monitor changes in (Ca2+)SPM (Etter et al., 1994; Etter et al., 

1996; Davies and Hallett, 1998; Graier et al., 1998; Chadborn et al., 2002). 

As shown in Fig. 3.14 A, in the absence of Ca2+
ext, the addition of TDCA does not 

induce any fura-2 detectable changes in [Ca2+]cyt in H4-IIE cells. However, in the 

absence of Ca2+
ext, TDCA caused a transient increase in FFP-18 fluorescence (Fig. 

3.14 B). This TDCA-induced increase in FFP-18 fluorescence represents an increase 

in the (Ca2+)SPM levels originated by the release of Ca2+ from intracellular stores in 

the vicinity of the plasma membrane.  
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Fig. 3.14. TDCA-induced Ca  release from intracellular stores, in the absences 
of Ca , is detected by FFP-18

2+

2+
ext . (A) In the absence of Ca2+

ext, TDCA (300µM) 
failed to induce any change in [Ca2+]cyt when measured using fura-2. (B) In the 
absence of Ca2+

ext, TDCA (300µM) induces a transient increase in FFP-18 
fluorescence. [Ca2+]cyt and [Ca2+]SPM were measured as a function of time in cells 
loaded with fura-2 and FFP-18 respectively, as described in Section 2.3. The 
additions to the bath are indicated by the horizontal bars. The results shown in A and 
B are from a representative experiment, of those obtained in 3 similar experiments, 
in which the fluorescence of 10-20 H4-IIE cells was measured.  
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3.3 Discussion 

In this chapter evidence has been provided that 12 h pre-incubation with cholestatic 

bile acids cause the inhibition of the SERCA inhibitor (DBHQ)-induced Ca2+ release 

from intracellular stores (ER), and Ca2+ entry through SOCs in H4-IIE liver cells and 

rat hepatocytes. In addition, cholestatic bile acid 12 h pre-incubation induced 

mitochondrial depolarisation. However, the inhibition of Ca2+ entry through SOCs 

and the mitochondrial depolarisation, observed in H4-IIE cells pre-incubated with 

cholestatic bile acids, were counteracted by incubation with choleretic bile acid 

TDCA. In contrast to cholestatic bile acids effects, when the choleretic bile acid 

TDCA was added to H4-IIE cells (in the presence of Ca2+
ext), an increase in [Ca2+]cyt 

caused by Ca2+ entry through SOCs, was observed. The choleretic bile acid-induced 

SOCs activation involves the release of Ca2+ from a particular region of the 

intracellular stores (presumably ER), located in the vicinity of the plasma membrane.  

3.3.1. Cholestatic bile acids inhibition of SOCs, is associated with inhibition of 
DBHQ-induced Ca2+ release from ER and mitochondrial depolarisation 

The results of the “Ca2+-add back” experiments performed in H4-IIE cells using fura-

2 demonstrated that, 12 h pre-incubation with cholestatic bile acids caused the 

inhibition of both the initial rate and the magnitude of Ca2+ entry through SOCs. 

These results are complemented by a group of experiments undertaken by our 

collaborators Edoardo C. Aromataris and Grigori Y. Rychkov (Aromataris et al., 

2008), using whole cell patch clamp recording on H4-IIE cells. In those experiments, 

it was demonstrated that 12 h pre-incubation of different cholestatic bile acids caused 

the inhibition of ISOC currents, elicited by the addition of IP3 in the patch pipette.  
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It was observed that the cholestatic bile acids-induced inhibition of Ca2+ entry 

through SOCs was associated with the inhibition of Ca2+ release from intracellular 

stores. This result suggests that either the intracellular Ca2+ stores were depleted of 

Ca2+ before DBHQ addition, or that the interaction of cholestatic bile acids with the 

ER leads to disruption of the action of DBHQ on their target (SERCA pumps). While 

the amount of Ca2+ in intracellular stores was not directly measured in this study, it is 

considered that the most likely explanation is that pre-incubation with cholestatic 

bile acids, induces Ca2+ release from intracellular stores. This is consistent with 

previous findings that cholestatic bile acids inhibit SERCA pumps leading to Ca2+ 

depletion of the ER (Kim et al., 2002; Lau et al., 2005). 

It might be expected that, if pre-incubation with cholestatic bile acids leads to 

depletion of the ER Ca2+ stores, SOCs would be constitutively activated (i.e. active 

in the absence SERCA inhibitor DBHQ). Hence, it is perhaps surprising that the 

release of Ca2+ from intracellular stores induced by pre-incubation with cholestatic 

bile acids is associated with inhibition of Ca2+ entry through SOCs. One possible 

explanation for this inhibition is that if bile acids could cause modifications of the 

ER structure (Payne et al., 2005), an impairment of the coupling between the ER and 

the plasma membrane would occur. This interaction is required for SOC activation 

(Baba et al., 2006; Peinelt et al., 2006; Lewis, 2007). Another possibility is that bile 

acids inhibit a step in the pathway of activation of SOCs, downstream from the 

release of Ca2+ from the ER. Additionally, it is possible that inhibition of SOCs by 

cholestatic bile salts could be mediated by protein kinase C. It has been described 

that bile acids could directly or indirectly activate protein kinase C (Craven et al., 

1987; Huang et al., 1992; Milovic et al., 2002; Lau et al., 2005) and in addition there 

are evidence suggesting that the activation of protein kinase C can inhibit Ca2+ 



Chapter III: Role of bile acids in liver cells calcium homeostasis 93

release-activated Ca2+ channels (Tornquist, 1993; Montero et al., 1994; Parekh and 

Putney, 2005). 

Furthermore, using TMRM as a tool to estimate the mitochondrial potential of H4-

IIE cells it was demonstrated that, 12 h pre-incubation with cholestatic bile acid LCA 

caused mitochondrial depolarisation. This may represent an additional factor 

responsible for the inhibition of DBHQ-induced Ca2+ entry through SOCs. 

Consistent with this possibility is the observation that DBHQ when added to H4-IIE 

cells treated with FCCP (to induce mitochondrial depolarisation) failed to activate 

Ca2+ entry through SOCs. It has been proposed that polarised mitochondria located 

below the plasma membrane can buffer the Ca  entry through SOCs. This would 

bypass SOCs inhibition caused by Ca  accumulation at the channel mouth, resulting 

in a sustained Ca  entry through SOCs 

2+

2+

2+ (Gilabert and Parekh, 2000b; Hoth et al., 

2000; Gilabert et al., 2001; Glitsch et al., 2002a; Malli et al., 2003; Montalvo et al., 

2006). However, in the experiments undertaken in parallel by our collaborators 

Edoardo C. Aromataris and Grigori Y. Rychkov (Aromataris et al., 2008); where the 

inhibition of SOCs by cholestatic bile acids was evaluated using patch clamp, 

depolarisation of mitochondria would not account for the inhibition of Ca2+ entry 

through SOCs. In those experiments, 10mM EGTA was introduced via the patch 

pipette in the cytoplasm of the cells, which would prevent any increase in Ca2+ 

concentration at the cytoplasmic mouth of the SOCs. However, even under those 

experimental conditions, IP3 addition failed to activate SOCs. 



Chapter III: Role of bile acids in liver cells calcium homeostasis 94

3.3.2. Choleretic bile acid activation of Ca2+ entry through SOCs, is associated 
with the release of Ca2+ from a region of the intracellular stores located in the 
vicinity of the plasma membrane 

Evidence provided in this chapter suggests that in contrast to the inhibitory effect of 

cholestatic bile acids on SOCs activity, the addition of choleretic bile acid TDCA, 

induced Ca2+ entry through SOCs. The evidence supporting the activation of SOCs 

by TDCA is provided by:  

- The sensitivity of the TDCA-induced Ca2+ entry, to inhibition by 10µM Gd3+. 

Similar concentrations of Gd3+ have been shown to inhibit Ca2+-entry through 

SOCs in a hepatocyte cell line (Auld et al., 2000; Rychkov et al., 2001; Rychkov 

et al., 2005). 

- The absence of additive effect of TDCA on the thapsigargin-induced Ca2+ entry 

through SOCs. 

These results are complemented by the whole cell patch clamp recording 

experiments, undertaken by our collaborators Edoardo C. Aromataris and Grigori Y. 

Rychkov (Aromataris et al., 2008). In those experiments, the currents activated by 

different types of choleretic bile acids exhibit similarities with the currents induced 

by IP3 (these include the shape of I-V plots, the time course of activation by IP3 and 

the effects of Ba2+, the sensitivity to 2-APB among others). 

The activation of SOCs requires the release of Ca2+ from intracellular stores (ER) 

(Putney, 1986). However, TDCA-induced activation of Ca2+ entry through SOCs, 

TDCA did not cause a fura-2 detectable release of Ca2+ from intracellular stores, in 

the absence of extracellular Ca2+. There is some evidence to suggest that Ca2+ 

enhances the solubility of bile acids and their ability to form micelles (Gu et al., 

1992; Hofmann and Mysels, 1992). Thus, it could be possible that the absence of 
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Ca2+
ext could reduce the capability of bile acids to interact with the cells. Another 

possibility is that TDCA could release some Ca2+ from a small component of ER, in 

an intracellular micro-domain that escapes fura-2 detection, which nevertheless, 

activates SOCs. An experimental observation supporting this hypothesis is the effect 

of TDCA (in the absence of Ca2+
ext) on inducing a fura-2-detectable release of Ca2+ 

from intracellular stores in cells pre-treated with 1mM Gd3+ (to inhibit PMCA pumps 

action). This result suggests that, in the absence of Ca2+
ext, TDCA could be releasing 

some Ca2+ from the stores although the cytoplasmic calcium dye fura-2 failed to 

detect it, due to rapid clearance out of the cell through the PMCA pumps. 

Additionally, when the sub-plasma membrane Ca2+ dye FFP-18 was used instead of 

fura-2, TDCA addition (in the absence of Ca2+
ext) induced a transient increase in 

FFP-18 fluorescence, reflecting Ca2+ release from intracellular stores. FFP-18 has 

been successfully used to monitor rapid changes in the sub-plasma membrane Ca2+ 

levels, in a variety of cells types (Etter et al., 1994; Etter et al., 1996; Davies and 

Hallett, 1998; Graier et al., 1998; Chadborn et al., 2002). Additionally there are 

some reports which demonstrate that FFP-18 monitor changes in [Ca2+]SPM rather 

than the bulk [Ca2+]cyt (Davies et al., 1997; Paltauf-Doburzynska et al., 1998; 

Chadborn et al., 2002). The result obtained in this chapter using FFP-18, indicated 

the potential sub-plasma membrane location of the TDCA-induced Ca2+ release from 

intracellular stores. 

Taking together these results, it can be concluded that in the absence of Ca2+
ext the 

choleretic bile acid TDCA induces the release of Ca2+ from a region of intracellular 

stores (presumably ER) located in close apposition to the plasma membrane, which 

in turn induces the activation of SOCs at the plasma membrane of liver cells. It has 

previously been suggested that a small sub-component of intracellular stores is 
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involved in the activation of liver cell SOCs (Gregory et al., 1999; Gregory et al., 

2004a)  

3.3.3. Clinical relevance of the results 

- The inhibitory effect of bile acids on SOCs activity required 12 h pre-incubation 

with cholestatic bile acids; short periods (up to an hour) were ineffective to cause 

any [Ca2+]cyt alteration (data not shown). Considering the reported evidence that 

during cholestasis, bile acids accumulate in the blood, hepatocytes and possibly 

also in the bile canaliculus (Boyer, 2002a), this tardy effect of cholestatic bile acids 

action could be relevant during the progress of cholestasis and subsequent liver 

damage. It has been suggested that Ca2+ entry through SOCs is required for normal 

bile flow in the liver (Gregory et al., 2004a). The inhibition of SOCs induced by 12 

h pre-incubation of cholestatic bile acids, may represent an explanation for the 

further inhibition of bile flow, and the altered hepatocyte growth, apoptosis and 

necrosis all being consequences of cholestasis (Chieco et al., 1997; Benz et al., 

1998; Sodeman et al., 2000; Higuchi and Gores, 2003; Higuchi et al., 2003; 

Borgognone et al., 2005).  

- In this chapter, it has been demonstrated that treatment with choleretic bile acid 

TDCA can counteract the mitochondrial depolarisation and the inhibition of SOCs 

caused by cholestatic bile acid 12 h pre-incubation. This evidence may contribute 

to explaining the beneficial pharmacological effects of choleretic bile acids on 

cholestasis. The pharmacological use of choleretic bile acids UDCA and TUDCA 

to enhance bile flow in cholestatic conditions, has been reported (Bouchard et al., 

1993; Jacquemin et al., 1993; Azer et al., 1995; van de Meeberg et al., 1996; 

Kinbara et al., 1997; Poupon et al., 1997; Beuers et al., 1998; Ono et al., 1998; 
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Fabris et al., 1999; Pares et al., 2000; Lazaridis et al., 2001). In addition, it has 

been shown in rat models of cholestasis, that treatment with choleretic bile acids 

can stimulate bile flow (Ishizaki et al., 2001).  

 

Several previous studies have shown that exposure of liver cells to bile acids induces 

an increase in [Ca2+]cyt (Combettes et al., 1990; Beuers et al., 1993a; Gerasimenko et 

al., 2006), which subsequently affects diverse cellular processes (Beuers et al., 

1993a; Alpini et al., 2004; Borgognone et al., 2005). However, the site(s) of action 

of the bile acids on cellular Ca2+ movements has not been clearly defined. The results 

presented, identify SOCs as a target for cholestatic and choleretic bile acids in liver 

cells. 

 

Given that a decrease in the ER Ca2+ content is a necessary requirement for the 

activation of SOCs and considering that it is not clearly established whether this 

involves the whole of the ER or only a small part; the effect of Ca2+ release from the 

ER on SOCs activation in liver cells, were investigated in the next chapter using an 

alternative approach. 
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CHAPTER IV:  EFFECT OF TRPV1-INDUCED 

Ca2+ RELEASE ON THE ACTIVATION OF SOCs 

IN LIVER CELLS 

 

 

4.1 Introduction  

While there is good evidence to indicate that a decrease in Ca2+ in the ER is a 

necessary requirement for the activation of SOCs, it is not clearly established 

whether this involves the whole ER or only a small part.  The results of some studies 

suggest that only a small component of the ER or some other intracellular store is 

required for the activation of SOCs (Parekh and Penner, 1997; Hartmann and 

Verkhratsky, 1998; Huang and Putney, 1998; Gregory et al., 1999; Parekh and 

Putney, 2005; Ong et al., 2007b). Other studies suggest that the whole ER is 

involved (Hofer et al., 1998; Park et al., 2000; Sedova et al., 2000). Previous studies 

from our laboratory, performed in hepatocytes, employing adenophostin A (a tight-

binding agonist of IP3 receptors) and IP3 analogues to activate Ca2+ entry; suggest 

that only a sub-region of the ER is required for the activation of SOCs in liver cells 

(Gregory et al., 1999; Gregory et al., 2004b). Furthermore, studies with some other 

cell types also indicate that the activation of SOCs requires Ca2+ release from a small 

region of the ER (Parekh and Penner, 1997; Hartmann and Verkhratsky, 1998; 

Huang and Putney, 1998; Parekh and Putney, 2005; Ong et al., 2007b). Moreover, 

the results of recent experiments in which two concentrations of thapsigargin (1.0nM 

and 1.0µM) were compared in their ability to release Ca2+ from the ER and activate 



Chapter IV: Effect of TRPV1-induced Ca2+ release on the activation of SOCs 99

Ca2+ entry provided evidence that only a small component of the ER in close 

proximity to the plasma membrane is required to activate SOCs (Ong et al., 2007b).   

