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Abstract 

 

Background: Connexin (Cx) channels are ubiquitous, providing pathways for movement of 

molecules between cells and for release of molecular effectors into the extracellular environment 

(plasma membrane hemichannels (HCs)). To maintain an adequate permeability barrier, HCs are 

tightly regulated by normal extracellular calcium ion (Ca2+) to be closed under most conditions. Cx 

mutations that disrupt HC regulation by Ca2+ cause human pathologies, due to aberrantly open 

HCs. These pathological conditions including cardiac infarct, stroke, deafness, cataracts, epilepsy, 

Alzheimer’s disease, and skin diseases. Therefore, Cx HCs have emerged as a valid therapeutic 

target. Cx HCs activity has been explored indirectly by the release of adenosine triphosphate (ATP) 

and other metabolite, as well as by electrophysiological methods and/or using HC-permeable dye 

uptake measurements. Recently, all-optical assay based on fluorometric measurements of Ca2+ 

uptake with a Ca2+-selective genetically encoded indicator (GCaMP6s), that permits the optical 

tracking of cytosolic Ca2+ concentration changes with high sensitivity, was presented, the assay in 

stable pools of HaCaT cells overexpressing Cxs of interest, under control of a tetracycline (Tet) 

responsive element (TRE) promoter (Tet-on), for the characterization of new monoclonal 

antibodies targeting the extracellular domain of the HCs. 

Aim: Developing a mathematical model of Ca2+ dynamics with the aim of simulating the complex 

responses measured experimentally by fluorescence microscopy in HaCaT cells challenged by a 

sudden increase of the extracellular Ca2+ concentration. Moreover, the model aims to explain the 

observed damping effects caused by increasing concentrations of different HC blockers, including 

monoclonal antibodies targeted at the HC extracellular domain. 

Method: Open source ImageJ software as well as Vimmaging (a custom-made software developed 

under the MATLAB environment) were used to derive Ca2+ uptake traces in HaCaT-Cx26- 

GCaMP6s cell cultured bathed in extracellular medium and exposed to CaCl2 bolus concentrations 

to reach final extracellular Ca2+ concentrations of 2mM, 1mM, 560µM, 260µM, and 100µM. A set 

of previously derived differential equations that successfully modeled epidermal Ca2+ dynamics in 

vivo was adapted to the peculiar toolset of ion channels and transporters expressed in HaCaT cells 

to generate an original model variant account quantitatively for the insurgence of a biphasic 
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elevation of intracellular Ca2+ when the extracellular Ca2+ concentration overcomes a critical 

threshold.  

Conclusion: Our mathematical simulation of Ca2+ dynamic has revealed that the first elevation 

phase of Ca2+ observed experimentally is due to the release of Ca2+ from endoplasmic reticulum to 

cytosol, whereas the second peak is the result of influx of Ca2+ from extracellular milieu to cytosol 

through HC.   
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1   INTRODUCTION AND AIMS 
 

1.1  Calcium in human’s body 
Apart from four elements, which are responsible for more than 96% of the organisms’ mass, 

oxygen, carbon, hydrogen, and nitrogen, other elements including calcium, phosphorus, potassium, 

and magnesium, are also present. The lists of elements that make up organisms and the importance 

of each in typical plants and animals are 

described in (Table 1.1). 

Calcium is the most abundant mineral in the 

body. Almost all calcium in the body is stored 

in bones and teeth, giving them structure and 

hardness. Ca2+ are involved in regulating 

almost all biological functions of the body such 

as nerve-information transmission, heart and 

muscle contractions, learning and memory, 

embryo formation and development, cell 

proliferation and apoptosis, cell division and 

differentiation, cell energy metabolic, protein 

phosphorylation and dephosphorylation, and 

gene expression and regulation [2,3].  

 

1.1.1  Ca2+ signaling 
The process of Ca2+ signaling consists of a 

series of molecular and biophysical 

phenomena that link the external stimulus to 

the expression of some appropriate 

intracellular responses via an increase in 

cytoplasmic Ca2+ as a signal [4]. The most 

common external signal is a neurotransmitter, hormone or growth factor; however, for excitable 

cells, the initial chemical stimulus is about membrane excitation, which in turn activates a Ca2+-

signaling pathway. The signaling machinery of the cell is composed of multiple discrete units, 

including ryanodine receptor (RyR), inositol 1,4,5-triphosphate (IP3) receptor (IP3R), 

Table 1.1 Functions of elements in organisms (from ref. [1]) 
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phospholipase C (PLC), and sarcoplasmic/endoplasmic reticulum ATPase (SERCA.) These 

elements frequently exist in cluster or are distributed through the cell and this leads to local or 

polarized Ca2+.  
Concentration of the Ca2+ in the cytosol should be maintained at nanomolar, which is 10-fold lower 

than that of extracellular milieu. Increases in Ca2+ concentration can be achieved by both entry of 

that ions from the extracellular space through plasma membrane (PM) channels and also release 

from intracellular stores (figure 1.1).   

Figure 1.1 Schematic model of intracellular Ca2+ homeostasis. 

The Ca2+ concentration [Ca2+] inside cells under resting conditions is maintained at a low concentration (Ca2+ levels are 
indicated in blue). Ca2+ enters the cell via different channels [voltage-gated Ca2+ channels (VGCC), P2X7, and transient receptor 
potential channels (TRPCs)] that are located on the PM. The binding of ligands to plasma membrane G-protein-coupled 
receptors activates PLC to initiate the generation of IP3 and the release of Ca2+ from the ER and the Golgi apparatus into the 
cytosol (the Ca2+ levels reached in stimulated cells are indicated in red). Mitochondria are prone to take up great quantities of 
Ca2+ due to their interaction with the ER through contact sites defining hotspot Ca2+ signaling units (MAMs). After agonist 
stimulation, Ca2+ is released from the ER to mitochondria, where it triggers an increase in cellular metabolism and ATP 
production. By contrast, the mitochondrial Ca2+ overload induced by apoptotic stimuli or ER stressors sensitizes the 
mitochondria to apoptosis, leading to mitochondrial permeability transition pore (mPTP) opening. Ca2+ backs to its resting 
levels through the concerted action of channels and pumps, such as plasma membrane PMCA and the Na+/ Ca2+ exchanger 
(NCX), which permit ion extrusion in the extracellular milieu. SERCA pump re- establishes basal Ca2+ levels in intracellular 
stores. STIM1 and ORAI1 are the major proteins responsible for the SOCE mechanism. (from ref. [3]) 
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1.1.2  Calcium stores and pumps 

A key characteristic determining how Ca2+ serves as a signaling molecules is that, unlike organic 

messengers (i.e. cyclic adenosine monophosphate (cAMP), Na+/Ca2+ exchanger (NCX)), Ca2+ 

cannot be created or metabolized. Consequently, cell signaling with Ca+2 requires a strategy of 

accumulation or storage coupled with Ca2+ release (figure 1.2). The cell exploits major Ca2+ stores, 

the extend environments that contains a virtually infinite supply of Ca2+ of concentration of about 

1-2 mM and internal stores usually contained within endoplasmic reticulum (ER) or muscle-

equivalented sarcoplasmic reticulum (SR). The storage capacity of SR/ER is increased by the 

presence of Ca2+ buffering proteins. For example, calsequstrin and calretinin, that can bind large 

quantities of Ca2+ [5,6]. The free Ca2+ concentration in the ER is in the 10-100 µM range. 

Mitochondria can serve as a Ca+2 reservoir, taking up Ca2+ in times of excess and releasing Ca2+ 

when cytosolic Ca2+ falls. 

To maintain the necessary electrochemical gradient that derives Ca2+ release from these stores, the 

cell membrane must be relatively impermeable to Ca2+. In addition, the cell must be able to reduce 

the cytoplasmic Ca2+ concentration and reload the stores to turn off the signal to reset the system. 

This is achieved by energy-dependent Ca2+ -pump (Ca2+ ATPase) or Ca2+ exchanger located in cell 

membrane. There are two basic form of Ca2+ ATPase, PMCA and SERCA pumps. The over 

expression of these two pumps has an obvious effect on the Ca2+ influx across the PM elicited by 

the emptying of intracellular Ca2+ store [7].  
PMCA is a transport protein in the PM of cell and functions to remove Ca+2 from the cell. As one 

of the P-type pumps family, it has 10 transmembrane helix and two cytosolic loops. The most 

striking feature of it is a C-terminal tail that include most of regulatory sites including that for 

calmodulin. The calmodulin contains four Ca2+ binding sites. The binding of Ca2+ to calmodulin 

causes a conformational change that permits Ca2+/calmodulin to bind various target proteins, 

thereby switching their activity on and off. Overall, PMCA and NCX are together the main 

regulators of the intracellular Ca2+ concentration. 

The SERCA pump is a 110-kDa transmembrane protein that has been identified both in prokaryotes 

and eukaryotes cells. Even though its primary function is to control cytosolic Ca2+, it plays a crucial 

role in many cellular functions such as cell growth and differentiation. The crystal structure of 

SERCA confirmed the existence of 10 transmembrane helices (M1–M10), three cytoplasmic 

domains, an A domain, a P domain (phosphorylation domain), and an N domain where ATP binds. 

Moreover, there are two Ca2+ binding sites located near the cytoplasmic surface of the lipid layer. 



 15 

They are accessible just from the cytoplasm and not from the SR lumen. As ATP phosphorylate 

the enzyme, a series of conformational changes initiates that, through long-range interactions, 

causes change the conformation of the transmembrane helices and repercussion is that the access 

of bound Ca2+ to the cytoplasm is lost, whereas access to the lumen is gained, resulting in Ca2+ 

transport to the lumen. For each molecule of ATP hydrolyzed, the pump transports two molecules 

of Ca2+ ions. Since the SERCA pump is highly abundant in the SR, Ca2+ ion reuptake takes only a 

few milliseconds. However, there are number of factors can affect SERCA pump activity which 

are including Ca2+ ion concentration, ATP level, pH, and adenosine diphosphate (ADP) and 

inorganic phosphate level [8].  

 

the cellular responses to menthol and cold. PMCA4 is an example of a Ca2+ efflux pump, which can be inhibited by the peptide 
caloxin 1b1 with a proposed extracellular binding site. PMCAs have many other biological regulators, including calmodulin 
and acidic phospholipids. NCX1 is an example of a NCX, with pharmacological modulators such as SN-6 capable of inhibiting 
the Ca2+ influx mode, and identified domains for regulators such as PIP2 (phoshphatidylinositol-4,5-bisphoshate). SERCA2a is 
an example of an SR/ER Ca2+ pump that sequesters Ca2+ into internal stores. Specific domains associated with the binding of 
the pharmacological inhibitor thapsigargin, and biological regulators such as phospholamban, have been identified. IP3R is an 
example of an IP3-activated Ca2+ channel on the SR/ER Ca2+ stores. The domains associated with activation by the endogenous 
regulator IP3 (generated after the activation of some G protein-coupled receptors) are shown. Endogenous regulators of IP3 
responsiveness include IRBIT, cytochrome c and calmodulin. (from ref. [9]) 

Figure 1.2 Ca2+ channels, 
pumps and exchangers and 
important regulatory domains. 
Arrows show possible directions 
for Ca2+ transport (note that the 
Na+/Ca2+ exchanger (NCX1) can 
transport Ca2+ in either direction 
depending on the concentration 
gradients for K+, Na+ and Ca2+ 
across the plasma membrane). 
Pink shapes show binding sites of 
modulators. Depictions of Ca2+ 
transporters are schematic; some 
channels such as TRPM8 and 
IP3R are functional as multimers. 
The schematic representation is 
not intended to reflect the 
stoichiometry of ion or co-ion 
transport, nor the precise domains 
that are involved in the transport 
of Ca2+. Plasma membrane Ca2+ 
permeable channels such as 
TRPM8, which allow Ca2+ influx, 
include: the voltage-gated Ca2+ 
channels (subdivided into L-type, 
T-type, P/Q-type, R-Type and N-
Type); and the TRP ion channels 
that differ in selectivity for Ca2+ 
(subdivided into classes: A, C, M, 
ML, P and V). TRPM8 is 
permeable to Ca2+ and has 
specific domains associated with 
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Cell manage external Ca2+ by activating various entry channels. The most widely known are voltage 

operated channels (VOCs). These channels are usually found in the PM of excitable cells. The 

permeability of channels is determined by the molecular characteristics of channel pore. They are 

activated by depolarizing membrane potentials. Another class of Ca2+ release channel is the 

receptor operated channels (ROCs). These channels open upon binding of an agonist to the channel. 