Considering the above evidence and the conclusion from the results described in 

chapter III, which suggests that the activation of SOCs by choleretic bile acid TDCA 

is associated with the release of Ca2+ from a small region of ER, the general aim of 

the present experiments was to investigate the extent and possible localisation of the 

ER Ca2+ store required for the activation of SOCs in liver cells.  

The experimental strategy used to investigate this question employed ectopically 

expressed TRPV1 channels as a tool to induce the release Ca2+ from the ER. Studies 

with other cell types have shown that TRPV1 is localised in the PM and in 

intracellular membranes (presumably ER) (Olah et al., 2001; Liu et al., 2003; Turner 

et al., 2003; Wisnoskey et al., 2003; Karai et al., 2004; Vos et al., 2006; Thomas et 

al., 2007). Furthermore, it has been reported that TRPV1 activation, promotes Ca2+ 

entry across the PM and releases Ca2+ from intracellular stores (Liu et al., 2003; 

Marshall et al., 2003; Turner et al., 2003; Wisnoskey et al., 2003; Karai et al., 2004). 

This chapter describes the localisation of functionally active ectopically expressed 

TRPV1 in the ER and the plasma membrane of H4-IIE liver cells. It is demonstrated 

that the release of Ca2+ from the bulk of the ER, via ectopically expressed TRPV1, 

does not activate SOCs. 
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4.2 Results  

4.2.1. TRPV1 protein expression and distribution in H4-IIE liver cells  

To test for the presence of endogenous TRPV1 proteins in H4-IIE liver cells, an 

immunofluorescence assay against TRPV1 was performed in normal H4-IIE cells 

(non-transfected cells).  

The results (Fig. 4.1) indicate that TRPV1 proteins could not be detected in H4-IIE 

liver cells. There was no difference with control experiments in which the antibody 

against TRPV1 was omitted in the immunofluorescence assay. This result suggests 

that H4-IIE liver cells do not express endogenous TRPV1 proteins. 
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Fig. 4.1. H4-IIE cells do not express detectable endogenous TRPV1 proteins. 
Representative confocal images resulting from immunofluorescence against TRPV1, 
performed in H4-IIE, are shown. Note the lack of fluorescence corresponding to 
Alexa-Fluor 647 antibody (red emission). Immunofluorescence and imaging by 
confocal microscopy assays were performed as described in Section 2.7.1. The scale 
bar represents 10 µm. The results shown are representative of those obtained for one 
of 54 cells examined in three separate experiments. 
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The ectopical expression of TRPV1 proteins in H4-IIE liver cells was then 

performed and the cellular localisation of the expressed TRPV1 proteins was 

subsequently assessed by immunofluorescence using confocal microscopy.   

As shown in Fig. 4.2, in H4-IIE liver cells transiently transfected with Ad-Track-

CMV-TRPV1, the ectopically expressed TRPV1 proteins were found predominately 

in intracellular locations and at the plasma membrane. TRPV1 transfected H4-IIE 

cells were identified by the presence of GFP, as is shown in Fig. 4.2, top panel. 
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Fig. 4.2. Confocal microscopy imaging of ectopically expressed TRPV1 proteins 
in Ad-Track-CMV-TRPV1 transfected H4-IIE cells. Representative confocal 
images, of the immunofluorescence against TRPV1, performed in Ad-Track-CMV-
TRPV1 transfected H4-IIE cells, are shown. Top panel shows TRPV1 transfected 
cells. The middle panel shows the Alexa-Fluor 647 antibody red fluorescence, 
illustrating the presence and localisation of TRPV1 proteins. The bottom panel 
represents the merged images. TRPV1(+) cells were identified by the GFP 
fluorescence (which is encoded in the Ad-Track-CMV-TRPV1 plasmid). Cellular 
transfection, immunofluorescence and imaging by confocal microscopy assays were 
performed as described in Sections 2.5.4 and 2.7.1. The scale bar represents 10 µm. 
The results shown are representative of those obtained for one of 18 TRPV1(+) cells 
examined in three separate experiments. 
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To determine if intracellular TRPV1 was ectopically expressed in the endoplasmic 

reticulum; a co-localisation assay was developed by co-transfection of Ad-Track-

CMV-TRPV1 plasmid plus the ER marker pDsRed2-ER plasmid, followed by an 

immunofluorescence assay against TRPV1 proteins. 

As shown in Fig. 4.3, the intracellular localisation of ectopically expressed TRPV1 

(imaged by Alexa-Fluor 647 fluorescence) showed substantial co-localisation with 

the ER (imaged using DsRed2) indicating that TRPV1 proteins are being ectopically 

expressed at this intracellular site (Fig. 4.3, ER and merged). 



Chapter IV: Effect of TRPV1-induced Ca2+ release on the activation of SOCs 105

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3. In Ad-Track-CMV-TRPV1 transfected H4-IIE cells TRPV1 protein is 
distributed throughout the ER and the PM. Representative confocal image of a 
H4-IIE cell co-transfected with Ad-Track-CMV-TRPV1 and pDsRed2-ER plasmids 
is shown. The ER structure (identified by DsRed2 fluorescence, top left panel), the 
endogenous expressed STIM1 proteins (identified by Alexa-Fluor 647 through 
immunofluorescence, top right panel) and the merged images (bottom panel) are 
presented. Due to the near infrared emission wavelength of Alexa-Fluor 647 (675-
750nm), green colour was used in the image in order to facilitate co-localisation. 
TRPV1 positive cells were identified by the GFP fluorescence (encoded in the Ad-
Track-CMV-TRPV1 plasmid). Cellular transfection, immunofluorescence and 
imaging by confocal microscopy assays were performed as described in Sections 
2.5.4 and 2.8.1. The scale bar represents 10 µm. The results shown are representative 
of those obtained for one of 12 TRPV1(+) cells examined in three separate 
experiments. 
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Immunofluorescence assays are based on the binding of the antibodies to their 

targets. In addition, this technique requires the fixation of cells, a process that could 

either affect cellular protein distribution and/or add extra noise to the images. For 

these reasons, a different type of approach was also performed to confirm the ER 

localisation of ectopically expressed TRPV1 proteins. In this case a different plasmid 

was used to ectopically express TRPV1, namely YFP-TRPV1 plasmid. The cellular 

transfection with YFP-TRPV1 plasmid induces the expression of TRPV1 proteins 

with an YFP fluorescent molecule directly attached; so the exact localisation of 

TRPV1 could be tracked by imaging the intracellular YFP fluorescence. 

For this, H4-IIE liver cells were co-transfected with YFP-TRPV1 plasmid plus 

pDsRed2-ER plasmid. 48 h later, the fluorescent molecules expressed from both 

plasmids (YFP and DsRed2 respectively) were captured by confocal microscopy. 

After that a de-convolution of the acquired images was performed in order to 

improve their resolution.  

The classic ER structural pattern is visualised in Fig. 4.4 A by the DsRed2 

fluorescence (left panel). It can be seen, in the middle panel, that the YFP 

distribution exhibits an almost identical pattern to the DsRed2 fluorescence and, 

furthermore, the merged image (right panel) shows the high co-localisation between 

the two fluorescent molecules (yellow colour). This represents strong evidence of 

TRPV1 localisation in the ER. In addition to the ER localisation, TRPV1-YFP 

proteins are expressed in the PM as can be seen by the green fluorescence 

surrounding the periphery of the cells (arrows heads). Note that in the merged image 

those areas indicated by arrow heads, exhibit only green fluorescence (from TRPV1-

YFP), which confirms they belong to a non ER structure (most likely PM). 
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To confirm TRPV1 co-localisation with ER, another ER marker, BODIPY TR-X Tg, 

(Engelke et al., 2002; Burdyga et al., 2007; Macgregor et al., 2007; Rengifo et al., 

2007) was employed. For this H4-IIE cells were transfected with YFP-TRPV1 

plasmid. 48 h later the cells were loaded with the permeant fluorescent dye BODIPY 

TR-X Tg and subsequently, images of both fluorescent molecules were acquired by 

confocal microscopy. After that a de-convolution of the images was performed in 

order to improve their resolution. 

The typical ER structural pattern is shown in Fig. 4.4 B by the BODIPY TR-X 

fluorescence (left panel). The TRPV1-YFP distribution (middle panel) exhibits an 

almost identical pattern to the BODIPY TR-X and, furthermore, the merged image 

(right panel) shows a high co-localisation between the two fluorescent molecules 

(yellow colour), indicating the TRPV1 localisation in the ER. In addition to the ER 

localisation, TRPV1-YFP proteins are expressed at the PM as can be seen by the 

YFP fluorescence (green) surrounding the periphery of the cells (arrows heads). This 

represents additional evidence of TRPV1 localisation in the ER and some at the PM.  
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Fig. 4.4. In YFP-TRPV1 transfected H4-IIE cells, TRPV1 protein is distributed 
throughout the ER and the PM. (A) Representative de-convoluted confocal images 
of the DsRed2 (left panel) and YFP (right panel) fluorescence, obtained by co-
expression of YFP-TRPV1 and pDsRed2-ER plasmids, in a TRPV1 positive H4-IIE 
cell. (B) Representative de-convoluted confocal images of the BODIPY TR-X (left 
panel) and YFP (right panel) fluorescence, obtained by expression of YFP-TRPV1 
plasmid and stained with the ER marker BODIPY TR-X Tg in a TRPV1 positive H4-
IIE cell. Note the high degree of co-localisation of both fluorescent molecules 
(yellow colour) in the merged image (right panels). The arrows head indicated a 
cellular area (PM) exhibiting only the YFP fluorescence. STIM1 proteins were 
visualised in a Z-plane section in the middle of the cell (note nucleus region 
excluding STIM1). TRPV1 positive cells were identified by the GFP fluorescence 
(encoded in the Ad-Track-CMV-TRPV1 plasmid). Cellular transfection, confocal 
microscopy and de-convolution of the images were performed as described in 
Sections 2.8.1 and 2.8.2. The scale bar represents 10 µm. The results shown are 
representative of those obtained for one of 6-8 TRPV1(+) cells examined in two 
separate experiments. 
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4.2.2. Effect of TRPV1 agonists on [Ca2+]cyt in H4-IIE liver cells expressing 
TRPV1 channels 

To test if the ectopically expressed TRPV1 channels were functionally active in H4-

IIE cells, addition of TRPV1 agonist into the incubation medium was carried out in 

the presence or absence of extracellular Ca2+ and changes in [Ca2+]cyt were measured 

with fura-2.  

The cells transfected with the Ad-Track-CMV-TRPV1 plasmid (designated 

TRPV1(+) cells), were identified by GFP fluorescence, non transfected cells on the 

same coverslip (designated TRPV1(-) cells), were used as controls. Cells transfected 

with empty vector Ad-Track-CMV were used as additional controls. 

As shown in Fig. 4.5 A, in the presence of Ca2+
ext, the addition of TRPV1 agonist 

RTX induced a large and sustained increase in [Ca2+]cyt in TRPV1(+) cells, but not in 

TRPV1(-) cells or in cells transfected with the Ad-Track-CMV plasmid (no TRPV1 

cDNA) (insert). As is shown in Fig. 4.5 B, in the absence of Ca2+
ext, the addition of 

RTX induced a transient increase in [Ca2+]cyt in TRPV1(+) cells but caused no 

increase in [Ca2+]cyt in TRPV1(-) cells or in cells transfected with the Ad-Track-

CMV plasmid (no TRPV1 cDNA) (insert). Similar results were obtained in H4-IIE 

cells ectopically expressing YFP-TRPV1 and with the TRPV1 agonist capsaicin 

(10µM) and N-vanillylnonamide (10µM) in place of RTX (result not shown).  

These results indicate that TRPV1 ectopically expressed in the ER and PM of H4-IIE 

liver cells is functionally active, offering a tool to release Ca2+ from intracellular 

stores (ER) via TRPV1-agonist activation in the absence of Ca2+
ext. Since TRPV1(-) 

cells responded in the same way as cells transfected with the Ad-Track-CMV 

plasmid, TRPV1(-) cells were used as control in all subsequent experiments. 
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Fig. 4.5. RTX induces Ca  entry and release from intracellular stores in 
TRPV1-transfected cells

2+

. Representative traces are showing the effect of TRPV1 
agonist RTX on [Ca2+]cyt of TRPV1(+) and TRPV1(-) H4-IIE cells, are shown. In the 
presence of Ca2+

ext (A), RTX (1µM) induced a sustained increase in [Ca2+]cyt only in 
TRPV1(+) cells, while in the absence of Ca2+

ext (B) RTX induced a transient increase 
in [Ca2+]cyt only in TRPV1(+) cells. In cells transfected with Ad-Track-CMV 
plasmid (which does not have TRPV1), the addition of RTX, in the absence or 
presence of Ca2+

ext, does not alter [Ca2+]cyt (inserts). TRPV1 proteins were 
ectopically expressed by transfection with Track-CMV-TRPV1 plasmid and 
TRPV1(+) cells were identified by the GFP fluorescence encoded in the plasmid. 
Cellular transfection and [Ca2+]cyt measurements as a function of time in cells loaded 
with fura-2, were performed as described in Section 2.5.4 and 2.3. The additions to 
the bath are indicated by the horizontal bars. The results shown are from a 
representative experiment, of those obtained in 3 similar experiments, in which the 
fluorescence of 4-7 TRPV1(+) or (-) H4-IIE cells was measured. 
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4.2.3. Effect of the TRPV1 antagonist ruthenium red on Ca2+ entry and release 
induced by TRPV1 agonists 

In order to verify if the increases in [Ca2+]cyt induced by the TRPV1 agonist RTX, 

takes place exclusively through TRPV1 channels, a group of experiments were 

performed with the TRPV1 channel antagonist ruthenium red (RR) (Dray et al., 

1990).  

As shown is Fig. 4.6 A, the sustained increase in [Ca2+]cyt caused by RTX in 

TRPV1(+) cells was inhibited by RR. Subsequently [Ca2+]cyt returned close to basal 

levels. However, in TRPV1(+) cells, the RTX-induced Ca2+ release from 

intracellular stores (in the absence of extracellular Ca2+) was still apparent in the 

presence of this inhibitor (Fig. 4.6 B), and was not significantly different from the 

release induced by RTX alone (Fig. 4.6 B, insert). In addition, the presence of RR in 

the incubation medium caused no difference in the thapsigargin-induced Ca2+ release 

from the ER (Fig. 4.6 C, insert).  

The results in Fig. 4.6 indicate that in TRPV1(+) cells, TRPV1 agonists activate Ca2+ 

entry through TRPV1 channels in the plasma membrane (sensitive to RR inhibition) 

and cause Ca2+ release from the ER (insensitive to RR inhibition). Similar results to 

those shown in Fig. 4.6 were obtained using the TRPV1 agonists capsaicin (10 µM) 

or N-vanillylnonamide (10 µM) in place of RTX (results not shown). 
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Fig. 4.6. Ruthenium red inhibits RTX-induced Ca  entry but not the Ca  
release from the stores in TRPV1-transfected H4-IIE cells

2+ 2+

. (A) In the presences 
of 1.3 mM Ca2+

ext, the RTX-induced sustained increase of [Ca2+]cyt in TRPV1(+) 
cells was abolished by addition of RR (10µM). The values are the means + SEM of 
those obtained in 3 experiments. (B) In the absence of Ca2+

ext the RTX-induced Ca2+ 
release from intracellular stores in TRPV1(+) cells, was not affected by the presence 
of RR in the incubation medium (insert) (P>0.05). The values are the means + SEM 
of those obtained in 7 and 5 experiments for RTX alone and RTX after RR, 
respectively, in which the fluorescence of 4-7 TRPV1(+) H4-IIE cells were 
measured. (C) RR failed to significantly inhibit the Ca2+ release from ER induced by 
the SERCA inhibitor Tg in un-transfected H4-IIE cells. The insert shows no 
significant difference in the magnitude of Ca2+ release by Tg in the absence or 
presence of RR (P=1). The values are the means + SEM of those obtained in 9 and 4 
experiments for Tg alone and Tg after RR, respectively. Cellular transfection and 
[Ca2+]cyt measurements as a function of time in cells loaded with fura-2, were 
performed as described in Section 2.5.4 and 2.3. The additions to the bath are 
indicated by the horizontal bars. 
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4.2.4. TRPV1 agonist RTX caused Ca2+ depletion of much of the DBHQ 
sensitive stores (ER)  

The extent of the TRPV1-mediated release of Ca2+ from intracellular stores was 

evaluated in H4-IIE cells transfected with Ad-Track-CMV-TRPV1 plasmid. 

As illustrated in Fig. 4.7 A, RTX was added into the incubation medium in the 

absence of Ca2+
ext. This led to an increase in [Ca2+]cyt in TRPV1(+) cells, but no 

RTX-induced increase in [Ca2+]cyt was observed in TRPV1(-) cells. Following RTX 

addition to TRPV1(+) cells, the subsequent addition of DBHQ caused no further 

increase in [Ca2+]cyt, whereas in TRPV1(-) cells the expected DBHQ-induced 

increase in [Ca2+]cyt was observed (Fig. 4.7 A). When the order of addition of RTX 

and DBHQ was reversed, the addition of RTX to TRPV1(+) cells, following the 

addition of DBHQ caused no further increase in [Ca2+]cyt (Fig. 4.7 B). Furthermore, 

the release of Ca2+ from intracellular stores induced by RTX or DBHQ was not 

significantly different in TRPV1(+) cells (Fig. 4.7 C). 

These results suggest that in H4-IIE cells ectopically expressing TRPV1 the Ca2+ 

stores released by TRPV1 agonist overlap substantially with the Ca2+ stores released 

by SERCA inhibitors. Results similar to those shown in Fig. 4.7 were obtained using 

the TRPV1 agonists capsaicin (10 µM) or N-vanillylnonamide (10 µM) in place of 

RTX (results not shown). 
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Fig. 4.7. TRPV1 agonist RTX caused Ca  depletion of much of the DBHQ 
sensitive stores

2+

 in TRPV1-transfected H4-IIE cells. (ER) The effects of RTX 
addition on [Ca2+]cyt in TRPV(+)  and TRPV(-)  H4-IIE cells, are shown. (A) In the 
absence of Ca2+

ext, RTX (1µM) addition caused a transient increase on [Ca2+]cyt. The 
subsequent addition of DBHQ (10µM), despite inducing Ca2+ release in TRPV1(-) 
cells, failed to induce any Ca2+ release from intracellular stores in TRPV1 (+) cells. 
(B) When DBHQ was added the first, a transient increase of [Ca2+]cyt was observed 
in both TRPV1(+) or (-) cells, but the subsequent addition of RTX (1µM) failed to 
induce any change in [Ca2+]cyt in either TRPV1(+) or (-) cells. (C) The RTX-induced 
Ca2+ release from intracellular stores in TRPV1(+) cells, was similar to the release 
induced by DBHQ (P >0.05). TRPV1 was ectopically expressed by transfection with 
Track-CMV-TRPV1 plasmid, and TRPV1 positive cells were identified by the GFP 
fluorescence (encoded in the plasmid). Cellular transfection and [Ca2+]cyt 
measurements as a function of time in cells loaded with fura-2, were performed as 
described in Section 2.5.4 and 2.3. The additions to the bath are indicated by the 
horizontal bars. The results shown are from a representative experiment, of those 
obtained in 4 (A) and 3 (B) similar experiments, in which the fluorescence of 3-7 
TRPV1(+) or(-)H4-IIE cells was measured.  
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The ability of RTX to induce Ca2+ release, from the ER, was tested in experiments 

performed with cells loaded with the fluorescent Ca2+ dye Calcium Green 5N.  

This set of experiments was performed in H4-IIE cells which ectopically expressed 

TRPV1-GFP. Since GFP is freely diffusing in the cytoplasmic space of TRPV1 (+) 

cells, and the fluorescence emission of GFP overlaps with that of Calcium Green 5N, 

digitonin (to permeabilise the PM) was added to allow the washing out of GFP. The 

remaining fluorescence after the cells permeabilisation corresponds to the Calcium 

Green 5N dye located in the ER. Before the cellular permeabilisation the incubation 

medium (KRH) was changed to a “cytoplasmic” medium in which the free [Ca2+] 

was estimated to be 100nM by using the BAD (Bound and Determined) programme 

(S. Brooks, Carelton University, Ottawa, Canada).  

Fig. 4.8 A, shows images of Calcium Green 5N fluorescence in permeabilised 

control H4-IIE cells. Thapsigargin caused a decrease in Calcium Green 5N 

fluorescence, and the subsequent addition of the Ca2+ ionophore, ionomycin, caused 

a further decrease (Fig. 4.8 B).  The decrease caused by ionomycin is most likely due 

to the further release of the Ca2+ remaining in the ER and/or by other intracellular 

stores like Golgi apparatus. No change in fluorescence was observed in the absence 

of thapsigargin and ionomycin (Fig. 4.8 B, insert). Addition of RTX to permeabilised 

TRPV1(+) cells loaded with Calcium Green 5N caused a decrease in Calcium Green 

5N fluorescence (Fig. 4.8 C), similar in magnitude to that induced by thapsigargin in 

TRPV1(-) cells (Fig. 4.12 B), but with a slower time course. A further small decrease 

in fluorescence was caused by subsequent addition of ionomycin (Fig. 4.8 C).  

These results provide additional evidence that the TRPV1 agonist RTX caused the 

release of Ca2+ from the ER to a similar extent as that caused by thapsigargin.
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Fig. 4.8. RTX induces the release of Ca  from the ER2+ . (A) A representative 
fluorescence image of permeabilised H4-IIE cells loaded with Calcium Green 5N. 
The scale bar represents 25µm. The cytoplasmic incubation medium is composed of 
(mM): KC1, 140; NaCl, 5; MgSO4, 7; HEPES, 20; ATP, 1; EGTA, 10.2 and CaCl2, 
1.65, adjusted to pH 7.0. (B) In TRPV1(-) cells, addition of the 1µM thapsigargin 
(Tg), caused the decrease of Calcium Green 5N fluorescence. Subsequent addition of 
ionomycin (15µM) induces a further decrease in Calcium Green 5N fluorescence. 
(C) In TRPV(+) cells, RTX (1µM) addition caused a similar decrease on Calcium 
Green 5N fluorescence to the one caused by Tg. TRPV(+) cells were identified by 
the GFP fluorescence encoded in the Ad-Track-CMV-TRPV1 plasmid. To compare 
fluorescence values from different cells, Calcium Green 5N fluorescence data were 
standardised by assigning the baseline fluorescence (F0), the value of 1. Cellular 
transfection was performed as described in Section 2.5.4. Additions to the bath are 
indicated by the horizontal bars. The results shown are from a representative 
experiment, of those obtained in 4 (B) and 7 (C) similar experiments, in which the 
fluorescence of 4-7 TRPV1(+) or (-) cells was measured.  
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4.2.5. Ca2+ release from the ER induced by TRPV1 agonists does not activate 
SOCs  

The ability of RTX-mediated Ca2+ release from the ER to induce the activation of 

Ca2+ entry through SOCs was tested in H4-IIE liver cells transfected with Ad-Track-

CMV-TRPV1 plasmid, loaded with fura-2. 

Fig. 4.9 A shows that, in either TRPV1(+) or in TRPV1(-) cells, thapsigargin 

releases Ca2+ from the ER (in the absence of Ca2+
ext) and activates Ca2+ entry through 

SOCs, as is indicated by the increase in [Ca2+]cyt upon Ca2+
ext re-addition. 

Nevertheless, as shown in Fig. 4.9 B, a different situation took place when RTX was 

used to induce the release of Ca2+ from intracellular stores. In TRPV1(+) cells, RTX 

induced an increase in [Ca2+]cyt due to the release of Ca2+ from the ER (Fig. 4.9 B). 

However, there was no increase in [Ca2+]cyt upon Ca2+
ext re-addition. No RTX-

induced changes in [Ca2+]cyt were observed in TRPV1(-) cells (Fig. 4.9 B). The 

presence of ruthenium red in the incubation medium, in both Fig 4.9 A or B, was 

necessary in order to avoid Ca2+ entry through TRPV1 channels in the plasma 

membrane when Ca2+
ext was added back.  

These results indicate that, in TRPV1(+) cells, the release of Ca2+ from the ER 

induced by TRPV1 agonists acting on ectopically expressed TRPV1, does not 

activate Ca2+ entry through SOCs.  
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Fig. 4.9. Release of intracellular Ca  induced by RTX does not activate Ca  
entry through SOCs in Ad-Track-CMV-TRPV1 transfected H4-IIE cells

2+ 2+

. (A) 
Fura-2 loaded TRPV1(+) and TRPV1(-) H4-IIE cells exposed to SERCA inhibitor 
thapsigargin (1µM) in the absence of Ca2+

ext exhibits the typical release of Ca2+ from 
intracellular stores. RR (10µM) was subsequently added after Tg (to inhibit TRPV1 
channels at the plasma membrane) and when Ca2+

ext was added back to the bath, the 
typical increase in [Ca2+]cyt (through the SOCs at the plasma membrane) occur in 
both cellular types. (B) RTX (1µM) addition in the absence of Ca2+

ext, despite 
releasing Ca2+ from TRPV1 intracellular stores in TRPV1(+) cells, failed to activate 
Ca2+ entry through SOCs when Ca2+

ext is added back in the presences of RR. Cellular 
transfection and [Ca2+]cyt measurements as a function of time in cells loaded with 
fura-2, were performed as described in Section 2.5.4 and 2.3. The additions to the 
bath are indicated by the horizontal bars. The results shown are from a representative 
experiment, of those obtained in 4 (A) and 13 (B) similar experiments, in which the 
fluorescence of 4-7 TRPV1(+) or(-)H4-IIE cells was measured.  
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Considering the key information about the localisation of TRPV1 proteins in the ER 

obtained in  H4-IIE cells transfected with the YFP-TRPV1 plasmid (Fig. 4.4); the 

ability of RTX-mediated Ca2+ release from the ER, to induce the activation of Ca2+ 

entry through SOCs, was tested in H4-IIE liver cells transfected with YFP-TRPV1 

plasmid.  

As shown in Fig. 4.10, the addition of RTX, in the absence of Ca2+
ext, induced the 

release of Ca2+ from the ER (transient increase in [Ca2+]cyt). However, there was no 

Ca2+ entry through SOCs upon Ca2+
ext re-addition in the presence of ruthenium red 

(added to avoid Ca2+ entry through TRPV1 channels in the plasma membrane). 

This result indicates that the release of Ca2+ from the ER via TRPV1 channels 

ectopically expressed by transfection with YFP-TRPV1 plasmid, failed to activate 

SOCs in H4-IIE liver cells. 



Chapter IV: Effect of TRPV1-induced Ca2+ release on the activation of SOCs 120

 

 

 

 

 

 

 

 

 

Fig. 4.10. Release of intracellular Ca  induced by RTX does not activate Ca  
entry through SOCs in YFP-TRPV1 transfected H4-IIE cells

2+ 2+

.  In TRPV1(+) H4-
IIE cells, RTX (1µM) addition, in the absence of Ca2+

ext, despite to release Ca2+ from 
TRPV1 intracellular stores, failed to activate Ca2+ entry through SOCs when Ca2+

ext 
is added back in the presences of RR (to inhibit TRPV1 channels at the plasma 
membrane expressed by YFP-TRPV1 plasmid). H4-IIE cells transfected with YFP-
TRPV1 plasmid were identified by YFP fluorescence Cellular transfection and 
[Ca2+]cyt measurements as a function of time in cells loaded with fura-2, were 
performed as described in Section 2.5.4 and 2.3. The additions to the bath are 
indicated by the horizontal bars. The results shown are from a representative 
experiment, of those obtained in 6 similar experiments, in which the fluorescence of 
4-7 TRPV1(+) H4-IIE cells was measured.  
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A set of control experiments was undertaken to verify that the lack of SOCs 

activation after RTX-mediated Ca2+ release was not due to the presence of RTX or 

RR in the incubation medium.  

As is shown in Fig. 4.11, neither RTX (Fig. 4.11 B) nor RR (Fig. 4.11 C), inhibited 

thapsigargin-initiated Ca2+ entry through SOCs (Fig. 4.11 A). There was no 

significant difference between the initial rates of Ca2+ entry induced by thapsigargin 

and thapsigargin in the presence of RTX or RR (Fig. 4.11 D).  

These results demonstrated that the presence of RTX or RR in the incubation 

medium did not create any artefact in the experimental protocol used in Fig. 4.9 B. 

Results similar to these shown in Fig. 4.11 were obtained using TRPV1 agonists 

capsaicin (10 µM) or N-vanillylnonamide (10 µM) in place of RTX (results not 

shown).  
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Fig. 4.11. RTX or RR do not impede thapsigargin activation of Ca entry 
through SOCs

2+ 

. (A) Fura-2 loaded H4-IIE cells exposed to SERCA inhibitor 
thapsigargin (1µM) in the absence of Ca2+

ext, exhibits the typical release of Ca2+ from 
intracellular stores followed by the characteristic Ca2+ entry through the SOCs at the 
plasma membrane, when Ca2+

ext is added back to the bath. The addition of RTX 
(1µM) (B) or RR (10µM) (C), prior Ca2+

ext re-addition, do not affect the typical Ca2+ 
entry through the SOCs induced by Tg. [Ca2+]cyt measurements as a function of time 
in cells loaded with fura-2, were performed as described in Section 2.3. The 
additions to the bath are indicated by the horizontal bars. The results shown are from 
a representative experiment, of those obtained in 3-12 similar experiments, in which 
the fluorescence of 10-20 H4-IIE cells were measured. (D) The initial rates of Ca2+ 
entry, induced by Tg, following Ca2+

ext re-addition into the bath (determined as 
described in Section 2.3), shows no significant difference with the initial rates of 
Ca2+ entry by Tg when RTX or RR were present in the incubation medium (P > 
0.05). The values in C are the means ± SEM of 3-12 experiments of those in A, B 
and C.  
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To further investigate if the release of Ca2+ from the ER, via ectopically expressed 

TRPV1 channels, could activate SOCs, a different approach was used. In this case 

the additivity between the RTX-induced Ca2+ entry and the SERCA inhibitor 

(DBHQ)-induced Ca2+ entry was investigated.  