And lastly, store-operated channels (SOCs) which are believed to open in response to the emptying 

the internal Ca2+ stores and their primary function is the replacement of internal Ca2+ stores alter a 

steady flux of Ca2+ via these channels may itself serve as a biological signal.  

In term of Ca2+ release from internal stores, the two most important channels are RyR and IP3R. 

These channel/receptors must bind Ca2+ and/or IP3 in order to open and therefore may be considered 

as a specialized formed ROCs. 

RyRs are ion channels responsible for the release of Ca2+ ions from the SR/ER. Ca2+ is a major 

physiological ligand that triggers opening of RyR. However, as Ca2+ level in the cytoplasm rises, 

Ca2+ can trigger closing of the RyR. This shows that there are multiple Ca2+ -binding sites with 

different affinities and binding kinetics [10,11]. There are three RyR subtypes have been described 

which various cell types are known to express each. RyR1 is essential for excitation–contraction 

coupling in the skeletal muscle, while RyR2 is necessary in the cardiac muscle. RyR2 and RyR3 

have roles in intracellular Ca2+ regulation in the brain [12,13]. Immunohistochemical studies and 

reverse transcription-PCR revealed the expression of all three types of RyR proteins in epidermal 

keratinocyte [11]. Recent study by wang et al, emphasizes the role of RyR activation in mediating 

skin allergy [14].  

IP3R is a membrane glycoprotein complex acting as a Ca2+ channel activated by IP3. IP3R is very 

diverse among organism, and is necessary for control of cellular and physiological processes like 

cell adhesion, cell proliferation, apoptosis, and fertilization [15]. There is a strong evidence 

suggesting that the IP3R plays an important role in the conversion of external stimuli to intracellular 

Ca2+ signals characterized by complex patterns relative to both space and time. The basic property 

of the IP3R is that they respond in a time-dependent manner to slopes of Ca2+ or IP3. Thus, in 

response to a step increase of IP3 or Ca2+ the receptor opens, probability first opens to a peak and 

then declines to a lower plateau [16].  

There are two principal ways in which Ca2+ ion can influence the concentration of IP3 (Figure.1.3). 

Ca2+ can activate PLC, leading to an increase in the rate of production of IP3, and it can also increase 

the rate at which IP3 is phosphorylated by the 3-kinase. The end product of phosphorylation by the 
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3-kinase, IP4, acts as a competitive inhibitor of dephosphorylation of IP3 by the 5-phosphatase. Not 

all of these feedbacks are significant in every cell type. 
 
 

 

 
 
 
 
 
 
 
 

 

 

 

Another important receptor on PM is Ca2+-sensing receptor (CaSR). The CaSR is a family C G 

protein-coupled receptors (GPCR) that is expressed on the cell surface as a dimer and signals via 

G proteins and β-arrestin. They have pivotal roles in neurotransmission, nutrient sensing and Ca2+ 

homeostasis [2].  X-ray crystallography studies have shown that the human CaSR has a 

glycosylated extracellular domain, which binds extracellular Ca2+ at three distinct sites within the 

Venus flytrap (VFT) module, and also at a site located between the VFT module and the cysteine-

rich domain (CRD). The CaSR binds amino acids within the cleft of the VFT module, and the 

binding of both Ca2+ and amino acids might be required to fully activate the CaSR [2]. The binding 

of physiological ligands to G-protein or phosphotyrosine- coupled CaSR at the PM activates 

different isoforms of PLC, which most often initiates the primary route for Ca2+ mobilization. In 

turn, PLC hydrolyzes the PM lipid phosphatidylinositol 4,5-bisphosphate (PIP2) to IP3 and 

diacylglycerol (DAG). When IP3 binds its receptor, Ca2+ is released into cytosol, thereby activating 

various Ca2+ regulated intracellular signal.  

The CaSR has key physiological roles in calcitropic tissues (for instance, parathyroid glands, 

kidneys, bone and breast) and in noncalcitropic tissues (for example, brain, cardiovascular system, 

lungs, intestine, pancreas and skin). Altered CaSR activity in calcitropic tissues leads inherited 

diseases of Ca2+ homeostasis and contributes to the pathogenesis of both primary 

hyperparathyroidism and secondary hyperparathyroidism. By contrast, alterations in CaSR 

function or expression in noncalcitropic tissues are associated with many disease [2]. 

Figure 1.3 Schematic diagram of some of 

the interactions between Ca2+ and IP3 
dynamics. Ca2+  can activate PLC, leading 
to an increase in the rate of production of 
IP3, and it can also increase the rate at which 
IP3 is phosphorylated by the 3-kinase. The 
end product of phosphorylation by the 3-
kinase, IP4, acts as a competitive inhibitor 
of dephosphorylation of IP3 by the 5-
phosphatase. Not all of these feedbacks are 
significant in every cell type (from ref. 
[17]). 
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1.2  ATP as a signaling molecule 

ATP is the source of energy for use and storage at the cellular level. Beside this, the breakdown of 

ATP through hydrolysis serves a broad range of cell functions, including intracellular signaling, 

DNA and RNA synthesis, purinergic signaling, synaptic signaling, active transport, and muscle 

contraction. The concept of purinergic signaling was accepted when in 1990’s the receptor subtypes 

for purines and pyrimidines were cloned and characterized. Two families of purinergic receptors 

have been defined to date, namely P1 and P2 receptors. The P1 receptors belong to the superfamily 

of seven transmembrane receptors which are subdivided into four subtypes, namely A1, A2A, A2B 

and A3 receptor [18]. These receptors bind extracellular adenosine with different affinities [19]. 

The P2 receptor family is subdivided in two subfamilies, namely P2X and P2Y [20-22]. The P2X 

receptors are ligand‐gated ion channels of which seven subtypes have been characterized (P2X1–

7) [23,24]. The P2Y receptors are seven transmembrane receptors of which eight subtypes have 

been identified (P2Y1, 2, 4, 6, 11–14) [21, 25,26]. This trans‐PM concentration gradient may cause 

large responses when ATP is released. Furthermore, ATP is water soluble which permits rapid 

diffusion through the aqueous tissue interstitium. Finally, ATP is quickly degraded by extracellular 

ecto‐nucleotide enzymes that terminate its signaling action to prevent overstimulation. Thus, ATP 

molecules in the extracellular compartment are finely controlled by enzymes catalyzing their 

conversion. In particular, not only  this molecule is crucial for peripheral and central nervous 

systems, but also it is a powerful extracellular messenger to non‐neuronal cells, including: 

secretory, exocrine and endocrine, endothelial, immune, musculo‐skeletal and inflammatory cells 

and is involved in various cellular pathways such as proliferation, differentiation, migration and 

death in development and regeneration [22,27,28]. Recently, the focus has been on the 

pathophysiology and therapeutic potential of both P1 and P2 receptors [29-37]. Studies focused on 

different pathophysiological aspects of purinergic receptors that are available, including 

inflammatory and immune disorders cancer, P2X7 receptors as therapeutic targets and pain [38-

44].  

ATP‐mediate signaling and Ca2+ signaling are profoundly interconnected, and these two signaling 

pathways are essential for most of cellular responses and secretions. Cytosolic ATP concentration 

is generally between 1–10 mM, whereas the extracellular concentration does not exceed 1–10 nM 

[3]. ATP as an energy source is required to keep low the cytosolic Ca2+ concentration [45]. On the 

other hand, ATP molecules are often released by Ca2+‐regulated exocytosis to promote intercellular 

communication [46, 47]. ATP effects are mediated by the extended family of purinoceptors linked 
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to Ca2+ signaling. Generation of Ca2+ signals seems to be the general consequence of purinoceptors 

activation. All P2X receptors are permeable to Ca2+ and their activation leads to an enhancement 

in intracellular Ca2+ from extracellular sources [48,49]. P2Y receptors instead, may lead to 

elevation in intracellular Ca2+ from intracellular sources, depending on their subtype. Indeed, some 

of these receptors (P2Y1, P2Y2, P2Y4, P2Y11) are coupled, via G proteins, to PLC that produces  

 and DAG promoting Ca2+ release from the ER via IP3‐gated receptors. The ATP‐induced Ca2+ 

signaling mediated via the metabotropic route seems to be universal in non‐excitable cells such as 

immune cells, inner ear cell and epidermal keratinocytes cells [28,50-52] 

 

1.3  Skin  
The skin is the largest organ of the body which consists of epidermis and dermis (figure 1.4).  The 

epidermis is the outer cellular layer of stratified squamous epithelium, that is avascular and takes 

on different thickness, while dermis is a dense bed of vascular connective tissue.  

The different layers of epidermis are stratum basal, stratum spinosum, stratum granulosum, stratum 

lucidum, and stratum corneum. Stratum basal is the deepest layer and separated from dermis with 

the basement of membrane, and attached to it by hemidesmosome. Cells in stratum basal layer 

mitotically active stem cells which are constantly producing keratinocytes. Stratum spinosum 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.4 scheme of skin layers 
The references in the image point 
out: (1) hair shaft; (2) stratum 
corneum; (3) sweat-pore; (4) hair 
follicle; (5) arrector pili muscle; (6) 
sebaceous gland; (7) nerve; (8) 
eccrine sweat gland; (9) cutaneous 
vascular plexes; (10) adipose 
depot. Section (A) and (B) 
highlight a detailed structure of the 
epidermis and derma respectively. 
(from ref. [53]) 
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(prickle cell layer), contains polyhedral cells with cytoplasmic processes which attach to 

neighboring cells by desmosome. Stratum granulosum contains diamond shaped cells with two 

types of granules, keratohyalin and lamellar, that contain keratin and glycolipid to form the bundles 

and keeping cell stuck together.  

Stratum lucidum is thin clear layer composed of eleidin that is a transformation product of 

keratohyalin, and stratum corneum made of keratin and horny scales which is made of dead 

keratinocytes that is secrete defensins (part of first immune defense). 

In terms of types of cell, epidermis has four types of cell, namely: keratinocytes, melanocytes, 

langerhans, and merkle’s cell. The most abundant cell types in epidermis is keratinocytes that are 

located in basal layer, and by making and secreting lipids, they are responsible for formation of 

epidermal barrier. Melanocyte cells are highly differentiated cells that create pigment melanin 

inside melanosomes. With the process of differentiation these cells lose the proliferate potential. 

Langerhans cells are the first line defenders of skin and play a key role in antigen presentation. 

Merkle’s cells are located above the basement membrane, and bounded to adjoining keratinocytes 

by desmosomes and contain intermediate keratin filaments.  

The dermis layers are connected to epidermis and consist of two layers namely: papillary and 

reticular layer. The papillary layer is made of loose connective tissue and contacts epidermis, while 

reticular is composed of dense connective bundles of collagen fibers.  

 

1.3.1  Keratinocytes differentiation 
 
The process in which cellular maturation from the mitotic state to a differentiated state, that skin 

builds up a tough yet soft skin barrier to protect the body, occurs is called keratinocytes 

differentiation. Irreversibility of it, permits excessive keratinocytes’ shedding, consequently, 

maintaining skin homeostasis and preventing different skin diseases [54].  

Keratinocytes cells, as the predominant cells in skin, synthesize most structural components of 

epidermal barrier through the programmed process. They arise at innermost layer of the epidermis 

and follow cell division; some progeny stays in the basal layer as stem cell whereas other move to 

upper layer of epidermal. These migrating cells terminally differentiate to make the dead surface 

layer, however during this transition the cell changes both morphologically and biochemically. 

During the process, keratinocytes commences synthesize of important structural and catalytic 

dependent differentiation proteins including involucrin, keratin, filaggrin, and transglutaminase. 
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Ca2+ is the major regulator of keratinocytes differentiation both in vivo and in vitro. Signaling 

pathways involved with differentiation are regulated by Ca2+ and are including: the formation of 

desmosome, adhesion junction, and tight junctions. As keratinocytes move out from the basal layer 

and start to differentiate, desmoglines 2 and 3 (protein that binds with other cadherins to form 

desmosome), become the dominant desmosomal cadherins. An uneven distribution of integrins 

enables their attachment to basal lamina and adjacent cell, consequently helps to regulate their 

proliferation and subsequent differentiation. In epidermis, extracellular Ca2+ is provided by a Ca2+ 

gradient with peaking Ca2+ concentration in the granular layer and a significant decline in the 

stratum corneum. In basal layer, the concentration is low, however, that low Ca2+ keeps 

keratinocytes proliferating [55].  

Keratinocytes in low Ca2+ concentration (0.03mM) proliferate but fail to differentiate into stratified 

layer [56]. Differentiation process is started as Ca2+ level is above 0.1mM. The response of 

keratinocytes to the Ca2+ switch (change in Ca2+ level) is multiphasic. The initial spike in 

intracellular Ca2+ concentration after an increase in extracellular Ca2+ indicates release from cell 

Ca2+ stores inside the cell and it’s initiated by Ca2+ receptors [56]. Additionally, many of the 

specific proteins that are needed for keratinocyte differentiation are regulated in vitro by changes 

in Ca2+ at a transcriptional, and in some cases at a post-transcriptional level [57].  

Skin by protecting from mechanical insults, microorganisms, chemicals, and allergens, functions 

as a barrier against environment. However, formation and maintenance of skin barrier integrity 

could be affected by genetic and also environmental factors that are involved in cell differentiation 

and proliferation, cell–cell adhesion, and skin lipids [58]. Regular keratinocytes differentiation is 

essential for the formation of an intact epidermal barrier and is triggered by release of Ca2+ from 

ER and influx from extracellular Ca2+ sources [55,58-59]. Ca2+ gradient disappears after disruption 

of barrier and reforms with barrier function recovery, stating that the epidermal barrier can 

inversely regulate the formation of the Ca2+ gradient [60]. Therefore, it is not completely obvious 

that whether disappearance of Ca2+ gradient or disruption of barrier is the primary phenomena 

under specific conditions. Ca2+ gradient is lost whether the barrier acutely or chronically disrupted, 

returning to normal as Ca2+ percolates into the epidermis from deeper layers of skin, aligned with 

normalization of barrier function. Conversely, the Ca2+ gradient appears in fetal skin in parallel to 

the appearance of an adequate permeability barrier. Denda et al study showed that when barrier 

state is modulated by constant exposure to either an increased or decreased external humidity, Ca2+ 

gradient varies [59]. Furthermore, skin diseases caused by an abnormal barrier such as 

experimental essential fatty acid deficiency and psoriasis, are associated with a loss of the Ca2+ 
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gradient [60-62]. The keratitis-ichthyosis-deafness (KID) syndrome, as one of the skin diseases, is 

caused by heterozygous dominant missense mutations in gap junction protein beta 2 (GJB2) and 

beta 6 (GJB6) genes, that are encoding Cx26 and Cx30, respectively. These mutations increase the 

release of ATP and Ca2+ influx, which perturb the epidermal Ca2+ gradient resulting defect of 

barrier [63]. Moreover, Rinnerthaler et al demonstrated the role for Ca2+ in skin aging which was 

based on the epidermal Ca2+ gradient collapse during the aging process [64].  

The roles of Ca2+ channels, and calmodulin like skin protein in epidermal Ca2+ homeostasis have 

been studied and confirmed by many studies [65-68]. Transient receptor potential (TRP), one of 

the epidermal Ca2+ channels, can regulate skin barrier homeostasis with keratinocytes 

differentiation and proliferation. It has been revealed that blockade of specific TRP activation by 

physical and chemical stimuli, resulted in the disruption of epidermal barrier integrity and 

homeostasis in human keratinocytes [69]. STIM1 and ORAI1are two proteins that have been 

identified as crucial components of store operated Ca2+ entry channel. Vanderberghe et al, reported 

that feedback repression of ORAI1 can reduce the Ca2+-switch-induced Ca2+ response, resulting in 

impaired keratinocyte differentiation and epidermal barrier in human keratinocytes and in Orai1-

knockout mice [70]. In another study, by Bikle et al, Ca2+ flux through the ORAI1 channel that 

controls epidermal proliferation was revealed. An evidence-based or potential association between 

epidermal Ca2+ gradients and the epidermal barrier is shown in figure (1.5). 

Figure 1.5 An evidence-based or potential association between epidermal Ca2+ gradients and the epidermal barrier. 
Epidermal Ca2+ gradients have been altered in KID syndrome induced by GJB2 or GJB6 missense mutations and in chronological 
skin aging. The formation and homeostasis of the epidermal Ca2+ gradients could be regulated by CaSR, TRP channels, and store-
operated Ca2+  entry (SOCE) channels. Ca2+  receptor depletion, which inhibits Ca+2 influx impairs the epidermal barrier in mice. 
In TRP channels, TRP vanilloid 4 (TRPV4) activation which could be induced by heat (>30oC) and hypo osmolarity, plays a 
crucial role in epidermal barrier formation and recovery in mice. On the other hand, the blockade of TRPV1 activation by physical 
and chemical stimuli such as heat (42oC) and capsaicin can suppress atopic dermatitis (AD)-like symptoms in mice. Two essential 
components of SOCE, STIM1 and Orai1, are activated by ER Ca2+  store depletion. Downregulation of Orai1 can impair 
keratinocyte differentiation and barrier homeostasis in mice (from ref. [58]) 

SR 
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The role for the CaSR in transducing the extracellular Ca2+ concentration signal during 

differentiation have been evaluated and confirmed by many experiments [71-73]. Keratinocytes 

produce two variants of the CaSR namely, the full-length CaSR and a smaller alternatively spliced 

variant lacking exon 5, CaSRalt. The amino acid residues from 460 to 536 in the extracellular 

domain are lost in the CaSRalt. Deglycosylation analyses revealed that the full length CaSR has 

two different N-glycosylated oligosaccharide chains whereas the CaSRalt has only high mannose 

type oligosaccharide chains [74]. The change of glycosylation pattern in the CaSRalt is attributed 

to the deletion of the 2 N-glycosylation sites within exon 5. When it is exogenously expressed in 

keratinocytes, only the full-length CaSR is able to mediate Ca2+-stimulated inositol phosphate 

production and transcriptional activation of involucrin and TG1 genes [74]. The full-length CaSR 

and CaSRalt are expressed differentially during differentiation. Whereas the level of CaSRalt 

remains relatively unchanged, the level of full-length CaSR moderately decreases in the terminally 

differentiated keratinocytes [75]. This expression pattern of CaSR is consistent with the steady 

decline in intracellular Ca2+ concentration and inositol phosphate responses to extracellular Ca2+ 

concentration in differentiated cells but is different from the in vivo situation [74].  

Aforementioned there are several mechanisms by which CaSR mediates extracellular Ca2+ 

concentration-induced increases in intracellular Ca2+, thereby promoting differentiation. 

Inactivation of CaSR in keratinocytes by transfecting a full-length antisense CaSR cDNA construct 

greatly reduces Ca2+ release in response to elevated extracellular Ca2+ concentration [503, 506]. 

This is a consequence of a profound depletion of Ca2+ pools in cells lacking the CaSR, as indicated 

by the reduced amount of Ca2+ released by extracellular Ca2+ concentration, ionomycin, or 

thapsigargin [76]. Consistent with its effect to reduce intracellular Ca2+ stores, inhibition of CaSR 

expression also augments the SOC-mediated Ca2+ influx [76]. This result would be a mechanism 

addressing for the further loss of Ca2+ from internal stores. Additionally, CaSR null keratinocytes 

demonstrate increased Ca2+ accumulation by ER and Golgi due to their reduced Ca2+ stores and/or 

loss of regulation by CaSR. These are acute responses. The data were revealing increased SOC-

mediated Ca2+ influx and accumulation by ER and Golgi in the absence of CaSR but overall loss 

of intracellular Ca2+  stores suggests that CaSR enables Ca2+  entry via channels which are important 

for the maintenance of the Ca2+  stores. Fluorescence immunostaining and co-immunoprecipitation 

studies revealed that CaSR co-localizes and forms a protein complex with several extracellular 

Ca2+ concentration modulators, i.e. PLC g1, IP3R and SPCA1, in the trans-Golgi [76]. Since 

PLC g1 and IP3R are crucial for initiating both Ca2+ release from stores and Ca2+ entry through 
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membrane channels, while SPCA1 is responsible for refilling the intracellular Ca2+ stores, the 

CaSR may serve as a coordinator of these signaling events because of its intrinsic ability to sense 

extracellular Ca2+ concentration and possibly the Ca2+ level in the lumen of intracellular stores [77-

79].  

Immunocytochemistry and in situ hybridization confirmed the expression of CaSR message and 

proteins in mammalian skin in the interfollicular suprabasal keratinocyte layers with little CaSR in 

the basal layer [80, 81]. The level of CaSR expression increases as cell differentiation continues 

across the epidermis, with the strongest expression in the cells of the upper stratum granulosum, 

whereas the corneocytes display weak staining [80]. Like the distribution of CaSR in cultured 

keratinocytes, most of the CaSR proteins in epidermal layers localize intracellularly [80]. Overall, 

the expression of CaSR closely parallels the Ca2+ gradient in the epidermis.  

Extracellular Ca2+ concentration signaling regulates proliferation, differentiation and apoptosis in 

most, if not all, cell types including keratinocytes. Extracellular Ca2+ concentration stimulates the 

keratinocytes to differentiate in large part through the CaSR, which regulates cell survival and 

keratinocyte differentiation by two major pathways which is shown in (Figure. 1.6).  

 

 

Figure 1.6 Extracellular Ca2+ concentration-
stimulated signaling responses in keratinocytes.  
Membrane CaSR senses changes in extracellular 
Ca2+ concentration and activates two signaling 
pathways. One is mediated by the Gaq-activated 
PLC, which generates IP3 to trigger Ca2+ release from 
internal stores including ER and Golgi via IP3R. 
Depletion of Ca2+ stores stimulates Ca2+ influx 
through SOCs by an IP3R- and PLC g1-mediated 
mechanism to further raise intracellular Ca2+ 
concentration. The second involves activation of Rho 
through interaction with Ga proteins, e.g. Gaq or 
Ga12/ 13, filamin A, and RhoGEF to stimulate 
Fyn/Src kinases. Fyn/Src kinases phosphorylate 
catenins, promoting the formation of E- 
cadherin/catenin complex at the cell membrane and 
activation of PI3K. PI3K in turn activates PLC g1 to 
further increase intracellular Ca2+ concentration. The 
activation of PI3K downstream effectors and rise in 
intracellular Ca2+ concentration stimulate the 
expression of genes essential for differentiation and 
cell survival. Finally, the intracellular CaSR forms 
complexes with IP3R, PLC g1, and SPCA1 in the 
Golgi and regulates Ca2+ uptake and release from 
intracellular Ca2+ stores, as well as Ca2+ entry via 
SOC. (from ref.[82])  
 

CaSR 

CaSR 

CaSR 
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1.3.2  Connexin HCs 
Cx assemble as hexameric HCs that are transported to the PM where they can become functional 

channels by themselves, or move to regions of cell contact and find a partner HCs from an adjacent 

cell to complete gap junction (GJ) channel (GJC) formation allowing intercellular passage of ions, 

metabolites and other important signaling molecules of approximately 1 kDa [83-86].  