The effects of RTX and DBHQ alone, and in combination, on Ca2+ entry are shown 

in Fig. 4.12 A. Examination of the mean values of the initial rates and the peak 

(maximum) values of Ca2+ entry after Ca2+
ext re-addition are shown in Fig. 4.12 B. 

The results indicate that in the presence of RTX, DBHQ causes a large additional 

increase in Ca2+ entry, presumably due to the activation of SOCs which are not 

activated by the addition of RTX alone.  

This result provides additional evidence about the failure of TRPV1 agonist RTX to 

activate SOCs in H4-IIE liver cells. 
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Fig. 4.12. DBHQ activates additional Ca  entry over and above that activated 
by RTX in cells ectopically expressing TRPV1

2+

. (A) The effects of RTX, DBHQ 
and RTX plus DBHQ, on [Ca2+]cyt in TRPV1(+) cells. Cellular transfection and 
[Ca2+]cyt measurements as a function of time in cells loaded with fura-2, were 
performed as described in Sections 2.5.4 and 2.3. The additions to the bath are 
indicated by the horizontal bars. The results shown are from a representative 
experiment, of those obtained in 4-6 similar experiments, in which the fluorescence 
of 4-8 TRPV1(+) H4-IIE cells was measured. (B) The initial rates of Ca2+ entry and 
peak (maximum) values of [Ca2+]cyt following Ca2+

ext addition (determined as 
described in Section 2.3), show that DBHQ activates additional Ca2+ entry over and 
above that activated by RTX.  The results shown are the means + SEM of 4-6 
experiments. The degrees of significance (determined using ANOVA followed by 
Bonferroni post hoc test) for comparison of the values for initial rate and the peak of 
Ca2+ entries are: RTX cf DBHQ, P = 1 and RTX or DBHQ cf RTX plus DBHQ, ** P 
< 0.01. 

0 5 10 15 20
-50

100

250

400

mM Ca2+
ext1.3

RTX 1mM + DBHQ 10mM

0

TRPV1 +

Time (min)

[C
a2+

] cy
t (

nM
)

RTX
DBHQ

RTX + 
DBHQ

RTX
DBHQ

RTX + 
DBHQ

0

150

300

450

0

150

300

Initial rate
Ca2+ entry

Peak
value

** **

[C
a2+

 ] c
yt

 (n
M

/m
in

)

[C
a

2+]cyt  Plateau (nM
)

0 5 10 15 20 25
-50

100

250

400

mM Ca2+
ext1.3

DBHQ 10µM

0

TRPV1 +

Time (min)

[C
a2+

] cy
t (

nM
)

A

B

0 5 10 15 20 25
-50

100

250

400

mM Ca2+
ext1.3

RTX 1µM

0

TRPV1 +

Time (min)

[C
a2+

] cy
t (

nM
)

0 5 10 15 20
-50

100

250

400

mM Ca2+
ext1.3

RTX 1mM + DBHQ 10mM

0

TRPV1 +

Time (min)

[C
a2+

] cy
t (

nM
)

RTX
DBHQ

RTX + 
DBHQ

RTX
DBHQ

RTX + 
DBHQ

0

150

300

450

0

150

300

Initial rate
Ca2+ entry

Peak
value

** **

[C
a2+

 ] c
yt

 (n
M

/m
in

)

[C
a

2+]cyt  Plateau (nM
)

0 5 10 15 20 25
-50

100

250

400

mM Ca2+
ext1.3

DBHQ 10µM

0

TRPV1 +

Time (min)

[C
a2+

] cy
t (

nM
)

A

B

0 5 10 15 20 25
-50

100

250

400

mM Ca2+
ext1.3

RTX 1µM

0

TRPV1 +

Time (min)

[C
a2+

] cy
t (

nM
)



Chapter IV: Effect of TRPV1-induced Ca2+ release on the activation of SOCs 125

4.2.6. Use of FFP-18 Ca2+ dye to determine whether the TRPV1-mediated Ca2+ 
release from the ER is originated beneath the plasma membrane 

As was described in Section 3.3.9, the choleretic bile acid TDCA induced the release 

of Ca2+ from a subregion of the ER, detected by FFP-18 but not fura-2, considered to 

be close to the plasma membrane. This, in turn, induced the activation of Ca2+ entry 

through SOCs. Contrary to the results obtained with SERCA inhibitors or TDCA, the 

TRPV1-mediated Ca2+ release from the ER was not effective in activating SOCs as 

demonstrated in this chapter. Taking into account these results, it is possible that 

TRPV1-mediated Ca2+ release is originated from a different region of the ER to the 

one the SERCA inhibitors or TDCA mediated their Ca2+ release.  

In order to test this hypothesis, Ca2+ located at sub-plasma membrane space 

((Ca2+)SPM) was measured using FFP-18 in H4-IIE cells previously transfected with 

Ad-Track-CMV-TRPV1 plasmid.  

The results obtained with FFP-18 (Fig. 4.13 A) showed that, in the absence of 

Ca2+
ext, RTX was unable to induce any change in (Ca2+)SPM levels in TRPV1(+) H4-

IIE cells. To confirm that FFP-18 can detect an increase in Ca2+ near the plasma 

membrane, 1.3mM Ca2+
ext was added followed RTX addition, leading to an increase 

in FFP-18 fluorescence due to Ca2+ entry through TRPV1 expressed in the plasma 

membrane. As shown in Fig. 4.13 B, in the absence of Ca2+
ext, addition of the 

SERCA inhibitor thapsigargin induces a transient increase in (Ca2+)SPM detected by 

FFP-18 in TRPV1(+) cells. However, as shown previously in this chapter, the 

addition of RTX, in the absence of Ca2+
ext, induced a fura-2-detectable transient 

increase in [Ca2+]cyt in TRPV1(+) H4-IIE cells (Fig. 4.13 C).  
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These results indicate that the region of the ER from which RTX (via TRPV1) 

releases Ca2+ is further from the plasma membrane than the region (or a component 

of the region) from which thapsigargin releases Ca2+. 
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Fig. 4.13. In TRPV1(+) H4-IIE cells, the RTX-induced release of Ca  from ER 
detected by fura-2, is not observed using FFP-18

2+

. (A) In the absence of Ca2+
ext, 

RTX (1µM) addition did not cause any changes in FFP-18 fluorescence in 
TRPV1(+). The further addition of Ca2+

ext, in the presence of RTX, into the medium 
caused a sustained increase in FFP-18 fluorescence. (B) In cells loaded with FFP-18 
and incubated in the absence of Ca2+

ext (after prior incubation at 1.3mM Ca2+
ext), 

1µM thapsigargin (Tg) caused a transient increase in (Ca2+)SPM. Subsequent addition 
of Ca2+

ext caused a sustained increase in (Ca2+)SPM. (C) In the absence of Ca2+
ext, 

RTX (1µM) addition caused a fura-2 sensitive transient increase of [Ca2+]cyt in 
TRPV1(+) but not TRPV1(-) H4-IIE cells. Cellular transfection, [Ca2+]cyt and 
(Ca2+)SPM measurements as a function of time (in cells loaded with fura-2 and FFP-
18 respectively), were performed as described in Section 2.5.4 and 2.3. The additions 
to the bath are indicated by the horizontal bars. The results shown are from a 
representative experiment, of those obtained in 3 similar experiments, in which the 
fluorescence of 5-7 TRPV1(+) or (-) H4-IIE cells was measured. 
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4.2.7. Effect of ionomycin-induced Ca2+ release in transfected and non-
transfected TRPV1 H4-IIE liver cells 

The results obtained in this chapter show that, in the presence of 1.3mM Ca2+
ext, the 

initial values of [Ca2+]cyt in TRPV1(+) cells, were higher than that in TRPV(-) cells 

(Figs. 4.5 A and 4.7 B). In addition, the release of Ca2+ induced by SERCA inhibitors 

DBHQ or thapsigargin was significantly smaller in TRPV1(+) cells than in TRPV1(-

) cells, in the absence of Ca2+
ext (figures 4.7 B and 4.9 A respectively). These results 

suggest that TRPV1 channels could have some level of constitutive activity when 

ectopically expressed in H4-IIE cells. In order to test this hypothesis, an experiment 

was designed in which, the depletion of intracellular Ca2+ stores was induced the by 

the addition of the Ca2+ ionophore, ionomycin in the absence of Ca2+
ext. The resultant 

increases in [Ca2+]cyt were compared in TRPV1(+) cells with respect to TRPV1(-) 

cells. Those values should represent the content of Ca2+ present in the intracellular 

stores.  

As illustrated in Fig. 4.14, ionomycin induced the release of a large amount of Ca2+ 

from intracellular stores in TRPV1(+) cells when added to the incubation medium in 

zero Ca2+
ext. However, the [Ca2+]cyt released in TRPV1(-) cells was much higher than 

that induced in TRPV1(+) cells. This agrees with the possibility of a basal activity of 

ectopically expressed TRPV1 in H4-IIE cells. 
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Fig. 4.14. Ionomycin-induced Ca  release in TRPV1(+) and TRPV1(-) H4-IIE 
liver cells

2+

. In the absence of Ca2+
ext, ionomycin (15µM) addition caused a fura-2 

sensitive transient increase on [Ca2+]cyt in both TRPV1(-) and TRPV1(+) H4-IIE 
cells. The release induced by ionomycin in TRPV1(+) cells was much smaller than 
the one induced in TRPV1(-) cells. Cellular transfection and [Ca2+]cyt measurements 
as a function of time in cells loaded with fura-2, were performed as described in 
Section 2.5.4 and 2.3. The additions to the bath are indicated by the horizontal bars. 
The result shown is from a representative experiment, of those obtained in 3 similar 
experiments, in which the fluorescence of 3-7 TRPV1(+) or(-)H4-IIE cells were 
measured. 
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4.3 Discussion  

In this chapter evidence has been provided that when ectopically expressed in H4-IIE 

liver cells, TRPV1 is predominantly localised in the ER and the plasma membrane. 

The addition of TRPV1 agonists to TRPV1(+) cells, in the presence of Ca2+
ext, 

induced Ca2+ entry sensitive to inhibition by the TRPV1 antagonist RR. In the 

absence of Ca2+
ext, TRPV1 agonists induced the release of Ca2+ from intracellular 

stores to the extent similar to that induced by SERCA inhibitors. This Ca2+ release, 

which is insensitive to inhibition by RR, was detected by fura-2 but not FFP-18. 

However, in contrast to SERCA inhibitors, agonist of TRPV1 did not activate Ca2+ 

entry through SOCs in H4-IIE TRPV1(+) cells. 

4.3.1. Ectopically expressed functional TRPV1 channels are distributed in the 
PM and the ER of H4-IIE liver cells 

The results obtained by confocal microscopy using immunofluorescence and co-

localisation with ER markers indicated that: in addition to the ectopical expression of 

TRPV1 in the plasma membrane, TRPV1 is predominately located in the ER of H4-

IIE liver cells. Additional evidence indicating the ER localisation of TRPV1 

channels represents the observation that TRPV1 agonists release similar amounts of 

intracellular Ca2+ to that released by the SERCA inhibitor thapsigargin. Three 

experimental observations indicate that TRPV1 mediates Ca2+ release from a large 

proportion of the same intracellular compartment as that which SERCA inhibitors 

release Ca2+:   

- Firstly, in TRPV1(+) cells incubated in the absence of Ca2+
ext, SERCA inhibitors 

did not release any detectable additional Ca2+ when added after RTX. Note, the 

failure of SERCA inhibitors to release Ca2+ is unlikely to be due to RTX inhibition 
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of the action of the SERCA inhibitor, since it was shown that RTX does not inhibit 

the ability of SERCA inhibitors to release Ca2+ from the ER in TRPV1(-) (non-

transfected) cells (see Fig. 4.7 A).  

- Secondly, the amount of Ca2+ released by RTX in TRPV1(+) cells, incubated in the 

absence of Ca2+
ext, was similar in magnitude to that released by SERCA inhibitors.  

- Finally, the third evidence is given by the RTX-induced decrease in the initial 

(basal) fluorescence of Calcium Green 5N observed in the ER of TRPV1(+) cells. 

Calcium Green 5N dissociation constant for Ca2+ in the absence of Mg2+, is ~14 

µM, which means it could monitor changes in Ca2+ levels in intracellular stores 

where calcium is present at µM ranges (such as the ER) (Combettes et al., 1996; 

Ukhanov et al., 1998; Sanchez et al., 2003). 

The results of the experiments undertaken in TRPV1(+) cells using fura-2 and FFP-

18 calcium dyes, presented some evidence about the possible cellular location of the 

TRPV1 agonists-induced Ca2+ release from the ER. FFP-18 has been successfully 

used to monitor rapid changes in the sub-plasma membrane Ca2+ levels ((Ca2+)SPM), 

in a variety of cells types (Etter et al., 1994; Etter et al., 1996; Davies and Hallett, 

1998; Graier et al., 1998; Chadborn et al., 2002). Additionally, it has been described 

that FFP-18 monitor changes in [Ca2+]SPM rather than the bulk [Ca2+]cyt (Davies et al., 

1997; Paltauf-Doburzynska et al., 1998; Chadborn et al., 2002). Using this Ca2+ dye, 

it was observed that, in the absence of Ca2+
ext, when the TRPV1 agonist-induced 

Ca2+ release (detected with fura-2) was measured using FFP-18, RTX addition did 

not induce any increase in (Ca2+)SPM. However FFP-18 was able to detect changes in 

(Ca2+)SPM induced by SERCA inhibitor thapsigargin, in the absence of Ca2+
ext. These 

results indicate that the region of the ER from which RTX (via TRPV1) releases Ca2+ 
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is further from the plasma membrane than the region, or a component of the region, 

from which thapsigargin releases Ca2+. 

It has been suggested in this chapter, that ectopically expressed TRPV1 could be 

constitutively active in the environment of H4-IIE liver cells. The evidence 

supporting this observation is based on: (i) In the presence of 1.3mM Ca2+
ext, the 

initial levels of [Ca2+]cyt in TRPV1(+) cells was higher than that in TRPV1(-) cells; 

(ii) The amount of Ca2+ released by SERCA inhibitors (DBHQ and thapsigargin) 

from the ER of TRPV1(+) cells, was less than that released from TRPV1(-) cells; 

(iii) The amount of Ca2+ released by the Ca2+ ionophore ionomycin from TRPV1(+) 

cells was less than that released from TRPV1(-) cells. Constitutive activity of 

TRPV1 and some other TRP proteins has been reported previously (Chuang et al., 

2001; Dietrich et al., 2003; Peng et al., 2003; Albert et al., 2006; Beech, 2007; 

Numaga et al., 2007)). It has also been suggested that TRPV1 may be activated by 

endogenous signalling molecules (Caterina et al., 2000; Hwang et al., 2000). 

The results described above are consistent with those obtained by others who have 

shown that endogenous (Olah et al., 2001; Liu et al., 2003; Karai et al., 2004) and 

ectopically expressed (Turner et al., 2003; Wisnoskey et al., 2003; Karai et al., 2004) 

TRPV1, are functionally localized in the ER. Although one study concluded that 

TRPV1 agonists released Ca2+ from SERCA inhibitor-insensitive stores (Liu et al., 

2003). These differences may be due to the formation of heterotetrameric TRPV1 

channels, in which TRPV1 is associated with other TRP polypeptides. This could 

produce differences in the TRPV1 proteins expressed in the host cell, which may 

alter the response of TRPV1 to it’s agonists, and it’s regulation by accessory proteins 

(Kedei et al., 2001; Gunthorpe et al., 2002).  
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4.3.2. TRPV1 agonist mediated Ca2+ release from the ER does not activate Ca2+ 
entry through SOCs in H4-IIE liver cells 

The following observations provide evidence that Ca2+ released from the ER  via 

TRPV1, does not activate SOCs: (i) In the presence of ruthenium red, to inhibit Ca2+ 

entry through TRPV1 in the plasma membrane, addition of TRPV1 agonists to 

TRPV1(+) cells did not activate Ca2+ entry in any of the cells tested, as assessed 

using fura-2 and “Ca2+ add-back” assay; (ii) The SERCA inhibitor DBHQ caused 

substantial additional Ca2+ entry in TRPV1(+) cells, over and above that induced by 

RTX;  (iii) In a group of experiments undertaken in parallel by our collaborators 

(Edoardo C. Aromataris and Grigori Y. Rychkov) using patch clamp recording in 

TRPV1(+) H4-IIE cells, no inward current with the properties of the liver cell SOCs 

was detected, when the TRPV1 agonist N-vanillylnonamide was added to the 

incubation medium (see whole paper in the appendices section). 

These results are consistent with the study that has showed that the release of Ca2+ 

from intracellular stores via TRPV1 does not activate SOCs (Wisnoskey et al., 

2003).   

4.3.3. Additional observations and controls 

- Using immunofluorescence assays, it was observed that H4-IIE rat liver cells do not 

express endogenous TRPV1 proteins. This finding was confirmed by the lack of 

response (increases in [Ca2+]cyt) of control cells to TRPV1 agonist. Although, the 

presence of TRPV1 mRNA in the HepG2 human liver cell line has been reported 

(Vriens et al., 2004)). Such a contradiction could be explained by the fact that even 

though both cell lines are derived from liver, they were obtained from the liver of 

different species (rat and human). In addition, it has been described that cell lines 

derived from the same species and tissue, can exhibit differences in mRNA levels 
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and subsequent expression of proteins. As is the case for the EGF receptor ligand 

mRNA (amphiregulin), which is abundantly expressed in the GP2d cell line but 

absent in GP5d cell line, despite both cell lines being derived from the same colon 

adenocarcinoma (Solic et al., 1995).  

- The failure of RR to inhibit TRPV1-mediated release of Ca2+ from intracellular 

organelles, as shown in this chapter, is most likely due to the inability of RR to 

reach TRPV1 at these locations. Ruthenium red binds to many proteins (Tani and 

Ametani, 1971; Maggi, 1991; Gunthorpe et al., 2002; Smith et al., 2002) and it has 

been suggested that it is unlikely that any ruthenium red crosses the plasma 

membrane to enter the cytoplasmic space (Tani and Ametani, 1971; Trudeau et al., 

1996). 

- It is possible that, in the experiments conducted to detect TRPV1-induced Ca2+ 

entry through SOCs, the necessary presence of ruthenium red (and the TRPV1 

agonist itself) could have caused the inhibition of SOCs. However, these 

possibilities are considered unlikely because, as shown in control experiments 

undertaken in this chapter, the presence of RR and TRPV1 agonist RTX in the 

incubation medium did not block SERCA inhibitor-initiated Ca2+ entry through 

SOCs. It has been reported that TRPV1 agonist capsaicin can inhibit cyclopiazonic 

acid-induced store-operated Ca2+ entry in neutrophils (Wang et al., 2005). In 

another study with Jurkat cells it was observed that the TRPV1 agonist capsaicin 

and RTX block ICRAC activated by thapsigargin (Fischer et al., 2001); although, the 

concentration of TRPV1 agonists used in those studies (≥ 100 µM and IC50 32µM), 

were much higher to the one used in this work. 
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- The possibility that Ca2+ entry through SOCs is inhibited by a decrease in 

membrane potential, induced by Na+ entry through TRPV1 in the plasma 

membrane (Kagaya et al., 2002), is also considered unlikely. Na+ entry during the 

Ca2+-add back assay was blocked by RR. In addition it is reported that the effect of 

any altered membrane potential on Ca2+ entry through SOCs is likely to be small 

(Parekh and Putney, 2005).  

 

In conclusion, the present results provide evidence that the bulk of the ER is not 

required for the activation of SOCs, supporting the evidence presented in chapter III, 

which suggested that SOCs are activated by the release of Ca2+ from a small ER 

region located in the vicinity of the plasma membrane.  

 

Recent evidence from the literature, demonstrates that the activation of SOCs 

(CRAC channels) involves the release of Ca2+ from the ER and the movement of the 

Ca2+ sensor STIM1 (Stromal Interaction Molecule 1) within the ER, to junctional 

ER-PM regions, as illustrated schematically in the introductory chapter of this thesis 

in Fig. 1.6 (Lewis, 2007). Given this evidence, the effect of TDCA choleretic bile 

acid and TRPV1 agonist, on regulating STIM1 redistribution, will be investigated in 

the next chapter.  
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CHAPTER V:  EFFECT OF TDCA AND TRPV1 

AGONISTS ON STIM1 DISTRIBUTION WITHIN 

THE ER OF LIVER CELLS 

 

  

5.1 Introduction  

Recent studies have shown that Stromal Interaction Molecule (STIM) protein 

constitutes the Ca2+ sensor which detects the decrease in Ca2+ in the ER and 

communicates this information to SOCs in the plasma membrane. It has been 

demonstrated that, when Ca2+ decreases in the ER, STIM1 redistributes within the 

ER into punctate aggregates located adjacent to the plasma membrane (Liou et al., 

2005; Zhang et al., 2005; Baba et al., 2006; Mercer et al., 2006; Wu et al., 2006; Xu 

et al., 2006; Liou et al., 2007; Ong et al., 2007a). 

In the last two chapters, it was demonstrated that the choleretic bile acid TDCA 

induced the release of Ca2+ from a region of the ER located in the vicinity of the PM; 

while TRPV1 agonists induced the release of Ca2+ from the bulk of the ER. 

Additionally, TDCA-induced Ca2+ release activated SOCs, whereas the TRPV1 

agonist-induced Ca2+ release failed to activate SOCs.  

Considering that the redistribution of STIM1 within the ER region close to the PM is 

a necessary step in the activation of SOCs (Zhang et al., 2005); the aims of the 

present experiments were (i) to identify the effects of TDCA bile acid and TRPV1 

agonists on STIM1 distribution within the ER of H4-IIE liver cells; and (ii) to 
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evaluate the requirement of STIM1 proteins in the activation of Ca2+ entry through 

SOCs induced by choleretic bile acid TDCA. 

This chapter demonstrates that in H4-IIE liver cells STIM1 proteins are required for 

the activation of thapsigargin- and TDCA-induced Ca2+ entry through SOCs. 

Additionally it is described the ability of thapsigargin and TDCA, but not TRPV1 

agonists, to induce the reversible redistribution of STIM1 into punctate aggregates 

within the ER, in a region near to the PM. 
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5.2 Results  

5.2.1. Effect of endogenous STIM1 proteins on SOCs activation in H4-IIE liver 
cells 

The presence of endogenous STIM1 in H4-IIE liver cells was assessed by 

immunofluorescence using anti-GOK/STIM1 and Alexa-Fluor 488-conjugated 

antibodies. Representative images obtained from the immunofluorescence assay are 

shown in Fig 5.1. As shown in the middle panel, the green fluorescence (from the 

Alexa-Fluor 488-conjugated antibody), is distributed in the cytoplasmic space. These 

immunofluorescence results illustrate the endogenous STIM1 proteins expressed in 

H4-IIE cells.  
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Fig. 5.1. H4-IIE cells express endogenous STIM1 proteins. A representative 
confocal image, of a H4-IIE cell, resulting from immunofluorescence against 
endogenous STIM1 is shown. The top panel shows cells in bright field, while the 
middle panel shows the pattern of endogenous STIM1 proteins distribution 
(identified by immunofluorescence using Alexa-Fluor 488-conjugated antibody). The 
merged image shows the distribution of endogenous expressed STIM1 proteins in a 
continuous intracellular structure surrounded the nucleus of H4-IIE. 
Immunofluorescence and imaging by confocal microscopy assays were performed as 
described in Section 2.7.1. The scale bar represents 10 µm. The results shown are 
representative of those obtained for one of 57 cells examined in 6 separate 
experiments. 
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To test if the release of Ca2+ from the ER could initiate the redistribution of 

endogenous STIM1, H4-IIE liver cells were exposed for 10 min to the SERCA 

inhibitor thapsigargin. After the incubation period the cells were fixed and an 

immunofluorescence assay, to detect STIM1 proteins, was performed. In order to 

determine the co-localisation of the endogenous STIM1 distribution within the ER, 

this experiment was performed on H4-IIE cells previously transfected with the ER 

marker pDsRed2-ER. The pDsRed2-ER plasmid encodes DsRed2 fluorescent 

proteins bearing the ER-targeting sequence KDEL (this confers exclusive ER 

localisation of the expressed DsRed fluorescent proteins). 

The results are shown in Fig. 5.2. The green fluorescence corresponds to STIM1 

proteins (identified by Alexa-Fluor 488-conjugated antibody fluorescence) and red 

fluorescence corresponds to the ER structure (identified by DsRed2 fluorescence 

expressed by DsRed2-ER plasmid). As indicated by the co-localisation of both 

fluorescent markers (yellow colour), endogenous STIM1 proteins are located in the 

ER of H4-IIE cells (Fig. 5.2, A, right panel). Additionally, thapsigargin caused the 

redistribution of endogenous STIM1 proteins (Fig. 5.2, A, left panel), into a punctate 

pattern (Fig. 5.2, B, left panel), within the ER of H4-IIE cells (Fig. 5.2, B, right 

panel) as indicated by the high levels of co-localisation. 
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Fig. 5.2. Endogenous STIM1 redistributes throughout the ER into a punctate 
aggregates by thapsigargin addition. Representative confocal images of the 
endogenous expressed STIM1 proteins localisation (by Alexa-Fluor 488-conjugated 
antibody, left panels), the ER structure (DsRed2 fluorescence, middle panels), and 
the merged images (right panels) are presented. Before the immunofluorescence 
assay, the cells were treated for 10 min with either 2µL DMSO (A) or 1µΜ 
thapsigargin (Tg) (B). Treatment with Tg induced the redistribution of endogenous 
STIM1 proteins from a tubular like structures (top) to punctate aggregates (bottom). 
Note the high co-localisation (yellow colour) of both fluorescent molecules in the 
merged images (right panels). The ER structure was visualized by the DsRed2 
fluorescent protein which is bearing the ER-targeting sequence KDEL in the 
pDesRed2-ER plasmid. Immunofluorescence and imaging by confocal microscopy 
assays were performed as described in Section 2.8.3. The scale bar represents 10 µm. 
The results shown are representative of those obtained for one of 30 (A) or 22 (B) 
cells examined in 6 separate experiments.  
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The requirement of endogenous STIM1 proteins in the activation of Ca2+ entry 

through the SOCs, in H4-IIE cells was then investigated. For this, the thapsigargin-

induced Ca2+ entry through SOCs, in cells where the STIM1 protein levels were 

diminished by siRNA transfection, was compared with the thapsigargin-induced Ca2+ 

entry through SOCs in siRNA control transfected cells (which should have normal 

levels of STIM1). The initial rate and maximum peak of Ca2+ entry through SOCs 

was calculated using the “Ca2+-add back” assay. The effectiveness of this siRNA 

against STIM1 in H4-IIE cells has been previously tested in our lab (Litjens et al., 

2007). 

As shown in Fig. 5.3, the transfection with siRNA against STIM1 induced 

approximately 70% inhibition of both, the initial rate and the maximum peak values 

of Ca2+ entry through SOCs (Fig. 5.3 B and C) compared to the siRNA control 

transfected cells (Fig. 5.3 A). These results indicate that the presence of STIM1 in 

H4-IIE cells is required for the SERCA inhibitor-induced activation of Ca2+ entry 

through SOCs. 
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Fig. 5.3. Transfection with siRNA against STIM1 reduces the thapsigargin-
induced Ca entry through SOCs2+ . In H4-IIE cells transfected with control siRNA 
(A) or with siRNA against STIM1 (B), the addition of 1µM Tg (in the absence of 
Ca2+

ext) induced the release of Ca2+ from intracellular stores followed by the Ca2+ 
entry through the SOCs when Ca2+

ext is added back to the bath. Knockdown of 
STIM1 proteins by siRNA and [Ca2+]cyt measurements as a function of time in cells 
loaded with fura-2, were performed as described in Sections 2.6 and 2.3. The 
additions to the bath are indicated by the horizontal bars. The results shown are from 
a representative experiment, of those obtained in 3 similar experiments, in which the 
fluorescence of 10-20 H4-IIE cells was measured. (C) The initial rate and the peak 
(maximum) of Ca2+ entry through SOCs (induced by Tg), in cells treated with siRNA 
against STIM1, were significantly smaller than the ones obtained in siRNA control 
treated cells (P < 0.05). The values in C are the means ± SEM of 3 experiments of 
those in A and B. The initial rate and the peak (maximum) of Ca2+ entry were 
determined as described in Section 2.3. 
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5.2.2. Distribution of ectopically expressed STIM1 proteins in H4-IIE liver cells 
and consequences in SOCs activity  

Although the immunofluorescence experiments were useful in providing information 

about the presence and redistribution of endogenous STIM1 within the ER, the 

ectopical expression of STIM1 conjugated to a fluorescent molecule in living cells, 

represents a better system for monitoring the dynamics and the localisation of STIM1 

redistribution. This provides the possibility of a real time study. Hence ectopical 

expression of STIM1 proteins via transfection with GFP-STIM1/pApuro DNA was 

then assessed.  

A co-localisation assay was performed in order to test if ectopically expressed 

STIM1 proteins were located in the ER. For this, a co-transfection between of GFP-

STIM1/pApuro plasmid (encoding GFP-STIM1 proteins) and pDsRed2-ER plasmid 

(encoding DsRed2 fluorescent proteins) was performed, and the resultant fluorescent 

molecules imaged by confocal microscopy. 

Fig. 5.4 shows a confocal image of a H4-IIE cell co-expressing both fluorescent 

molecules. As illustrated in the bottom panel of this figure, STIM1 proteins are 

homogeneously distributed throughout the ER, as indicated by co-localisation 

(yellow colour) of the GFP fluorescence with the DsRed2 fluorescence. Note that the 

images of GFP-STIM1 fluorescence were acquired in a Z-plane near the middle of 

the cell (nucleus visible). 
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Fig. 5.4. Ectopically expressed STIM1 distributes throughout the ER in H4-IIE 
liver cells.  Representative confocal images of ectopically expressed STIM1 proteins 
localisation (GFP fluorescence, top panel), the ER structure (DsRed2 fluorescence, 
middle panel), in the same living cell, and the merged images (bottom panels) are 
presented. Note in the merged image the high degree of co-localisation of both 
fluorescent molecules (yellow colour). STIM1 proteins were visualised in a Z-plane 
section in the middle of the cell (note nucleus region excluding STIM1). Cellular 
transfection and imaging by confocal microscopy were performed as described in 
Sections 2.5.4 and 2.8.4. The scale bar represents 10 µm. The results shown are 
representative of those obtained for one of 23 cells examined in 4 separate 
experiments. 
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To test if the release of Ca2+ from the ER induces the redistribution of ectopically 

expressed STIM1, the SERCA inhibitor thapsigargin was added to the incubation 

medium and the STIM1 distribution imaged by confocal microscopy. STIM1 

proteins were ectopically expressed in H4-IIE cells by transfection with DNA 

encoding GFP-STIM1.  