The physiological roles of HCs and GJCs can be distinguished by their characteristic regulation. 

GJCs act as intercellular connections and are in a constitutively open state so that tissues function 

as syncytia, while HCs communicate with the extracellular space and by default are in a closed 

state [87-90]. Unopposed HCs become active under conditions of mechanical, or ischemic stress, 

and permit the extracellular release of molecules like ATP, glutamate, or Glutamate 

dehydrogenase, provoking various physiological responses (table. 1.2) [91,92]. In sever 

physiological conditions leading to cell death, HCs opening is widely associated with loss of ionic 

gradients and small metabolites, increased cell osmolarity and influx of Ca2+. However, regulated 

HCs opening by specific signals results in defined roles for HCs in cell survival or development 

[93]. The schematic representation of the role of HCs in development, cell survival and death is 

depicted in (figure 1.7). 

 

Factors  Effect on HC 

Mechanical stimulation • Increases surface expression and opens Cx43 HCs 

• Opens PanX1 HCs 

ATP bound purinergic receptors • Opens PanX1 HCs 

pH • pH<6.5 closes Cx26 and Cx46 channels, and pH>7.6 opens 

Cx26 and Cx46 

Ca
2+

 • Physiological and very high intracellular concentrations: Cx43 

and Cx32 are closed 

• Pannexin channels are open 

• Low extracellular or pathologically high intracellular 

concentrations: Cx43 and Cx32 are open 

Phosphorylation  • Phosphorylated Cx43 generally from closed channels, and 

dephosphorylation during ischemia is associated with open 

channels  

Nitrosylation  • Activates Cx43 and Cx46 HCs opening 

Bacterial infection • Increases Cx43 HC activity in endothelial cells 

 

Table 1.2 Regulation of HCs activity. (from ref. [93]) 
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Structurally, Cxs are a 21-member family of integral membrane proteins with four transmembrane 

(TM) domains (M1–M4), connected two extracellular loops (E1 and E2), a cytoplasmic (CL). M2–

M3 loop that play roles in the cell-cell recognition and docking processes, and cytoplasmic N- and 

C-terminal domains (NT and CT) that links the second and third TM domains (figure 1.8). The 

conducting pore region is composed of the amino acids from several domains. N-terminal, M1 and 

E1 domains participate in the formation of channel pore as revealed by substituted cysteine 

accessibility method and recent crystal structure data [94-96]. In general, the transmembrane 

domains are implicated in oligomerization, whereas the extracellular domains facilitate docking 

[97]. The intracellular regions play a role in regulation of the pore opening and interaction with 

other proteins [98,99].  

Given that the formation and removal of GJs is a dynamic process, mechanistic details of how Cxs 

fold, oligomerize, traffic, dock, cluster, function, internalize and degrade have been mapped out. 

Several recent reviews indicated that most cells in the human body will completely renew their GJs 

in a remarkably short 24 hours period [100,101]. Cxs tend to follow a classical secretory pathway 

by co-translationally inserting into ER membranes where they proceed to undergo folding and 

Figure 1.7 Schematic representation of the role of HCs in development, cell survival and death. 
Regulated opening of HCs and, consequently, release of permeants is involved in several normal developmental and physiological 
roles. ATP binds to its receptor, which, in turn, facilitates most of the physiological phenomena leading to tissue development. 
The purinergic receptor also can bind to the inflammasome complex during immune response and cause regulated cell death. 
Other permeants such as PGE2, Glutamate dehydrogenase and glutamate bind to their specific receptors, resulting to specific 
physiological outcomes. Cx43 tail plays a role in cell survival of osteoblasts by activation of growth kinases and also survival of 
cardiomyocytes upon pre-conditioning by moving to the mitochondria. Under conditions of trauma or tissue injury, HCs open for 
prolonged periods to result in unregulated release of permeants, which hastens cell death. (from ref. [93]) 
 



 27 

intramolecular disulfide bond formation [102,103]. While many Cxs oligomerize in the ER, others, 

like Cx43, appear to delay this process until reaching the trans Golgi network [104]. Reasons for 

this delay remain elusive but one argument suggests that this delay would avert any aberrant and 

premature opening of Cxs HCs or connexons in the ER membrane, which could destroy the 

integrity of the ER luminal compartment. Cxs frequently use the assistance of microtubules to 

traffic to the cell surface and may randomly appear at the cell surface or be directed via microtubule 

anchoring sites to the edges of pre-existing GJs [105, 106]. Docking of HCs is highly regulated and 

appears to occur quickly as most imaging technologies fail to detect a cohort of undocked HCs at 

the cell surface [107].  

Even though Cxs share high homology, there are important differences in the sequence of amino 

acid of the intracellular loop and CT (figure 1.9). These segments contain motifs for regulatory 

kinases and cytoskeletal binding proteins [108,109].  

Cxs have overlapping expression patterns, and many cells express more than one. For example, 

Cx26, Cx30, Cx30.3, Cx31, and Cx43 are all present in keratinocytes [110,111]. Co-expression of 

multiple Cxs within a cell influences the composition of the HCs and intercellular channels formed. 

HCs can be formed either from a single Cx, or from more than one type, resulting to the formation 

of either homomeric or heteromeric HCs, respectively. The formation of heteromeric HCs depends 

on the compatibility of the Cxs participating, because not all Cxs can interact with each other 

[112,113].  

Inherited or acquired variations in the structure and function of Cx proteins have been associated 

with diseases. Undocked HCs can open and exchange substances or ions between the cytoplasm 

and the extracellular environment, which may employ signaling as well as pathophysiological 

functions [114].  

Advances in understanding of functional role of Cxs in the skin, have been made by studying the 

diseases caused by mutation of Cxs (table 1.3). Cxs play a role in maintaining epidermal integrity 

and homeostasis [115]. At least ten different Cxs are expressed throughout the epidermis (figure 

1.10), each representing a characteristic expression profile depend on the species and conditions.  

These Cxs profiles permit the formation of particular GJ communication compartments in different 

strata, while alternation of Cxs activity and compatibility may cause problems in keratinocyte 

differentiation.  

 



 28 

 

Figure 1.8 Overall structure of Cx26 GJ channel in ribbon representation. 
The corresponding protomers in the two HCs, which are related by a two-fold axis, are shown in the same colour. (a), Side view of 
the Cx26 GJ channel. (b), Top view of the Cx26 GJ channel showing the arrangement of the transmembrane helices TM1 to TM4. 
The pore has an inner diameter of 35 A  ̊at the cytoplasmic entrance, and the smallest diameter of the pore is 14 A .̊ (c) stereo view 
of the Cx26 protomer in ribbon representation. Color code: red, NTH; blue, TM1–TM4; green, E1; yellow, E2; grey, disulphide 
bonds; dashed lines, cytoplasmic loop (CL) and C terminus (CT). (from ref. [94]) 
 

c 

Figure 1.9 Cx26 topology and mutant residues. 
This illustration displays the location of amino acid residues in Cx26 relative to the membrane. Purple residues are not mutated. 
Blue amino acids are mutated residues found in nonsyndromic deafness and brown amino acids are mutated residues in 
syndromic deafness which are generally found within the N-terminus and first extracellular loop.  (from ref. [116])  
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As it mentioned earlier, Cx HCs opening may occur under physiological conditions and 

consequently the opening initiates the diffusive release of paracrine messengers, most importantly 

ATP [120-122]. The involvement of Cx HCs in the release of ATP was first suggested by 

Nedergaard and co‐workers who observed that decreasing the extracellular Ca2+ concentration 

stimulated the uptake of the fluorescent probe propidium iodide in cells overexpressing human 

Cx32 or Cx43, as well as ATP release from the same cells [122]. 

Intracellularly, ATP enables energy-dependent processes releasing high-energy electrons by the 

hydrolyzation of its three phosphoanhydride bonds. Extracellular ATP (eATP) binds to specific P2 

receptors, which are grouped into ionotropic P2X and metabotropic (G-protein-coupled) P2Y 

receptors [34,123]. After having bound eATP, P2X receptors undergo conformational change and 

facilitate the influx, and also efflux of mono- and divalent cations along their concentration gradient 

(particularly Na+, Ca2+ in and K+ out) [124]. ATP release initiated by open HCs has been connected 

to a variety of pathophysiological responses in Cx‐ deficient mice, such as ischemia and epilepsy, 

deafness, skin disorder, and impaired activation of the immune system [125-131]. The results of 

research on Ca2+ signaling in the photodamaged skin by Donati and coworkers, also showed that 

Ca2+ wave propagation depended primarily on the release of ATP, a prime damage-associated 

molecular patterns, from the hit cell [132].  

 

Figure 1.10 Cxs expression profiles through epidermis.  
Structure of epidermis indicating Cxs expression profiles reported by Garcia-vega et al (from ref. [117]) and mese et al 
(from ref. [118]). differences highlighted in bold. Figure (from ref. [119]) 
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A major regulator of HCs activity under physiological conditions is extracellular Ca2+, and 

reduction of extracellular Ca2+ increases the opening of most, if not all, unopposed Cxs HCs (i.e., 

Cx26, Cx32, Cx43, Cx46, Cx50) [133-136]. Unlike most other ion channels regulated by Ca2+, Cx 

channels do not have a large semi-independent structural domain that binds Ca2+ and couples 

allosterically to the pore to control opening and closing. This type of Ca2+-binding domain at the 

extracellular face of Cx HCs is not possible, because it would interfere with the formation of 

intercellular GJ channels. Most likely, Ca2+ sensing is mostly mediated by motifs that lie within or 

are exposed to the pore lumen [137]. Recent studies revealed that extracellular Ca2+ destabilizes 

the open state of HCs, at least in human Cx26 (hCx26) and hCx30, by disrupting a salt-bridge 

interaction between residues D50 and K61 located close to the extracellular entrance of the pore 

[138,139]. This open-state destabilization facilitates HCs closure. However, perturbation of this 

interaction does not seem to be a general mechanism for Ca2+ regulation of Cxs [94].  

Proper control of HCs opening is crucial to sustain cell viability and is achieved by physiological 

levels of extracellular Ca2+ concentration, which significantly reduce HCs activity [140].  

Cxs are linked to diseases or wound healing via several different mechanistic paradigms. First, Cx-

mediated intercellular communication is often up- or down- regulated in response to cellular signals 

that in turn cause Cx gene expression, Cx assembly, or Cx turnover. This hypothesis has been 

widely studied in cancer prevention, onset and progression but likely influences the severity of 

other, less well examined disease processes [141, 142]. A second Cx-linked disease/injury 

paradigm is based on the concept that Cx expression acts a “brake” in wound healing and that a 

transient down regulation would function to facilitate the healing process [143,144]. An intriguing 

corollary to this elucidation is that a rapid spike in Cx expression or activity could stimulate healing 

of chronic wounds [145,146]. At the channel level, the community continues to interrogate the 

differential positive and negative roles of GJ intercellular communication and the Cxs HCs that 

may act as a pathological pore during wound healing, inflammation, and other diseases [147]. 

Third, Cxs as a core driver of disease was confirmed with the findings that Cx gene mutations lead 

to several developmental abnormalities and chronic disease conditions [100,148]. 
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Cx mutations that disrupt HCs regulation by Ca2+ cause human pathologies due to aberrantly open 

HCs.  

 

Inherited diseases caused by Cx mutations are found in multiple organs and include hereditary 

deafness, congenital cataract, congenital heart diseases, hereditary skin diseases, and X-linked 

Charcot–Marie–Tooth disease (CMT1X). A large number of knockout and knock-in animal models 

have been used to study the pathology and pathogenesis of diseases of different organs. As the 

structures of different Cxs are highly homologous and the functions of GJ formed by these Cxs are 

Table 1.3. Clinical phenotypes of Cx skin diseases ( from ref.[149])  
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similar, Cx-related hereditary diseases may share the same pathogenic mechanism (figure 1.11) 

[150].  

Studies of human and rodent epidermis have pinpointed GJ between keratinocytes residing in the 

basal, spinous, and granular layers, but not between cells in the cornified layers [151,152]. These 

data match with dye-transfer experiments that revealed junctional communication between 

keratinocytes populating the three inner epidermal layers of mouse and human skin [153,154]. 

These experiments suggested that epidermal keratinocytes were organized into communication 

compartments consisting of 20 – 25 cells, as dye transfer occurred between basal and supra basal 

keratinocytes within a compartment, but was reduced between keratinocytes in neighboring 

compartments. This communication compartment was hypothesized to correlate with the epidermal 

proliferative unit and suggested that GJ communication might help to mediate keratinocyte growth 

and differentiation [155]. Identified Cx genes, including that encoding Cx26 (GJB2), are expressed 

during keratinocyte differentiation, and they show overlapping spatial and temporal expression 

patterns [118, 156,157]. Dramatic alternations in Cx gene expression occur in the epidermis 

following changes in keratinocyte proliferation. 

Figure 1.11. Main pathophysiological changes associated with human diseases. Main pathophysiological changes associated 
with human hereditary deafness, congenital cataract, congenital heart diseases, hereditary skin diseases, and CMT1X found in 
knock-in and knockout mouse models. EP: endolymphatic potential, OHC: outer hair cell, IHC: inner hair cell, SCs: knockout 
mouse models. EP: endolymphatic potential, OHC: outer hair cell, IHC: inner hair cell, SCs: supporting cells, MCP‐1: monocyte 
chemoattractant protein‐1, CSF‐1: colony‐stimulating factor 1. supporting cells, MCP-1: monocyte chemoattractant protein-1, 
CSF-1: colony-stimulating factor 1. (from ref. [150]) 
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Studies revealed how changes in gating of HC and permeation resulting from KID mutations might 

contribute to the loss of epidermal homeostasis.  

Although KID syndrome is rare, the cutaneous and extracutaneous manifestations of the disease 

are absolutely serious and refractory to treatment [158]. Patients with KID syndrome often present 

with sever skin involvement and are at high risk for cutaneous bacterial infection [159]. Almost 

half of patients with KID syndrome have chronic skin infection [160]. Skin tumors, particularly 

trichilemmal tumors and squamous cell carcinoma (SCC), are common during the disease course 

[143]. Indeed, near 15% of KID syndrome patients are reported to develop SCC of the skin and the 

oral mucosa [161]. Germline missense mutations in GJB2 encoding Cx26 have been found to be 

associated with KID syndrome. Many experiments have revealed that KID syndrome-causative 

GJB2 mutations result in the formation of Cx26 HCs with aberrant activity [162-168]. It has been 

shown that increased extracellular Ca2+ concentrations drive the HCs into their closed state [169]. 

Cysteine scanning of three mutants, Cx26-A40V, Cx26-G45E, and Cx26-D50N revealed that two 

of them, G45 and D50, lined the HC pore [149]. However, Sanchez et al reported that Cx26-G45E 

HCs has a markedly increased permeability to Ca2+, whereas Cx26-D50N reduced the permeability 

[170,171]. Further support of these results was done by Mese et al, which they revealed that Cx26-

G45E mice develop a severe lethal form of the disease, and also showed that significantly increased 

in activity of HCs is presented in primary keratinocytes derived from KID lesions [167,172]. The 

results of Taki et al. experiment suggested that both normal HCs of Cx26-WT and aberrant HCs of 

Cx26-D50N had similar activities under the Ca2+-free conditions, but that aberrant HC activities 

were provoked under the condition of physiological Ca2+ concentration [173]. To further verify the 

formation of abnormal HCs in the PM, they performed dye uptake studies with the presence of HC 

blockers, carbenoxolone and 18α-Glycyrrhetinic acid. Results showed that under the Ca2+-free 

condition, the treatment of cells with blocker reduced the levels of dye uptake in both cells 

producing Cx26-WT and Cx26-D50N compared to counterpart without blocker. Additionally, 

under the condition of physiological Ca2+ concentration (1.2 mM) treatment of cells with blocker 

caused 40% reduction in the levels of dye uptake [173]. These findings suggested that the increase 

in the uptake of neurobiotin into cells was mediated by aberrant HCs consisting of Cx26-D50N. 
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1.3.3  Inhibitors of Cx HCs  
Abnormal increase in HCs activity leads to cell damage in disorders such as cardiac infarct, stroke, 

deafness, cataracts, and skin diseases. For this reason, Cx HCs have emerged as a therapeutic target. 

Knowing the fact that small molecule HC inhibitors are not ideal, leads for the development of 

better drugs for clinical use because they are not specific or have toxic effects. Newer inhibitors 

are more selective and include Cx mimetic peptides, anti-Cx antibodies and drugs that reduce Cx 

expression such as antisense oligonucleotides [174]. Re-purposed drugs and their derivatives are 

also promising because of the significant experience with their clinical use. Specific inhibitors of 

Cx HCs equivalent to those available for ion-selective ion channels are not yet available. In 

principle, inhibition of HCs can be produced by reducing their number, open probability and/or 

intrinsic permeability [174]. Alterations in the number of HCs result from changes in synthesis, 

assembly, trafficking, degradation, and/or alterations in plaque formation and disassembly that 

favor HCs in GJ  plaques vs. undocked HCs. Examples of inhibitors that reduce the number of HCs 

are antisense oligonucleotides and siRNAs [107]. The activity of HCs can also be reduced by 

decreasing their open probability. Increase in extracellular Ca2+ concentration and flufenamic acid 

are some examples of inhibitors that reduce HC open probability [139,140,174,175]. Finally, 

inhibition can also occur by reduction in intrinsic HC permeability. Examples include cyclodextrins 

and phosphorylation of Cx43 HCs by protein kinase C (PKC) and mitogen- activated protein kinase 

(MAPK) [140,176].  

Aside from these inhibitors, monoclonal antibodies (mAbs) represent a rapidly growing 

pharmaceutical class of protein drugs that becomes an important part of the precision therapy. 

mAbs are characterized by their high specificity and affinity for the target antigen, which is mostly 

present on the cell surface. A human-derived single-chain fragment variable (scFv) fragment 

constant (Fc) antibody (scFv-Fc) named abEC1.1 was shown to inhibit both wild type and 

hyperactive pathological hCx26 HCs [177,178]. The crystal structure of the scFv domain was 

solved (Protein Data Base accession code 5WYM) and some of the residues that are critical for its 

binding to the extracellular domain of hCx26 HCs were identified [179]. Some other studies 

reported that monoclonal antibody could inhibit HCs formed by the Cx26-G45E mutation in vitro 

[178,180].  
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1.4  Aims and structure of this thesis work 
Prof.Mammano and his group developed a novel all-optical assay based on fluorometric 

measurements of Ca2+ uptake with a Ca2+-selective genetically encoded indicator (GCaMP6s) that 

permits the optical tracking of cytosolic Ca2+ concentration changes with high sensitivity. The 

choice was dictated by different considerations. First, the study of Ca2+ dynamics in cells 

expressing pathological HCs is of utmost importance, given that deregulated Ca2+ influx through 

HCs has been implicated in different disorders, as it mentioned previously. Second, fluorometric 

assays based on alternations of intracellular Ca2+ are industry standards widely used in drug 

screening for membrane channels and GPCRs. The assay provided a sensitive indication for the 

effect of HC inhibitors, considering that it allowed them to detect changes in the uptake of Ca2+ 

with as little as 0.1 nM of the abEC1.1h-IgG mAb in HaCaT-Cx26-GCaMP6s cells [181]. HaCaT 

cells, a spontaneously transformed human epithelial cell line from adult skin which maintains full 

epidermal differentiation capacity and nontumorigenic in vitro, are widely used for studying 

regulation of keratinization [182]. 

Knowing the fact that uncontrolled expression of leaky HCs causes toxicity and rapidly leads to 

cell death, they designed and produced lentiviruses (LVs) for Tet-on bicistronic expression of the 

Cxs of interest (Cx26 and Cx46) and the genetically encoded indicator GCaMP6s that permits 

optical tracking of cytosolic Ca2+ concentration changes with high sensitivity. In the experiments, 

GCaMP6s signals exhibited complex kinetics with an early peak in close temporal proximity to the 

CaCl2 bolus application, followed by a delayed response that generated a second relative maximum 

with a delay of 2 to 3 min. The reason of the biphasic responses is not clear (figure 1.12).  

Figure 1.12 Experimental results of Ca2+ uptake in HaCaT-Cx26-GCaMP6s cells. (A) The mean Ca2+ uptake traces (solid line) ± 
s.e.m (dashed line) obtained in HaCaT-Cx26-GCaMP6s cell cultures bathed in extracellular medium (ECM) and exposed to different 
CaCl2 bolus concentration to reach the following final extracellular Ca2+ concentration: 2mM, 1mM, 560µM, 260µM, and 100µM. 
(B) The mean Ca2+ uptake responses (solid line) ± s.e.m (dashed line) to a 1 M CaCl2 bolus obtained from HaCaT-Cx26-GCaMP6s 
cell cultures bathed in following extracellular media: ECM (green), ECM+FFA (black), ECM+abEC1.1m (orange), ECM+abEC1.1h-
lgG (red). (From ref.[181]) 
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The hypothesis for the first peak was that the sudden increase of extracellular Ca2+ concentration 

had the contrasting effect of initiating uptake of Ca2+, due to the increased driving force for the 

cation, while also promoting HC closure. As for the second peak, considering that keratinocytes 

sense changes in extracellular Ca2+ concentration via G-protein coupled CaSR, (and consequent 

phenomena till production of IP3 which then IP3 mediates release of Ca2+ from ER by activating 

IP3R), beside noting that IP3R are regulated also by Ca2+, they suggested that the amplitude of this 

delay, IP3-mediated response would depend strongly also on Ca2+ influx through HCs. In other 

words, the second peak that develops after addition of bolus of CaCl2 can be seen as and IP3-

dependent amplification mechanism for the signal generated by Ca2+ influx through HCs.  

In order to find explanations for the biphasic responses which may validate the above hypothesis 

or not, the current thesis goal is to develop a mathematical model of Ca2+ dynamics with the aim 

of simulating the complex responses measured experimentally by fluorescence microscopy in 

HaCaT cells challenged by a sudden increase of the extracellular Ca2+ concentration. I use the set 

of previously derived differential equations that successfully modeled epidermal Ca2+ dynamics in 

vivo [51]. Then, by adapting these equations to the peculiar toolset of ion channels and transporters 

expressed in HaCaT cells, I will generate an original model variant that account quantitatively for 

the insurgence of a biphasic elevation of intracellular Ca2+ when the extracellular Ca2+ 

concentration overcomes a critical threshold. Additionally, this model aims to explain the observed 

damping effects caused by increasing concentrations of different HCs blockers, including 

monoclonal antibodies targeted at the HCs extracellular domain.  