As shown in Fig. 5.5, the incubation with thapsigargin, in the absence of Ca2+
ext, 

induced the redistribution of ectopically expressed STIM1 from a homogeneously 

tubular net like structure (top panel) into a punctate pattern (bottom panel) in H4-IIE 

cells. Note that the images of GFP-STIM1 fluorescence were acquired in a Z-plane 

near the plasma membrane (no nucleus visible), hence representing the STIM1 

distribution close to the plasma membrane. 
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Fig. 5.5. SERCA inhibitor thapsigargin redistributes ectopically expressed 
STIM1 into punctate aggregates.  Representative confocal images of ectopically 
expressed STIM1 proteins distribution before (top panel) and after 5min thapsigargin 
(1µM) addition (bottom panel), in the same living H4-IIE cell, are shown. Tg 
addition (in the absence of Ca2+

ext) induces the redistribution of ectopically expressed 
STIM1 proteins from tubular net like structures (top panel) to punctate aggregates 
(bottom panel). STIM1 proteins were visualised in a Z-plane section close to the 
plasma (note the absence of nucleus), by imaging of the GFP fluorescence expressed 
by STIM1/pApuro plasmid. Cellular transfection and imaging by confocal 
microscopy were performed as described in Section 2.7.2. The scale bar represents 
10 µm. The results shown are representative of those obtained for one of 32 cells 
examined in 4 separate experiments.  
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To investigate whether STIM1 ectopical expression influences the activation of Ca2+ 

entry through SOCs in H4-IIE cells; the magnitude of the thapsigargin-induced Ca2+ 

entry through SOCs, in cells where the STIM1 protein levels were augmented (by 

GFP-STIM1 transfection), was compared with thapsigargin-induced Ca2+ entry 

through SOCs in control transfected cells (that should have normal levels of STIM1). 

The rate of Ca2+ entry and the magnitude of the entry through SOCs were calculated 

using the “add-back” assay.  

As shown in Fig. 5.6, the ectopical expression of STIM1 proteins caused an increase 

of approximately 50% in both, the initial rate and the maximum peak values of Ca2+ 

entry through SOCs (Fig. 5.6 B and C) compared to control transfected cells (Fig. 5.6 

A). This result indicates that STIM1 plays an important role in the activation of Ca2+ 

entry through SOCs in H4-IIE liver cells.  
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Fig. 5.6. Ectopic expression of STIM1 proteins increases thapsigargin-mediated 
Ca  entry through SOCs2+ . In H4-IIE cells control transfected (A) or transfected 
with GFP-STIM1/pApuro plasmid (B), the addition of 1µM Tg (in the absence of 
Ca2+

ext) induced the release of Ca2+ from intracellular stores followed by the Ca2+ 
entry through the SOCs when Ca2+

ext is added back to the bath. Ectopic expression of 
STIM1 proteins by STIM1/pApuro DNA transfection and [Ca2+]cyt measurements as 
a function of time in cells loaded with fura-2, were performed as described in 
Sections 2.5.4 and 2.3. The additions to the bath are indicated by the horizontal bars. 
The results shown are from a representative experiment, of those obtained in 3 
similar experiments, in which the fluorescence of 10-20 H4-IIE cells was measured. 
(C) The initial rate and the peak (maximum) of Ca2+ entry through SOCs (induced by 
Tg), in cells ectopically expressing STIM1, were significantly higher than the ones 
obtained in control transfected cells (P < 0.05). The values in C are the means ± 
SEM of 3 experiments of those in A and B. The initial rate and the peak (maximum) 
of Ca2+ entry were determined as described in Section 2.3. 
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5.2.3. Effect of choleretic bile acid TDCA on the distribution of STIM1 in H4-
IIE liver cells 

In chapter III, it was demonstrated that the addition of choleretic bile acid TDCA to 

the incubation medium, induced activation of SOCs involving the release of Ca2+ 

from a region of the ER in the vicinity of the PM. Thus, the effect of TDCA on the 

distribution of endogenous STIM1 proteins was then evaluated. For this H4-IIE cells 

were incubated for 10 minutes with either thapsigargin (in the absence of Ca2+
ext), 

TDCA (in 10mM Ca2+
ext) or DMSO (vehicle in which thapsigargin or TDCA were 

dissolved). After the incubation period the cells were fixed and an 

immunofluorescence assay against STIM1 proteins subsequently performed using 

anti-GOK/STIM1 and Alexa-Fluor 488-conjugated antibodies. 

The results of the immunofluorescence are shown in Fig. 5.7. As illustrated, TDCA 

caused a redistribution of the Alexa-Fluor 488 fluorescence (corresponding to the 

endogenous STIM1) from a tubular net like structure to a punctate pattern (Fig. 5.7, 

bottom panel), similar to that caused by thapsigargin (Fig. 5.7, middle panel), in the 

absence of Ca2+
ext.  
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Fig. 5.7. TDCA induce the redistribution of the endogenous STIM1. 
Representative confocal immunofluorescence images in a Z-plane close to the 
plasma membrane of endogenous STIM1 in cells incubated in the absence of agonist 
(Control), or in the presence of 1 µM thapsigargin for 10 min in zero Ca2+

ext (Tg), or 
with 300 µM TDCA for 10 min in 10 mM Ca2+

ext (TDCA). TDCA treatment (bottom 
panel) induces the redistribution of endogenous STIM1 proteins to punctate 
aggregates in a similar to Tg manner (middle panel). Immunofluorescence and 
imaging by confocal microscopy assays were performed as described in Section 
2.7.1. The scale bar represents 10 µm. The results shown are representative of those 
obtained for one of 47 cells examined in 4 separate experiments.  
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Additionally, the effect of TDCA on the distribution of ectopically expressed STIM1 

proteins was examined. STIM1 proteins were ectopically expressed in H4-IIE cells 

by transfection with DNA encoding GFP-STIM1.  

A series of confocal images are shown in Fig. 5.8. The images of GFP-STIM1 

fluorescence were acquired in a Z-plane near the plasma membrane (no nucleus 

visible), hence representing the STIM1 distribution close to the plasma membrane. 

As shown in Fig. 5.8 B, the addition of TDCA induced the redistribution of STIM1 

in a similar manner to the redistribution induced by thapsigargin (Fig. 5.8 A, bottom 

panel). The effect of TDCA on STIM1 redistribution was similar in the absence of 

Ca2+
ext (Fig. 5.8 B, top panel) and in the presence of 10mM Ca2+

ext (Fig. 5.8 B, 

bottom panel).  
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Fig. 5.8. TDCA induce the redistribution of ectopically expressed STIM1 in the 
presence or the absence of Ca2+

ext. (A) Representative confocal images of 
ectopically expressed STIM1 distribution before (top panel) and after 10min 
thapsigargin (1µM) addition (bottom panel), of living H4-IIE cell are shown. (B) 
Representative confocal images of STIM1 distribution after 10min of TDCA 
(300 µM) in the absence of Ca2+

ext (top panel) or in the presence of 10mM Ca2+
ext 

(bottom panel), of living H4-IIE cell are shown. TDCA addition induces the 
redistribution of ectopically expressed STIM1 proteins to punctate aggregates 
independently of the Ca2+

ext concentration. STIM1 proteins were visualised in a Z-
plane section close to the plasma (note the absence of nucleus), by imaging of the 
GFP fluorescence expressed by STIM1/pApuro plasmid. Cellular transfection and 
imaging by confocal microscopy were performed as described in Section 2.7.2. The 
scale bar represents 10 µm. The results shown are representative of those obtained 
for one of 23 cells examined in 4 separate experiments. 
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The time course of redistribution of STIM1 induced by TDCA was then compared 

with the time course of redistribution of STIM1 caused by SERCA inhibitor 

thapsigargin (both in the absence of Ca2+
ext).  

As is shown in Fig. 5.9, in the absence of Ca2+
ext, both, thapsigargin (top panels) and 

TDCA (bottom panels) caused the redistribution of STIM1 in H4-IIE cells, but 

TDCA was much slower than thapsigargin in inducing the general redistribution of 

STIM1 proteins. 
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Fig. 5.9. In the absences of Ca2+
ext, compared to thapsigargin, TDCA induces a 

slower redistribution of STIM1. (A) Representative confocal images showing the 
time course of redistribution of ectopically expressed STIM1 proteins induced by 
1µM thapsigargin (top panel) or 300µM TDCA (bottom panel) addition are 
presented. In the absence of Ca2+

ext, the time course of TDCA-induced STIM1 
redistribution was approximately 3 times slower than the STIM1 redistribution 
induced by the SERCA inhibitor Tg. STIM1 proteins were visualized by the GFP 
fluorescence expressed by STIM1/pApuro plasmid in a Z-plane section close to the 
plasma. Cellular transfection and imaging by confocal microscopy were performed 
as described in Section 2.7.2. The scale bar represents 10 µm. The results shown are 
representative of those obtained for one of 5-7 cells examined for each condition. 
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To test if the STIM1 redistribution caused by TDCA is reversible, the fluorescence 

of the ectopically expressed STIM1-GFP was examined before the addition, in the 

presence, and after the wash out of TDCA in the bath.  

As shown in Fig. 5.10, STIM1 redistributed homogeneously throughout the ER (top 

panel). When TDCA was added, STIM1 redistributed into a punctate pattern (middle 

panel). However, after TDCA was washed out from the incubation medium, STIM1 

moved back into its original homogenous distribution throughout the ER (bottom 

panel), indicating the reversibility of this process.  
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Fig. 5.10. TDCA-induced STIM1 redistribution is reversible. Representative 
confocal images of GFP fluorescence in a single living H4-IIE cell transfected with 
GFP-STIM1 before addition of TDCA (Before), after TDCA addition (TDCA), and 
after washing out TDCA (After TDCA washout) are shown. The images of STIM1 
distribution were acquired after 5 min of each of the conditions in a medium 
containing 10mM Ca2+

ext. TDCA induced redistribution of GFP-STIM1 to punctate 
aggregates. After the washing out of TDCA, the GFP-STIM1 moves back to the 
initial distribution. The images of STIM1 distribution were taken in a Z-plane section 
close to the plasma. Cellular transfection and imaging by confocal microscopy were 
performed as described in Section 2.7.2. The scale bar represents 10 µm. The results 
shown are representative of those obtained for one of 18 cells examined in 4 separate 
experiments. 
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 In addition to the experiments shown above, a control experiment was performed in 

order to determine if the redistribution of STIM1 proteins, induced by TDCA or 

thapsigargin, could have originated from a direct effect of bile acid on the ER 

structure itself. To test this, H4-IIE cells were transfected with pDsRed2-ER plasmid 

and using confocal microscopy, the ER structure was imaged over time in cells 

treated with TDCA or thapsigargin.  

As shown in Fig. 5.11, neither TDCA (incubated for 20min at 10mM Ca2+
ext), nor 

thapsigargin (incubated for 10 min the absence of added Ca2+
ext), caused any 

detectable change in the structure of the ER. This indicates that the observed 

redistribution of STIM1 induced by TDCA and thapsigargin is unlikely to be due to a 

substantial rearrangement of ER structure itself.  
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Fig. 5.11. TDCA does not cause rearrangement of ER structure. Representative 
confocal images of DesRed2 fluorescence in living H4-IIE cell, transfected with 
pDesRed2-ER plasmid, before and after the additions of Tg or TDCA are presented. 
10min incubation of 1µM Tg in the absence of Ca2+

ext (left panels) or 20min 
incubation of 300µM TDCA in 10mM Ca2+

ext (right panels), failed to induce any 
alteration of the ER structure in the same respective cell. The ER structure was 
visualized by the DsRed2 fluorescent protein which is bearing the ER-targeting 
sequence KDEL in the pDesRed2-ER plasmid. Cellular transfection and imaging by 
confocal microscopy were performed as described in Section 2.5.4. The scale bar 
represents 10 µm. The results shown are representative of those obtained for one of 
18 cells examined in 4 separate experiments. 
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5.2.4. The requirement of endogenous STIM1 proteins for TDCA-induced 
activation of Ca2+ entry through SOCs in H4-IIE liver cells 

The requirement for endogenous STIM1 proteins for the activation of Ca2+ entry 

through SOCs induced by TDCA in H4-IIE cells (described in chapter III) was then 

examined. For this, TDCA-induced Ca2+ entry through SOCs, in cells where STIM1 

proteins were diminished by siRNA transfection, was compared with the TDCA-

induced Ca2+ entry through SOCs in siRNA control transfected cells (which should 

have normal levels of STIM1). The effectiveness of this siRNA against STIM1 in 

H4-IIE cells has been previously tested in our lab (Litjens et al., 2007). 

As shown in Fig. 5.12, the transfection with siRNA against STIM1 induced 

approximately 60% inhibition of the TDCA-induced initial rate of Ca2+ entry through 

SOCs (Fig. 5.12 B and C), compared to the siRNA control transfected cells (Fig. 

5.12 A). This result suggests that in H4-IIE cells, endogenous STIM1 proteins play 

an important role in the TDCA-induced activation of Ca2+ entry through SOCs. 
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Fig. 5.12. Transfection with siRNA against STIM1 reduces the TDCA-induced 
Ca entry through SOCs2+ . In H4-IIE cells transfected with control siRNA (A) or 
with siRNA against STIM1 (B), the addition of 300µM TDCA (in 10mM Ca2+

ext) 
induced Ca2+entry through the SOCs. Knockdown of STIM1 proteins by siRNA and 
[Ca2+]cyt measurements as a function of time in cells loaded with fura-2, were 
performed as described in Sections 2.6 and 2.3. The additions to the bath are 
indicated by the horizontal bars. The results shown are from a representative 
experiment, of those obtained in 3 similar experiments, in which the fluorescence of 
10-20 H4-IIE cells was measured. (C) The initial rate of Ca2+ entry through SOCs 
(induced by TDCA), in cells treated with siRNA against STIM1, were significantly 
smaller than the ones obtained in siRNA control treated cells (P < 0.05). The values 
in C are the means ± SEM of 3 experiments of those in A and B. The initial rate and 
the peak (maximum) of Ca2+ entry were determined as described in Section 2.3. 
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5.2.5. The effect of TRPV1 channel agonist RTX on the distribution of 
ectopically expressed STIM1 in H4-IIE liver cells 

In chapter IV, it was shown that TRPV1 agonist RTX induced the release of Ca2+ 

from the ER, as detected by fura-2 but no but FFP-18. Thus, the effect on RTX on 

the distribution of STIM1 proteins was then evaluated.  