In the following technologies used to perform the experiment, and image processing results 

obtained for single cells are provided in chapter 2. The mathematical model of Ca2+ dynamic is 

Figure 1.13 Dose-dependent effect of the abEC1.1h-lgG for concentration in the range 0.001nM- 10 µM (data are quoted as 
the mean± s.e.m for each condition) (from ref. [181]) 
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explained in details in chapter 3. Results of mathematical simulation and discussion on the results 

are reported in chapter 4.  
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2    MATERIALS AND METHODS 
 

2.1  A Short review of the experimental work 

Uncontrolled expression of leaky HCs leads to toxicity and consequently results in cell death [1-

6]. In the experimental work that preceded this thesis, Nardin et al, designed and produced 

lentiviruses for Tet-on bicistronic expression of Cx26 [7]. Additionally, they were used the 

genetically encoded indicator GCaMP6s that permits optical tracking of changes in cytosolic 

concentration of Ca2+. The Cx coding sequence upstream of an internal ribosome entry site 

sequence were added, which then followed by the Cx coding sequence of GCaMP6s. Afterward, 

by puromycin selection of virally transduced cells, stable cell pools expressing human Cx26 

(referred to as HaCaT-Cx26-GCaMP6s cells) or the lethal KID-related mutant Cx26G45E that 

generates leaky HCs were obtained. To confirm that functional HCs were present in the plasma 

membrane of live HaCaT- Cx26-GCaMP6s cells, 4′,6- diamidino-2-phenylindole (DAPI) that is a 

non-fluorescent in the medium but becomes fluorescent as penetrating into the cell and binding to 

nucleic acids was used. Analyses of HaCaT-Cx26-GCaMP6s cells was done by live microscopy. 

A kind of custom-built spinning disk confocal fluoresce microscope to monitor Ca2+ uptake 

experiments in confluent cultures of HaCaT-Cx26-GCaMP6s cells were used. With a suitable 

objective lens, a wide field of view with a diameter of 630 µm was achieved, which permitted to 

collect and average images of GCaMP6s fluorescence emission from more than 100 cells per 

culture was achieved. For the experiments with HaCaT-Cx26-GCaMP6s pool, both before and 

after 5 minutes incubation with DAPI solution, coverslip with plated cell were imaged using the 

two-photon microscope. Afterward, fluorescence images of cells, previously incubated in 

extracellular medium containing a low Ca2+ concentration (60 µM), at 1 frame/s for 20 s of baseline 

was recorded during excitation of GCaMP6s by 488 nm laser. A bolus of CaCl2 (2 µL) to the 

medium was added in the recording chamber (1 mL volume) at different concentrations for 

different experiments, aiming to achieve final estimated extracellular Ca2+ of 100 μM, 260 μM, 

560 μM, 1 mM and 2 mM.   

After adding CaCl2 the images were recorded for next 10 min. By the end of each recording 

interval, bolus of the Ca2+ ionophore ionomycin was used to confirm that GCaMP6s signals were 

not saturated. For each of these experiments, fluorescence emission of GCaMP6s was quantified 

pixel-by-pixel and for each frame. Additionally, these experiments were also done in the presence 
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of HC blocker, flufenamic acid (FFA), as well as an antibody used for different Cx HCs, called 

abEC1.1m and abEC1.1h [8].  

 

2.2  Calcium imaging overview 

Calcium imaging is a microscopy technique to optically measure the Ca2+ status of a cell, group of 

cells, tissue or medium. Calcium imaging takes advantage of Ca2+ indicators, namely fluorescent 

molecules that respond to the binding of Ca2+ ions by fluorescence properties. Regardless of type 

of indicators, the imaging procedure is very similar. A quantitative assess of ion concentrations can 

be obtained from measurements of fluorescence indicator, however several important experimental 

conditions need to be considered [9,10]. For instance, the ion-sensitive indicator has to be 

chemically uniform and smoothly distributed in the cytosol, and indicator binding and properties 

of fluorescence should be similar to those measured in isolated systems. Additionally, there should 

be a linear estimate of fluorescence emission between the imaging and measurement, and finally, 

the free ion concentration should fall within the indicator’s useful dynamic rang [11].  

 

2.2.1  Optical measurement of ion concentration 
The patch-clamp technique as a versatile electrophysiological tool can detect ion fluxes across 

membrane with high temporal resolution (<1ms), however, fails to track spatial resolution. In 

contrast, optical measurement of concentration of ion species and dynamic of them under super 

advance microscopes via use of indicators provides access to the three-dimensional volume of a 

cell and can be used to monitor cell behavior in vivo.  

Many indicators have been developed in order to study the physiology and function of cell. Several 

molecular probes, called fluorescent dyes, capable of monitoring the local ion concentration with 

high selectivity have been produced over the last decades. The two main classes of Ca2+ indicator 

are chemical indicators and genetically encoded Ca2+  indicators (GECI). 

Chemical indicators are small molecules based on BAPTA (1,2-bis (o-amino phenoxy) ethane-

N,N,N’,N’-tetra acetic acid), a highly selective Ca2+ chelating reagent (figure 2.1). The ability to 

attach and chelate Ca2+ depends on acetic acid which is the carboxylic acids consist of a C=O pair 

with OH element bounded to the same carbon. The carboxylic acid (R-COOH) will be dissociated 

if the pH of the solution is higher than the pK of the acid.  
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BAPTA is a fluorescent dye with wavelength emission and excitation of 363nm and 251nm, 

respectively. However, these wavelengths are in the UV region and incompatible with most of 

instrumentation and with cell survival. The chemical indicators are including fura-2, indo-1, fluo-

3, fluo-4, Ca Green-1, each has different affinities for Ca2+ and excitation/emission wavelengths 

[12,13]. Some of the has been chemically modified by adding covalent of fluorescein derivatives, 

resulting the spectral characteristics appropriate for live cell imaging.  

 

In general, when fluorescent dyes bind to the specific ligand, the molecular state of the fluorescent 

element changes, therefore modulating the fluorescent readout. A change in fluorescent yield 

represents a change in the local free ion concentration (figure 2.1).   

The Ca2+-selective genetically encoded indicator are used to study Ca2+ transients in distinct cell 

types or in subcellular organelles. These indicators are including green fluorescent protein variants 

using Förster resonance energy transfer (FRET) pairs or circularly permutated green fluorescent 

mutants [14-17]. GCaMPs are green fluorescent protein (GFP)-based genetically encoded 

Figure 2.2: Spectral properties that can be used to measure Ca2+ concentration. a change in fluorescent yield, b) a shift in the 
excitation or emission spectrum, c) combination of a and c. (from ref.[26]) 

 

Figure 2.1 Chemical structure and pH dependence of Ca2+ affinity of 
BAPTA and EGTA. BAPTA is a pH-sensitive evolution of the widely 
use Ca2+-selective chelator ethylene glycol tetra acetic acid (EGTA), 
which is in turn related to EGTA, but with the much higher affinity for 
Ca2+ than for Mg2+. (From ref. [26]) 
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indicators which consist of circular permutated GFP, calmodulin, and a calmodulin binding motif 

derived from skeletal muscle myosin light chain kinase [14,18]. These indicators undergo 

conformational changes, as they bound to Ca+2, causes increases in intensity of fluorescence. The 

most recent derivative of GCaMP are GCaMP6s, 6m and 6f (indicating slow, medium and fast 

kinetics) [19,20]. GCaMP6s has higher sensitivity and brighter fluorescent among them, and used 

in detecting small changes in Ca2+  [21].  Overall, genetically encoded Ca2+ indicators would 

facilitate monitoring of intracellular Ca2+ over long-term imaging. 

As it mentioned in section 2.1, a specific dye, DAPI, was used to validate the functional channel 

on plasma membrane. DAPI, is a fluorescent stain that tightly binds to adenine–thymine-rich 

sequence of DNA [22]. Furthermore, it forms nonfluorescent intercalative complexes with double-

stranded nucleic acids. It is used commonly in fluorescence microscopy. As it can pass through an 

intact cell membrane, it is used to stain both live and fixed cells. DAPI maximum absorption 

wavelength is at 358 nm (UV) and its emission maximum is at 461 nm (blue).  

 

2.2.2  Linking fluorescent to ion concentration  
 
Bonding of Ca2+ by a buffer B to form a complex CaB is described by the reaction: 

 

["#!"] + [&]	
(#$
⇄
(#%%

["#&] 

, and corresponding kinetic equation, based on differential rate law for first order reaction, is written 

as: 

		![#$%]
!'

= $()[&'*+][)] −	$(,,[&')]                                      (2.1) 

 

where kon and koff are rate constants for Ca2+ binding to B and Ca2+ dissociation, respectively. the 

squared bracket used to represent concentrations. At the equilibrium, left side of equation is equal 

to zero, consequently we have:  
-&''
-&(

≡ ,! = .#$)*/[%]
[#$%]

                                                  (2.2) 

where Kd is called dissociation constant.  
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In general, the concentration of free and Ca2+ bound indicator differs with respect to quantum yield 

or absorption cross section. Hence, for a given wavelength, they will show different contributions 

to the overall intensity of fluorescent, F: 

 

- = .0[&')] + .,[)]                                                     (2.3)  

 

All factors regarding to indicators properties and experimental setup combine in the constants, Sb, 

Sf. let us, consider total amount of indicator as: 

 

01 ≡ [)] + [&')]                                                         (2.4) 

 

and then define, [Ca2+] at saturating as 

-2$3 ≡ .001                                                            (2.5) 

and at zero 

-24) ≡ .,01                                                            (2.6) 

 

Hence, we can substitute equations (2.5) and (2.6), separately in equation (2.3), which we obtain: 

 

-2$3 − - = 1.0 −	.,2[)]                                                   (2.7) 

- − -24) = 1.0 −	.,2[&')]                                                (2.8) 

, respectively.  

Now, dividing equation (2.8) by (2.7), and then combining with equation (2.2), resulting in: 

 

[&'*+] = ,! 56	5+,(
5+-.65

	                                                  (2.9) 

 

However, there are a number of caveats and problems with the practical use of this equation. Firstly, 

F, Fmax and Fmin change rapidly over time due to photobleaching, which is the dye photochemical 

damage due to continuous illumination. Secondly, small fluctuations in the estimate of Fmax and F 

(e.g., due to instrumental noise) may cause large fluctuations in the estimate of [Ca2+] as F/Fmax 

approaches one (to unreliable zone) (figure 2.3). 
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To address the issue, it is useful to consider the first order Taylor’s expansion of equation (2.9) 

around F0, the fluorescence signal correspondent to the pre-stimulus (resting) Ca2+ concentration 

[Ca2+], which yields: 

∆[&'*+] = [&'*+] − [&'*+]8 	≅ 	,! 	 5+-.65+,(
(5+-.6	5/))

	(- −	-8)                       (2.10) 

By substituting   

∆- = - −	-8                                                            (2.11) 

and 

, =	-8	,! 	 5+-.65+,(
(5+-.6	5/))

                                                    (2.12) 

in equation (2.10), we obtain: 

∆[&'*+] ≅ , ∆5
5/

                                                          (2.13) 

Estimation of Ca2+ variations ∆- -8⁄ instead of absolute Ca2+ values is a practical method used in 

biology to compare Ca2+ events in a single cell or a population of cells. The computation of 

∆- -8⁄ 	is performed point-by-point in the experimental movie and averaged over regions of interest 

which correspondent to subcellular domains or groups of cells.  

As it mentioned earlier, dye photobleaching occurs due to continuous illumination. To compensate 

this effect in the measurement of F, Fmax and Fmin, utilizing ratiometric (or dual wavelength) Ca2+ 

dyes such as Fura-2 and Fura-Red, or mag-Fura-2, Fura-2FF, and BTC is useful. The ratio of the 

Figure 2.3 Graphical representation of the single wavelength [Ca2+]-measurement formula. (from ref. [26]) 
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emissions at their wavelengths is directly related to the amount of intracellular Ca2+. The most 

notable feature of these dyes is the existence of a spectral shift due to Ca2+ binding and the existence 

of an isosbestic point (at 360nm) for which 

fluorescence is independent of concentration of 

the Ca2+ [1] (figure 2.4). The shift can occur in the 

excitation or in the emission spectrum. As a result, 

the amplitudes of spectral increase as Ca2+ 

concentration increasing to the left of the 

isosbestic point and decrease to the right.  

In order to derive the equation to quantify Ca2+ 

concentration at equilibrium in term of ratio 

signal, we start from the fact that, two wavelengths 

and two indicator dyes (free and bound) require four proportionality constants. We can write: 

-< =	.,<[)] +	.0<	[&')], 

-* =	.,*[)] +	.0*	[&')]                                                (2,14) 

then, using equation (2.2), and defining the fluorescence ratio as: 

8 ≡ 50(3,>,')
5)(3,>,')

                                                            (2.15) 

we obtain: 

8 = 	 ?'0+	?10.#$
)*//A2

?')+	?1)[#$)*]/A2
                                                   (2.16) 

Now, defining minimum value of R that can attain at zero [Ca2+] as 824) ≡ .,< .,*⁄ , and 

maximum at saturating [Ca2+] as 82$3 ≡ .0< .0*⁄ , we can conclude that: 

[&'*+] = 	,! 9
?')
?1)
: 9B6	B+,(

B+-.6B
:                                             (2.17) 

 

 

 

Figure 2.4 Excitation spectra of fura-2 for the indicated 
values of the free Ca2+ concentration (from ref. [26]) 
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2.2.3 Confocal microscopy 

In light microscopy, illuminating light pass through the sample evenly over widefield resulting in 

lack of contrast and axial blurring. In contrast, confocal microscope provides point by point 

illumination of sample with finely focused spot. Depending of the objective numerical aperture 

(NA), the size of the illumination point can be varied between 0.2 and 0.8 µm in diameter and 0.5 

to 1.5 µm along axial axis. Furthermore, point wise detection through pinhole could improve 

contrast and reduce axial blurring by preventing out of focus light reaching the detector. A 

significant advantage of this kind of microscope is the optical sectioning provided, through which 

three-dimensional reconstruction of a sample from high-resolution stacks of images is achievable 

[23]. Basic components of confocal microscope are including: the pinholes, the objective lenses, 

and low-noise detectors, scanning mirror, filters, and laser illumination. (figure 2.5). 

 

 

Figure 2.5 Components of a confocal microscope. A. Light from a laser source is passed through collimating optics to a variable 
dichromatic mirror or acousto-optical beamsplitter (AOBS) and reflected to the objective lens which focuses the beam on a point 
in the sample. Scanning mirrors sweep the excitation beam over the sample point by point to build the image. Emitted fluorescence 
passes back through the objective lens, the dichromatic mirror or AOBS, and is detected by the PMT(s). A pinhole placed in the 
conjugate image plane to the focal point in the sample serves to reject out-of-focus light, which does is not picked up by the detector. 
In this epifluorescence configuration, the illumination and emission light both pass through the same lens, thus requiring only the 
detector-side pinhole. Varying the size of the pinhole changes the amount of light collected and the optical section thickness. 
Spectral imaging can be achieved with an array of PMTs and a diffraction grating, or prism, placed in the emission light path. B. A 
schematic of the scanning mirrors employed by confocal microscopes to sweep the excitation light across the sample (from ref.[23])  

 



 59 

In light microscopy, the resolution is determined by NA, refractive index and wavelength of light. 

Lateral resolution of a microscope, in imaging self-illuminous object is determined by lateral 

extend of its intensity point spread function. In Confocal microscope, the lateral extent is 30% 

narrower than the conventional. The equations used to determine lateral and axial resolution are: 

8C$'DE$C =	 8.G	H/IJ
                                                         (2.18) 

8$34$C =	 <.G	H/	)(IJ))
                                                       (2.19) 

where  ;8 is wavelength of emission light, and n is the refractive index in the object space.  

Different types of confocal microscope depending on their scanning methods are existed. The main 

classes of scanning confocal microscope are including: laser scanning confocal microscope, 

spinning disc confocal microscope, and hybrid scanning confocal microscope.  

In a laser scanning confocal microscope (LSCM), the image of an extended specimen is generated 

by scanning the focused beam across a defined area in a raster pattern controlled by two high speed 

oscillating mirrors. One of the mirrors moves the beam from left to right along the x axis, while 

the other translates the beam in the y-direction. Consequently, the fluorescence emission is 

collected by the objective and passed back through the confocal optical system. The main 

advantages of the LSCM are the optical sectioning competence, resolution, and adaptability with 

three-dimensional imaging. 

A spinning disc confocal microscope corresponds to the point- by-point illumination and detection 

processes, in which light from the excitation source is distributed over multiple foci and the image 

is created over a two-dimensional sensor instead of a single photomultiplier tube (PMT). Typically, 

a rotating disc is located in a plane that is optically conjugated with that of the specimen. In the 

Nipkow disc configuration, the surface consists of fixed-width holes arranged in outwardly 

spiraling tracks. These holes were positioned in such a way that all part of the image was scanned 

as the disk turned [23,24]. The fluorescent signal from the molecule then passed through the 

objective lens and the disc, then it is projected through a relay lens onto a charge-coupled device 

(CCD) or a scientific complementary metal–oxide–semiconductor (sCMOS) camera sensor instead 

of PMT. Therefore, the overall speed of image acquisition is constrained by camera sensitivity and 

maximal frame rate.  

The highly configurable spinning disk confocal microscope used for the experimental part of this 

thesis by Nardin et al, is suitable to perform imaging and electrophysiological recordings 
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simultaneously (described in ref. [24]) (figure 2.6). The variety of specialization have been 

developed to enhance the quality of 

images, and they are grouped in the 

hybrid scanning confocal 

microscopy. As an example, swept 

field confocal microscope are used 

in a pinhole in such a way that the 

apertures stay immobile while 

galvanometer and piezo-controlled 

mirrors sweep the image of the 

illuminated apertures across the 

sample. The main dominances of the 

microscope are including increase in 

light collection efficiency, speed, 

and reduction in artifact from 

moving the apertures.  

 
2.2.4  Two photons microscopy 

Towards solution of scattering problem which results in out of focused and lose of signal 

generation, as well as exponential decrease in excitation depth, two photons excitation method was 

defined. In this approach, two photons can be simultaneously absorbed by combining their energies 

in order to initiate the electronic transition of fluorophores to the excited state. As the photon energy 

is inversely related to wavelength, the resulting photon has twice a single photon wavelength. 

Therefore, the fluorescent that previously excited by UV illumination, now can be excited by the 

infrared. The requirement for two-photon excitation is that the photons are absorbed at the same 

time (approximately 10-18 sec). To achieve this goal, a much higher photon flux is required (~106 

times more) compared to one-photon excitation. Therefore, a high laser power is required. To 

further increase the likelihood of the incident, the illumination focusing via using a high NA 

objective which creates a spatial concentration of photon flux is used [25]. Overall, in comparison 

with confocal microscopy, in two photons microscopy, no absorption and fluorescence 

(consequently, compensate photobleaching and phototoxicity) above and below the plane of focus 

occurs.  

Figure 2.6 Scheme of the confocal 
microscope system.  
L4 sets the overall magnification of 
the system, therefore its focal length 
must be carefully chosen depending 
on the objective and the final 
magnification of the image projected 
by an apochromatic lens onto the 
camera sensor. (from ref. [24]) 
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2.3  Image processing 

Image processing and data analysis were used to relate Ca2+ concentration fluctuations to 

GCaMp6s fluorescence emission. For these purposes, open source ImageJ software, the MATLAB 

programing environment (version R2021a, The MathWorks, Inc., MA, USA) and Vimmaging, a 

custom-made software developed under the MATLAB environment by Catalin D. Ciubotrau and 

Fabio Mammano, were used. 

ImageJ can display multiple spatially or temporally related images in a single window. To derive 

traces for each cell from the provided movies of experiments (different total Ca2+ concentrations), 

cells are selected by drawing region of interests (ROIs) around each. Before selecting each cell, 

background subtraction was done by drawing a ROI. The value derived, which was the average 

intensity in that region, and then subtracted for all frames. Cells were selected based on their 

appearance. Those cells that were brighter than others, round shaped ones, as well as cells that 

started to show bubbles after the addition of ionomycin or did not respond to it, were discarded. 

Then selected ROIs were saved and uploaded to Vimmaging software. For visualization of the data, 

first the conversion of pixel to micrometer was done. Consequently, information (intensity) of each 

ROI was extracted by taking the average of grey value of the first 20 frame (fluo reference frame), 

and then subtracted that value from the average grey value of the selected ROIs, in each frame, 

through all the recorded time.   

Traces of the experiments starting form a low Ca2+ concentration, in which the fluorescence signal 

should be at its basal level, then adding the bolus of CaCl2, it enters HC and, consequently there is 

an increase in fluorescence intensity. In principle, the fluorescence shouldn’t go below zero, 

because it means that the Ca2+ concentration inside the cell is lower than the basal concentration of 

Ca2+.   

Even though the imaging setup was designed to diminish the photobleaching, there existed a minor 

effect. In order to compensate for it, all traces were corrected by drawing the fit on the first part 

(20sec) of the trace and subtracted with an exponential function (figure 2.7). The reason for 

considering the first 20 seconds to draw the fit is that after adding bolus of CaCl2 it is not possible 

to decide whether the decrease is related to decrease in Ca2+ or to photobleaching. 
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As it was mentioned earlier the bolus of CaCl2 and ionomycin were added during the experiments, 

however since this procedure was done manually by the experimenters, the time wasn’t exactly the 

same for all experiments. To address this issue, traces further corrected. Subsequently, they were 

sorted based on the maximum of the first peak at 20s (the time bolus of CaCl2 were added). 

Furthermore, the mean and standard error of mean Ca2+ uptake traces were derived, which 

consequently used as references for writing the mathematical model. Final outputs are shown in 

figure (2.8). 

Figure 2.7 Photobleaching correction for an individual cell exposed to CaCl2 to reach 2mM final Ca2+ concentration. 
Input trace shown in blue, the exponential fit in orange color, and corrected trace in red color. (A) An example of 
photobleaching correction for a single cell (B) zoom of first 70 seconds of (A). 

A 

B 



 63 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8 Ca2+ uptake of HaCaT-Cx26-GCaMP6s cells exposed CaCl2 bolus concentration to reach  different final Ca2+ 
concentrations A) single cell traces sorted by first high peak at 20s shown in one figure (B)Output of mean Ca2+ uptake traces (solid 
line) ± s.e.m (dashed line).  
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3   MATHEMATICAL MODEL 
 
3.1  Introduction 

Cellular dynamics refers to any process or observable that changes over time. Living cells are 

inherently dynamic. Indeed, to sustain the characteristic features of life, cells must continually 

extract energy from their surroundings. This requires that cells function thermodynamically as open 

systems that are far from static thermal equilibrium. Much energy is used by cells in the 

maintenance of gradient of ions. These processes are dynamic due to the continuous movement of 

ionic and molecular species across the cell membrane [1]. In the physical sciences, theoretical 

methods in combination with experimental measurements have provided rich insights into 

dynamical phenomena.  

As it mentioned in chapter 1, intracellular Ca2+ levels can be modulated by a large variety of 

mechanisms, which include Ca2+ influx from the extracellular space or release from various 

intracellular stores [2-5].  

In this chapter, based on experimental results we obtain for individual cell for all different 

experiments, a mathematical model of Ca2+ dynamics to show and explain that complex responses 

were developed [6].  
 