TRPV1 proteins were co-expressed together with GFP (encoded in Ad-Track-CMV-

TRPV1 plasmid). Thus, the use of a STIM1-GFP plasmid to study the distribution of 

STIM1 proteins in TRPV1(+) cells is not possible, due the overlapping of both GFP 

molecules. To image STIM1 proteins in TRPV1(+) cells, transfection with DNA 

encoding Cherry-STIM1 was then performed.  

First, a co-localisation assay was performed in order to test if ectopically expressed 

Cherry-STIM1 proteins were distributed in the ER. For this a co-transfection 

between the Cherry-STIM1 plasmid (encoding STIM1 conjugated to the fluorescent 

molecule Cherry) and YFP-ER plasmid (encoding YFP bearing the ER-targeting 

sequence KDEL) was performed and the resultant fluorescence imaged by confocal 

microscopy. 

Fig. 5.13 shows a confocal image of a TRPV1(+) H4-IIE cell co-expressing both 

fluorescent molecules. As illustrated in the bottom panel of this figure (Merged), 

STIM1 proteins are distributed throughout the ER as indicated by the high level of 

co-localisation (yellow colour) of Cherry fluorescence with the YFP fluorescence.   
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Fig. 5.13. Ectopically expressed Cherry-STIM1 proteins are distributed 
throughout the ER in H4-IIE liver cells. Representative confocal images of STIM1 
proteins localisation (Cherry fluorescence, top panel), the ER structure (YFP 
fluorescence, middle panel), and the merged images (bottom panels) are presented. 
Note the high degree of co-localisation (yellow colour) of both fluorescent molecules 
observed in the merged images. Cellular transfection and imaging by confocal 
microscopy were performed as described in Sections 2.7.2 and 2.8.4. The scale bar 
represents 10 µm. The results shown are representative of those obtained for one of 
12 cells examined in two separate experiments  
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To test if RTX addition to TRPV1(+) cells would cause the redistribution of STIM1 

proteins within the ER, the following experiment was performed. H4-IIE cells were 

co-transfected with Ad-track-CMV-TRPV1 plasmid and Cherry-STIM1 plasmid; 

after 48 h the resultant Cherry fluorescence was imaged by confocal microscopy in 

TRPV1(+) transfected H4-IIE cells. 

A series of confocal images are shown in Fig. 5.14. The images were acquired in a Z-

plane near the plasma membrane (no nucleus visible), hence representing the STIM1 

distribution close to the plasma membrane of TRPV1(+) transfected H4-IIE cells. 

The addition of the SERCA inhibitor thapsigargin induced the redistribution of 

STIM1 from a homogenous tubular net like structure (left top panel) into a punctate 

pattern (right top panel). Surprisingly, despite the intracellular Ca2+ releasing 

capacity of TRPV1 agonists (shown in chapter IV), the addition of the TRPV1 

agonists RTX or N-Vanillolynamide did not cause STIM1 redistribution in the 

majority of the cells analysed (bottom panels). RTX and N-vanillylnonamide 

induced some redistribution of STIM1 in 12 and 20%, respectively, of cells 

examined (42 – 50 cells)). 
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Fig. 5.14. TRPV1 agonists do not induce STIM1 redistribution in TRPV1(+) H4-
IIE cells. Representative confocal images of ectopically expressed STIM1 proteins 
distribution before (top left) and after 10min addition of either 1µM thapsigargin (top 
right), 1µM RTX (bottom left) or 10µM N-Vanillylnonamide (bottom right), in 
living TRPV1(+) H4-IIE cells are shown. The addition of TRPV1 agonists RTX or 
N-Vanillylnonamide, failed to induce the redistribution of STIM1 proteins into a 
punctate aggregates like the SERCA inhibitor Tg does. STIM1 proteins were 
visualised in a Z-plane section close to the plasma (note the absence of the nucleus), 
by imaging of the Cherry fluorescence expressed by Cherry-STIM1 plasmid. 
Cellular transfection and imaging by confocal microscopy were performed as 
described in Section 5.2.3. The scale bar represents 10 µm. The results shown are 
representative of those obtained for one of 42-50 cells examined in 4 separate 
experiments. 
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5.3 Discussion 

In this chapter evidence has been provided indicating that the release of Ca2+, 

induced by SERCA inhibitor thapsigargin, causes the redistribution of endogenous or 

ectopically expressed STIM1 proteins, into punctate aggregates within the ER of H4-

IIE liver cells. In addition it was demonstrated that STIM1 proteins are required for 

the activation of thapsigargin-induced Ca2+ entry through SOCs. Furthermore, it was 

found that the addition of choleretic bile acid TDCA, induced the reversible 

redistribution of STIM1, similar to that caused by the SERCA inhibitor thapsigargin. 

However, the addition of TRPV1 agonists (despite their ability to release Ca2+ from 

the ER, as demonstrated in Chapter IV) failed to redistribute STIM1 in the majority 

of the cells studied.  

5.3.1. STIM1 proteins expressed in the ER of H4-IIE liver cells are required for 
SERCA inhibitor-induced Ca2+ entry through SOCs 

The results obtained by confocal microscopy using immunofluorescence and co-

localisation, indicate that endogenous and ectopically expressed STIM1 proteins are 

homogeneously distributed in the ER of H4-IIE liver cells. It was demonstrated, in 

this chapter, that STIM1 proteins in H4-IIE liver cells are required for the SERCA 

inhibitor-induced Ca2+ entry through SOCs. Two experimental observations indicate 

that STIM1 is required for the activation of Ca2+ entry through SOCs in liver cells:  

- Firstly, the thapsigargin-induced Ca2+ entry through SOCs in H4-IIE cells, was 

significantly reduced (~ 70% less) when the level of STIM1 proteins were 

diminished by siRNA transfection.  
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- Second, the thapsigargin-induced Ca2+ entry through SOCs in H4-IIE cells was 

significantly enhanced (~ 50% more) when the level of STIM1 proteins were 

augmented (by transfection of cDNA plasmids encoding STIM1).  

This result confirms the previously defined role of this intracellular protein as a 

calcium sensor that links the ER to the activation of SOCs in lymphocytes, mast 

cells, and other cell types (Liou et al., 2005; Zhang et al., 2005; Baba et al., 2006; 

Luik et al., 2006; Mercer et al., 2006; Soboloff et al., 2006a; Wu et al., 2006; Xu et 

al., 2006) including liver cells (Litjens et al., 2007). 

5.3.2. TDCA but not TRPV1 agonists caused the redistribution of STIM1 into 
punctate aggregates, within the ER, similar to that caused by thapsigargin 

The evidence presented in this chapter (using confocal microscopy to visualize 

immunofluorescence and GFP-STIM1 and Cherry-STIM1 plasmids expression) 

indicates that the addition of the SERCA inhibitor thapsigargin induced the 

redistribution of endogenous or ectopically expressed STIM1 proteins into punctate 

aggregates within the ER.  

It was observed that the addition of choleretic bile acid TDCA (in the presence or 

absence of Ca2+
ext), induced the redistribution of endogenous or ectopically 

expressed STIM1, similar to that caused by the SERCA inhibitor thapsigargin. 

Furthermore, the redistribution of STIM1 caused by TDCA was reversible, 

indicating that TDCA does not act by inducing the covalent modification of a 

protein, or act as a tight-binding inhibitor.  

In contrast to the effect of TDCA on the redistribution of STIM1, TRPV1 agonists 

did not induce the redistribution of STIM1 in a majority of cells studied (88 and 80% 

by RTX and N-vanillylnonamide, respectively), whereas thapsigargin induced 
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STIM1 redistribution in all cells examined. Since the images of STIM1 redistribution 

assays were acquired in a Z-plane near the plasma membrane (where no nucleus was 

visible), the results obtained represent STIM1 distributed in the vicinity of the 

plasma membrane (presumably “junctional ER”). As suggested in chapter IV, the 

addition of TRPV1 agonist induced the release of Ca2+ from the bulk of the ER. 

Hence, it could be possible that TRPV1 agonist-induced Ca2+ release is not effective 

in causing STIM1 redistribution in the ER regions at the vicinity of the PM. 

These results confirm the reported evidence, which demonstrated that the release of 

Ca2+ from the ER induced the redistribution of STIM1 protein within the ER, into 

punctate aggregates located adjacent to the plasma membrane (Liou et al., 2005; 

Zhang et al., 2005; Baba et al., 2006; Mercer et al., 2006; Wu et al., 2006; Xu et al., 

2006; Liou et al., 2007; Ong et al., 2007a).  

5.3.3. Additional observations and controls 

- As shown in chapter IV, the addition of choleretic bile acid TDCA to the incubation 

medium induced the activation of Ca2+ entry through SOCs in H4-IIE liver cells. 

Evidence shown in this chapter indicates that endogenous STIM1 proteins are 

required for the TDCA-induced activation of Ca2+ entry through SOCs. This is 

demonstrated by the experimental finding that shows that the TDCA-induced Ca2+ 

entry through SOCs in H4-IIE cells, was significantly reduced (~ 60% less) when 

the level of STIM1 proteins were diminished by siRNA transfection.  

- In this chapter it has also been shown that in the absence of Ca2+
ext, it takes longer 

for TDCA to induce redistribution of STIM1 than for thapsigargin. This 

observation may be explained by the reported effect of extracellular Ca2+ on 

enhancing the solubility of bile acids and their ability to form micelles (Gu et al., 
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1992; Hofmann and Mysels, 1992). Thus, it could be possible that the absence of 

Ca2+
ext in the incubation medium could reduce the capability of bile acids to 

interact with the cells, hence affecting the normal time course of STIM1 

redistribution. 

- It is possible that the observed redistribution of STIM1 proteins within the ER, 

induced by choleretic bile acid TDCA, could be an artifactual consequence of an 

effect of bile acid on the ER structure itself. There is evidence which indicates that 

bile acids (deoxycholate), as part of their cytotoxic effects, could induce ER stress 

(dilatation of the ER) causing the re-organisation of the ER structure (Payne et al., 

2005). However, the possibility that TDCA could induce ER structure changes is 

unlikely, as when the ER structure of H4-IIE living cells was imaged by confocal 

microscopy with the pDsRed2-ER marker; TDCA was ineffective in inducing any 

detectable alteration on the ER structure under the experimental conditions 

employed. 

 

Since the redistribution of STIM1 is a pre-requisite for the activation of SOCs and 

given the effects of TDCA, but not TRPV1 agonist, on causing the redistribution of 

STIM1 within the ER regions located in the vecinity of the PM; these results give 

additional evidence for the conclusion postulated throughout this work, that release 

of Ca2+ (which causes STIM1 redistribution) from only a small region of the ER, 

close to the plasma membrane, is required for the activation of SOCs. 

The integration of all the evidence supported in these three consecutive results 

chapters will be analysed and discussed together in the next chapter. 
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CHAPTER VI:  GENERAL DISCUSSION AND 

CONCLUSION 

 

 

The work described in this thesis has determined that choleretic and cholestatic bile 

acids activate and inhibit, respectively, the previously well-characterised Ca2+-

selective channels, SOCs. Using ectopically expressed TRPV1 channels, TRPV1 

agonists and the choleretic bile acid TDCA to release Ca2+ from different regions of 

the ER; it was demonstrated that the activation of SOCs in liver cells requires the 

release of Ca2+ from- and the redistribution of STIM1 within- a region of the ER 

adjacent to the PM.  

The aim of this chapter is to discuss and integrate the experimental findings obtained 

in this study. Additionally, the possible cellular and physiological implications of 

these findings will be considered. The themes discussed are: (i) the possible cellular 

mechanism(s) of bile acid-mediated regulation of SOCs in liver cells; (ii) the 

potential clinical relevance of bile acid-mediated regulation of SOCs; (iii) the 

requirement of a sub-region of the ER for the activation of SOCs; and (iv) the 

analysis of future strategies and experiments which could be employed and finally, 

overall conclusions for this study.  

6.1 Possible mechanism(s) of bile acids regulation of liver cells SOCs  

The present study provides evidence that a 12 h pre-incubation with cholestatic bile 

acids inhibits Ca2+ entry through SOCs in H4-IIE liver cells and hepatocytes in 
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primary culture. In contrast to the inhibitory effect of cholestatic bile acids on SOCs 

activity, the choleretic bile acid TDCA, when added directly to the cells, induced 

Ca2+ entry through SOCs. 

6.1.1 Possible mechanism(s) of cholestatic bile acids regulation of SOCs 

As mentioned above in this study, it was found that pre-incubation with cholestatic 

bile acids is associated with the inhibition of Ca2+ entry through SOCs. It was 

observed that this inhibition involves the release of Ca2+ from the ER. It might be 

expected that if cholestatic bile acids leads to depletion of the ER Ca2+ stores, SOCs 

would be constitutively activated. Hence, it is perhaps surprising that the release of 

Ca2+ from intracellular stores, induced by the pre-incubation with cholestatic bile 

acids, is associated with inhibition of Ca2+ entry through SOCs. A possible 

explanation for this contradictory cause/effect phenomenon is based in the kinetics of 

cholestatic bile acid-mediated Ca2+ release. It was observed that short exposure (5-10 

min) of this bile acid did not cause the release of Ca2+ from the ER, or affect Ca2+ 

entry through SOCs. In fact, a 12 h pre-incubation period with this bile acid was 

necessary to cause the release of Ca2+ and the inhibition of Ca2+ entry through SOCs.  

Another possibility, as schematically sown in Fig. 6.1, is that cholestatic bile acid 

inhibits a step in the pathway of the activation of SOCs downstream from the release 

of Ca2+ from the ER and the redistribution of STIM1 (Varnai et al., 2007). In this 

regard, cholestatic bile acids could: affect the movement of Orai1 in the plasma 

membrane towards junctional ER sites; or increase the open probability of Orai1. 

Additionally, it is possible that cholestatic bile acids could alter the fine structure of 

the junctional ER, or the C-terminal coiled-coil motif of Orai1; this would 

consequently affect the interaction between STIM1 and Orai1. It is known that the C-
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terminal coiled-coil motif of Orai1, represents a key domain for dynamic coupling to 

STIM1 (Muik et al., 2008).  

Furthermore, the inhibition of the Ca2+ entry through SOCs caused by cholestatic 

bile acids could be mediated by protein kinase C (schematically shown in Fig. 6.1). 

Bile acids have been shown to directly or indirectly activate protein kinase C 

(Craven et al., 1987; Huang et al., 1992; Milovic et al., 2002; Lau et al., 2005). 

Additionally, it has been described that the activation of protein kinase C can inhibit 

Ca2+ release-activated Ca2+ channels (Tornquist, 1993; Montero et al., 1994; Parekh 

and Putney, 2005).  

Finally, it was observed in this thesis that the SOC inhibition induced by cholestatic 

bile acids, involves mitochondrial depolarisation (schematically sown in Fig. 6.1). 

This may represent an additional factor responsible for cholestatic bile acid-induced 

inhibition of Ca2+ entry through SOCs. Evidence demonstrating that polarised 

mitochondria are required for the maintenance of sustained Ca2+ entry through SOCs 

channels can be summarised as follows: 

It has been described that the rise in [Ca2+]cyt induced by the release of Ca2+ from the 

ER (via IP3 receptors), triggers the Ca2+-dependent inactivation of the IP3 receptors 

(Bezprozvanny et al., 1991; Finch et al., 1991; Taylor and Traynor, 1995). However, 

mitochondria located adjacent to the IP3-sensitive Ca2+ stores (< 20 nm apart) 

(Csordas et al., 2006) can sense, and buffer, local Ca2+ micro-domains located in the 

vicinity of open IP3 receptors. This leads to an extensive Ca2+ release from the ER 

and subsequently sustained SOCs activation (Rizzuto et al., 1993; Rizzuto et al., 

1998; Moreau et al., 2006). Using whole cells patch clamping recording in mast 

cells, it has been described, that an increase in the cytoplasmic levels of IP3 (either 
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via direct dialysis or by receptor stimulation), fails to activate Icrac, unless 

mitochondria are maintained in an energized or hyperpolarized state (Gilabert and 

Parekh, 2000a; Glitsch et al., 2002b).  

Additionally, it has been described that Ca2+ entry through SOCs generates high 

[Ca2+]cyt micro-domains at the mouth of the channel, which induces a Ca2+-dependent 

inactivation of the channel. However, under physiological conditions of intracellular 

Ca2+ buffering (weak buffering), polarised mitochondria located below the plasma 

membrane, can buffer Ca2+ entry through SOCs and subsequently contributing to 

maintenance of Ca2+ entry through the channel (Gilabert and Parekh, 2000b; Hoth et 

al., 2000; Gilabert et al., 2001; Glitsch et al., 2002a; Malli et al., 2003; Montalvo et 

al., 2006).  
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Fig. 6.1. A schematic representation of the proposed mechanisms of regulation 
of SOCs by cholestatic bile acids in liver cells. It is proposed that pre-incubation 
with LCA causes a sustained release of Ca  from the ER, and could alter the fine 
structure of the junctional ER and/or inhibition of movement of Orai1 in the plasma 
membrane so there is no activation of SOCs. Cholestatic bile acid can activate 
protein kinase C, leading to SOCs inhibition. Activation (A) and inhibition (I) are 
indicated by the broken lines.  
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6.1.2 Possible mechanism(s) for the modulation of SOCs by choleretic bile acids  

In this thesis, evidence has been presented describing the mechanism(s) of activation 

of SOCs by choleretic bile acids. It is proposed, that choleretic bile acid TDCA 

induces the release of Ca2+ from the ER and causes the reversible redistribution of 

STIM1 proteins to punctate aggregates within the ER of liver cells (schematically 

shown in Fig. 6.2). It has been demonstrated recently, in different cellular types 

(including hepatocytes), that the activation of SOCs requires the release of Ca2+ from 

the ER, which would induce the redistribution of STIM1 proteins (the “Ca2+ sensor”) 

into punctate aggregates within the ER (Liou et al., 2005; Zhang et al., 2005; Baba et 

al., 2006; Luik et al., 2006; Mercer et al., 2006; Soboloff et al., 2006a; Wu et al., 

2006; Xu et al., 2006; Litjens et al., 2007). 

As described in this work, choleretic bile acid partially counteracts cholestatic bile 

acids-induced SOCs inhibition. However, both types of bile acids release Ca2+ from 

the ER, so it may be possible that the effects of the bile acids are not only restricted 

to the depletion of Ca2+ from the intracellular stores. There must be some other 

component(s) of SOCs entry that is affected by cholestatic and choleretic bile acids 

in opposite ways. Some possibilities are discussed as follows: 

- One possible explanation, as schematically shown in Fig. 6.2, is that cholestatic bile 

acid inhibits, while choleretic bile acid facilitates, a step in the pathway of the 

activation of SOCs, downstream from the release of Ca2+ from the ER and 

redistribution of STIM1 (Craven et al., 1987). Cholestatic and choleretic bile acids 

may have differential effects on: the movement of Orai1 in the plasma membrane 

towards ER junctional ER sites; the interaction between STIM1 and Orai1; and/or 

the open probability of Orai1 (compare Fig. 6.1 with Fig. 6.2).  
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- It has been shown previously that impairment of hepatobiliary exocytosis and bile 

flow caused by cholestatic bile acid TLCA, is associated with the activation of 

phosphatidylinositiol 3-kinase and the translocation of protein kinase Cε to the 

plasma membrane (Huang et al., 1992). It has been also described, that choleretic 

bile acid TUDCA inhibits the activity of phosphatidylinositiol 3-kinase-dependant 

protein kinase B and the membrane binding of protein kinase Cε, thus reversing the 

effects of TLCA (Huang et al., 1992). So, it could be possible, that differential 

regulation of protein kinase Cε and phosphatidylinositiol 3-kinase by TUDCA and 

TLCA, underlines their opposite effects on Ca2+ entry through SOCs. However, this 

is yet to be investigated.  

 

The inhibition or activation of Ca2+ entry through SOCs caused by cholestatic or 

choleretic bile acids respectively, would initiate the disruption of intracellular Ca2+ 

homeostasis and downstream Ca2+ signalling pathways, leading to diverse 

consequences. In the next section some possible implications of the actions of bile 

acids will be discussed. 
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Fig. 6.2. A schematic representation of the proposed mechanisms of regulation 
of SOCs by choleretic bile acids in liver cells. It is proposed that TDCA induces 
the release of Ca2+ from the ER by enhancing Ca2+ outflow (Combettes et al., 1988a, 
b; Beuers et al., 1993a) or by inhibiting SERCA (Kim et al., 2002; Lau et al., 2005). 
This, in turn, leads to the movement of STIM1 to the junctional ER close to the 
plasma membrane and the subsequent activation of SOCs. Activation (A) and 
inhibition (I) are indicated by the broken lines. 
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 6.2 Potential clinical relevance of bile acids-mediated regulation of 
SOCs  

As described in the introductory chapter, the accumulation of cholestatic bile acids 

during cholestasis (in the blood, hepatocytes and possibly in the bile canaliculus), 

can induce bile flow inhibition and liver injury leading to hepatocyte apoptosis and 

necrosis (Chieco et al., 1997; Benz et al., 1998; Sodeman et al., 2000; Boyer, 2002a; 

Higuchi and Gores, 2003; Higuchi et al., 2003; Borgognone et al., 2005). 

Considering the evidence that Ca2+ entry through SOCs is required for the normal 

bile flow in liver (Gregory et al., 2004a), the inhibition of SOCs induced by 

cholestatic bile acids (described in this thesis) may represent an explanation for the 

further inhibition of bile flow, the altered hepatocyte growth and apoptosis and 

necrosis (Chieco et al., 1997; Benz et al., 1998; Sodeman et al., 2000; Higuchi and 

Gores, 2003; Higuchi et al., 2003; Borgognone et al., 2005).  

In this study, evidence has been provided suggesting that addition of choleretic bile 

acid TDCA is able to counteract the inhibition of SOCs and the mitochondrial 

depolarisation caused by 12 h pre-incubation with cholestatic bile acid. Choleretic 

bile acids are used at pharmacological doses to treat different liver pathologies such 

as: cholestasis (Bouchard et al., 1993; Jacquemin et al., 1993; Azer et al., 1995; van 

de Meeberg et al., 1996; Kinbara et al., 1997; Poupon et al., 1997; Beuers et al., 

1998; Ono et al., 1998; Fabris et al., 1999; Pares et al., 2000; Lazaridis et al., 2001; 

Boyer, 2002a) and liver dysfunction in patients with acute and chronic intrahepatic 

cholestatic disorders (Friman and Svanvik, 1994; Fabris et al., 1999). Moreover, it 

has been shown in rat models of cholestasis, that treatment with choleretic bile acids 

can stimulate bile flow (Ishizaki et al., 2001).  
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The results presented identify SOCs as a target for cholestatic and choleretic bile 

acids in liver cells. These results may have implications for: understanding the 

progression of cholestasis and subsequent hepatocyte damage, as well as the 

treatment of cholestasis. Inhibition of Ca2+ entry through SOCs induced by 

cholestatic bile acids may be responsible for enhancing the cholestatic condition; and 

activation of Ca2+ entry through SOCs may contribute to explain the beneficial 

pharmacological effects of choleretic bile acids on cholestasis. 

6.3 Evaluation of the requirement of a small sub-region of the ER 
for activation of SOCs in liver cells  

The results obtained in this study using the choleretic bile salt TDCA, TRPV1 

channels and TRPV1 agonists suggest that a small sub-region of the ER is required 

for the activation of SOCs. As schematically shown in Fig. 6.3: 

It is proposed that TDCA-mediated activation of SOCs involves the release of Ca2+ 

(detected by FFP-18 but not by fura-2); and the reversible redistribution of STIM1 

proteins into punctate aggregates, from a small sub-region of the ER (coloured in 

orange) located close to the plasma membrane.  

In a separate group of experiments undertaken with TRPV1 channels ectopically 

expressed in liver cells it was found that the addition of TRPV1 agonists release Ca2+ 

from an intracellular Ca2+ store that overlaps substantially with the SERCA inhibitor-

sensitive store. The release of Ca2+ induced by TRPV1 agonists was detected by 

fura-2, but not by FFP-18, while the Ca2+ release induced by SERCA inhibitor 

thapsigargin was detected by both, FFP-18 and fura-2 (schematically represented in 

Fig. 6.3). Contrary to the effects of choleretic bile acid TDCA or SERCA inhibitors, 

TRPV1 agonists were unable to redistribute STIM1 within the ER region close to the 
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plasma membrane and failed to activate SOCs (schematically represented in Fig. 

6.3). These experimental results suggest that the release of Ca2+ induced by TRPV1 

agonists, originates from a region of the ER (Fig. 6.3, region in grey) far from where 

FFP-18 is distributed in the plasma membrane. 

In conclusion, it is proposed that the region of the intracellular Ca2+ store required 

for activation of SOCs is a small sub-region of the ER (Fig. 6.3, region in orange) 

that does not express TRPV1 proteins (in TRPV1(+) cells). An additional 

implication of these results is that free Ca2+ within the lumen of the ER sub-region, 

required for SOC activation, exchanges slowly with the bulk of the ER Ca2+ store 

(pink arrow). 
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Fig. 6.3. A schematic representation of the possible ER region require for SOCs 
activation in liver cells. It is proposed that TDCA induces the release of Ca2+ from a 
ER sub-region (orange) beneath the PM detected by FFP-18, while TRPV1 induced 
the release of Ca2+ from the bulk of the ER (grey) which detected by fura-2 in the 
cytoplasmic space. The SERCA inhibitor thapsigargin (Tg) induce the release of 
Ca2+ from both ER regions and is detected by both FFP-18 and fura-2. The release 
of Ca2+ induced by TDCA, or SERCA inhibitor Tg (but not TRPV1 agonist in 
TRPV1(+) cells), leads to the movement of STIM1 to the ER sub-region close to the 
plasma membrane. Activation (A) and inhibition (I) are indicated by the broken lines. 
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6.4 Future experiments  

The findings in this investigation stimulate ideas for future studies. In this section, 

some of these ideas are discussed: 

6.4.1 Future experiments to investigate the localisation of the ER sub-region 
responsible for SOCs activation 

The results obtained in this study suggest that in liver cells expressing TRPV1 

ectopically, the region of the ER which activates SOCs does not express TRPV1 

channels. To attempt to resolve the particular ER sub-region, high resolution 

confocal microscopy, examining the area of the ER in apposition to the PM, could be 

undertaken. Additionally to this, a further de-convolution analysis of the confocal 

images (acquired in different Z-planes), followed by a 3D reconstruction would be 

necessary in order to maximize the resolution and interpretation of the images 

acquired.  

Another possibility is to perform scanning electron microscopy of cells labelled with 

immuno-gold antibodies against TRPV1 proteins. Gold particles may be conjugated 

to primary antibodies but are usually employed as secondary antibody/protein labels. 

So, it could be possible to make a custom gold anti-TRPV1 antibody (or a gold 

secondary antibody against a primary anti-TRPV1 antibody) and perform an 

immunofluorescence in cells ectopically expressing TRPV1. With the scanning 

electron microscope a resolution of ~ 10 nm can be achieved (Slayter, 1997). This 

would allow the identification of the ER sub-region devoid of TRPV1 proteins, 

suggested to be the responsible region in the activation of SOCs. 
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6.4.2 Additional experiments to investigate the redistribution of STIM1 
associated to the ER sub-region responsible for SOCs activation:  

Considering the distinct effects of bile acid TDCA- and TRPV1 agonist-mediated 

Ca2+ release, on STIM1 redistribution within the ER; future studies concerning the 

redistribution of STIM1 would represent a useful tool to investigate the possible sub-

region of the ER required for SOCs activation. Some possible experiments: 

- The distance between the plasma membrane and the TDCA-induced STIM1 

aggregates, could be assessed by the use of Total Internal Reflection Fluorescence 

(TIRF) and the Fluorescence resonance energy transfer (FRET) techniques. These 

techniques would not report the exact localisation of the ER sub-region, but 

nevertheless they represent a useful tool to evaluate how close the ER sub-region, 

responsible for SOCs activation, is to the PM.  

- It could be assessed whether the release of Ca2+ induced by TDCA (from that 

particular ER sub-region) can originate the redistribution of STIM1 in other 

regions of the ER far from the plasma membrane.  

- The redistribution of STIM1 can be analysed in studies in which Ca2+ could be 

released from specific areas of the ER. For this, as is described in the introductory 

chapter of this thesis, different types of IP3 analogues (with different affinities for 

IP3 receptors) can be used. 

6.4.3 Future experiments to investigate the intraluminal ER Ca2+ diffusion:  

The results obtained suggested that Ca2+ diffuses slowly from the ER sub-region 

(located close to the PM), towards the bulk the ER. To further test this possibility, 

studies employing Fluorescence Recovery After Photo-bleaching (FRAP) technique, 

could be undertaken. The idea is to load the ER with a fluorescent dye that can 

diffuse freely throughout the ER, such as MagFluo-4 (reviewed in (Petersen et al., 
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2001)). Then by the use of a laser, the dye located in specific areas of the ER (for 

example close to the nucleus or close to the PM), could be bleached. Subsequently, 

the diffusion kinetics of the dye could be examined in those particular regions. 

6.4.4 Future experiments to investigate the possible beneficial role of choleretic 
bile acid-mediated regulation of SOCs during cholestasis 

To evaluate the possible beneficial role of choleretic bile acids- mediated regulation 

of SOCs during cholestasis, studies in animal models can be performed. Cholestasis 

can be initiated in rats by surgical bile duct ligation. After 24 h of bile duct ligation, 

the rat liver can be perfused with (i) control perfusion medium; (ii) perfusion 

medium containing choleretic bile acid (for example TDCA or TUDCA); or (iii) 

perfusion medium containing choleretic bile acid plus SOCs inhibitors (like Gd3+ or 

2-APB). During liver perfusion, under the different conditions mentioned above, bile 

flow could be measured via collection of bile fluid samples over the time. This offers 

a quantitative parameter of cholestasis-induced liver damage. Additionally, other 

markers indicative of liver damage can be determined, for example: liver enzymes 

functional markers (LDH, bilirubin, etc) and integrity of cellular structure using 

histochemistry techniques.  

6.5 Conclusions  

The presents results provide evidence that SOCs and STIM1 are important targets for 

the actions of bile acids on hepatocytes. The studies performed with choleretic bile 

acid TDCA and TRPV1 agonist suggests that in liver cells, only a small sub-region 

of the ER, in the proximity of the plasma membrane, is require for the redistribution 

of STIM1 and the activation of SOCs. 
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