3.2  Regulation of cytosolic Ca2+   
 
The cell is described as compartments with different concentrations of important constituents using 

ordinary differential equations. The spatial distribution of these constituents inside each 

compartment is assumed to be uniform at all times [7-9]. Considering that a realistic model of 

cytosolic Ca2+ dynamics (figure 3.1) should involve several actors influencing intracellular Ca2+ 

concentration in time and space, e.g. pumps, channels and receptors, the continuity equation for 

cytosolic Ca2+ was written by:  

!"#$!"%
!& = "($'()* + $+,$- − $./*#0 − $(1#0 + $2# +')                                     (3.1) 

where f stands for fraction of free Ca2+. Since most of Ca2+ inside the cell are bound (buffer or 

proteins), this value is a small number. In above equation, Js represent fluxes for: 
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• JIP3R IP3 – dependent Ca2+ flux from ER to cytosol through IP3R 

• Jleak IP3-independent Ca2+ flux from ER to cytosol 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

• JSERCA is flux from cytosol to ER due to uptake by SERCA  

• JPMCA is the Ca2+ flux from cytosol to extracellular milieu due to PMCA pump 

• JHC flux of Ca2+ through the HC 

• m  influx of Ca2+ (non-modelled fluxes/ leakage) from outside of the cell (it is assumed to 

be constant because the extracellular Ca2+ concentration is much larger than outside 

compared to inside the cell). 

 

In many cells, increases in cytosolic Ca2+ concentration can be due to, at least in part, the release 

of Ca2+ from internal stores such as ER. Associated with this membrane network are pumps for 

Ca2+uptake, Ca2+ binding proteins for Ca2+ storage and channels for Ca2+ release [9]. In our model 

dynamic of Ca2+ concentration in ER was expressed as: 

!"#$!"%#$
!& = 	*	(	$./*#0 −	$'()* −	$3,$- 	)                                    (3.2)    

Figure 3.1 Components of computational model. Letter Js indicate fluxes. Other components are ER (endoplasmic 
reticulum), PLC (phospholipase C), HC (hemichannel), PMCA (plasma membrane Ca2+  ATPase, SERCA (sarco-/endo-
plasmic reticulum), and IP3R (IP3 receptor). 



 69 

in which [Ca2+]ER stands for Ca2+ concentration in ER, and a is for ratio between cytosolic and ER 

volumes [11,12].  

A basic property of IP3R is they respond in a time-dependent manner to the changes of Ca2+ or 

IP3. To consider this, change of concentration of IP3 in cell was described by: 

!['(%]
!& =	

6&'(	[#$!"])(
[#$!"])(8	-&

− (+'(% ×	-.))                                              (3.3) 

where Vmax is the maximal rate of PLC production, km is ATP value for the production of PLC, and 

kIP3 for IP3 degradation rate. [Ca2+]ex stands for extracellular Ca2+ concentration, described by: 

[0198],: = 	s	 + [0198]; ∗ 4(5 − 2000)                                     (3.4) 

in which s is concentration of Ca2+ at steady level (at the start of the experiment which was 60µM), 

and [Ca2+]f is final Ca2+ concentration which was aimed to achieve by adding the bolus. H(x) is 

Heaviside function which is zero for x<0, and equal to unity for x>0. We ran the simulation for 

2000s to get steady state of Ca2+ which then it was used as the start point for rest of simulation.  

The Ca2+ outflow from ER to cytosol through IP3R channels, so, for JIP3R following expression was 

used: 

$'()* =	+'()* 	8
['(%]

['(%]8	-*
9
)
8

"#$!"%
[#$!"]8	-'

9
)
	ℎ)	([0198]/* − [0198])                        (3.5)  

where kIP3R is maximal IP3R release rate, ki and ka are for Li-Rinzel model parameter for IP3 

receptor activation by IP3 and Ca2+, respectively [13]. The second and third term in above formula 

indicate the probability of activated subunits [14]. In fact, IP3 is not the only regulator of IP3R 

function; Ca2+ itself is an allosteric modulator of the IP3R and plays a critical role in shaping the 

IP3R-evoked Ca2+ response. In general, this regulation follows a biphasic bell-shaped curve for all 

subtypes, such that low Ca2+ concentrations (<300 nM) activate the channel and increase its open 

probability, whereas high Ca2+ concentrations inhibit channel opening [15,16]. In above formula, 

inactivation of IP3R, indicated by h, and is expressed by: 

!<
!& = 	h	(	+! − (	[0198] + +! 	)	ℎ	)                                             (3.6) 
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where kd and h are Li-Rinzel model parameters for IP3R inactivation by IP3 and Ca2+, respectively. 

In whole cell model we generally use empirical, Hill-type formula for pump rate. SERCA pumps 

transport Ca2+ into ER, so the flux from cytosol to ER was defined as: 

 

$./*#0 =	
6+#$,-	"#$!"%

!

[#$!"]!8	-+#$,-!                                                             (3.7)  

The maximal pump rate VSERCA is proportional to the total number of SERCA and to the rate of a 

single pump, and is typically expressed here in μM/s.  

The presence of the ER leak channel is inferred from the passive release of ER Ca2+ upon blocking 

the counterbalancing SERCA pumps with compounds such as thapsigargin or cyclopiazonic acid 

(CPA) [17-20]. Ca2+ leaks from the ER are driven by concentration gradients between the ER and 

cytosol. The leak flux from ER to cytosol is given by: 

$3,$- = 	;	. (	[0198]/* − [0198])                                           (3.8) 

where L shows leak rate, and thermodynamic driving force for a symmetric channel is representing 

by variables in the parenthesis. As we see from this equation, there is no contribution of membrane 

potential to ER driving force. It is generally, though not universally, believed that there is no 

significant ER membrane potential because of counterions that balance the fluxes of Ca2+.  

PMCA functions to pump out Ca2+ from cytosol to extracellular milieu, so, JPMCA was written as 

$(1#0 =	
6./,-	"#$!"%
[#$!"]8	-./,-

                                                         (3.9) 

where VPMCA is the maximum PMCA current, and kPMCA is the Ca2+ concentration for the half 

activation of PMCA channels. 

To make model results more similar to experimental one, we used  

=>?@ = "=$:
"#$!"%

	-08	[#$!"]
                                                      (3.10) 

for fluorescent signal as a non-linear function of Ca2+. 
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3.3  Hemichannel model 

To account for the experimentally determined bell-shaped dependence of probability of HC on 

cytosolic free Ca2+ concentartion, we formulated the four-state model described in figure 3.2 

[21,22]. Each subunit, activating binding sites and an inhibitory site were indicated by i=0,1 and 

j=0,1. The rate of Ca2+ binding to the activation site was assumed to be independent of Ca2+ at the 

inactivating site, and vice versa: the channel is open if Ca2+ is bound to the activating site and not 

to the inactivating site (state S1,0).  

 

 

 

 

 

Consequently, denoting the fraction of channel subunits with xi,j in the state Si,j, the equivalent set 

of equations are: 

!:1,1
!& = −AB	. [0198]	. C>,>	D + A	E. C>,@D − A	0. [0198]	. C>,>D + AF. C@,>D           (3.11) 

!:3,1
!& = −AB	. [0198]	. C@,>	D + A	E. C@,@D + A	0. [0198]	. C>,>D − AF. C@,>D           (3.12) 

!:1,3
!& = AB	. [0198]	. C>,>	D − A	E. C>,@D − A	0. [0198]	. C>,@D + AF. C@,@D           (3.13) 

C@,@ = 1 − A	C>,> +	C@,> +	C>,@	D                                           (3.14) 

and the open probability is given by 

H2# = 	I	. AC@,>D
A                                                             (3.15) 

Figure 3.2 HC model (A) Four-states model of a Cx HC (B) HC open probability as a function of [Ca2+] 
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where b is a normalization constant, and g is a constant of the HC model. Using above formula, we 

expressed flux of Ca2+ through HC by 

$2# =	H2# 	. (	[0198],: − [0198])                                            (3.16) 

The model is compartmental and uses ordinary differential equations. The tools used in 

constructing this model were XPPAUT. Model parameter were used are listed in table 3.1 and 3.2. 

 
Table 3.1 Cytosolic Ca2+ model parameters 

Parameter Unit Value Description Source 

f - 0.0009 Fraction of free Ca2+ simulation 

Vmax µM.s-1 0.02 Maximal rate of PLC production simulation 

km µM 5000.05 ATP value for PLC production simulation 

kIP3 s-1 0.003 IP3 degradation rate simulation 

h µM-1.s-1 0.02 Li-Rinzel model parameters for IP3R inactivation by Ca2+ simulation 

kd µM 0.02 Li-Rinzel model parameters for IP3R inactivation by IP3 simulation 

kIP3R µM.s-1 3000 Maximal IP3R release rate simulation 

ki µM 0.1 Li-Rinzel model parameter for IP3R activation by IP3  simulation 

ka µM 0.4 Li-Rinzel model parameter for IP3R activation by Ca2 Ref.[23] 

L s-1 0.01 Leak rate simulation 

VSERCA µM.s-1 60 Maximal SERCA pump rate simulation 

kSERCA µM 0.2 Ca2+ affinity of SERCA pumps Ref.[23] 

a - 0.47 Ratio between cytosolic and ER volumes simulation 

VPMCA µM.s-1 35 Maximum PMCA current simulation 

kPMCA µM 0.25 Affinity of PMCA pumps simulation 

m µM.s-1 7 Ca2+ flux from outside of the cell simulation 

s µM 60 Ca2+ concentration at equilibrium Ref.[6] 

fmax - 0.97 Maximal fluorescence signal  simulation 

kf - 0.65 Affinity constant simulation 

 
Table 3.2 HC model parameters 

Parameter Unit Value Description Source 

b - 23E8 Normalization constant simulation 

g - 9 Constant of HC model Ref.[22] 

A µM-1.s-1 1.08 HC model parameter simulation 

B s-1 0.11 HC model parameter simulation 

C µM-1.s-1 0.014 HC model parameter simulation 

D s-1 0.011 HC model parameter simulation 
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4   RESULTS AND DISCUSSION 
 

4.1  Results 
The simulation was performed to show both conditions studied experimentally, namely with and 

without usage of HC blockers [1]. The results for HC without blocker for different final Ca2+ 

concentrations are shown in figure (4.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 Simulation results for HC without blocker. (A) the experimental results of mean Ca2+ uptake traces (solid line) ± 
s.e.m (dashed line) obtained in HaCaT-Cx26-GCaMP6s. (B) fluorescence signal (fluo) as a function of time. (C) concentration 
of Ca2+ in ER as a function of time.  
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In case of HC with blocker, which we considered the blocker could inhibit flux through the channel 

by factor of 90% with respect to the case that HC without blocker, the simulation results obtained 

for all experiments are depicted in figure (4.2). 

To analyze which model’s parameters were contributed to form the traces, and could massively 

influence them, all parameters listed in chapter 3 were checked by increasing and decreasing their 

values. The Simulation results are shown in figure (4.3) and (4.4).. 

Figure 4.1 Simulation results for HC with blocker. (A) the experimental results of mean Ca2+ uptake traces (solid line) ± 
s.e.m (dashed line) obtained in HaCaT-Cx26-GCaMP6s. (B) fluorescence signal as a function of time. (C) concentration of Ca2+ 
in ER as a function of time.  
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Figure 4.3 Simulation results for fluoresce signal as a function of time for changing individual parameter.   
For all figures are for HC open (without blocker) case with final Ca2+ concentration 1mM . Orange curve shows the result for 
set of control parameters, and black curves showing results when an individual parameter changed.  
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Figure 4.4 Simulation results for ER Ca2+ concentration as a function of time for changing individual parameter.  
For all figures are for HC open (without blocker) case with final Ca2+ concentration 1mM . Orange curve shows the result for set 
of control parameters, and black curves showing results when an individual parameter changed. 

 
we selected those parameters that were affected trace significantly, and ran the simulation for 

different final Ca2+ concentrations (all experiments). The simulation results for florescence signal 

[C
a2+

] ER
 

[C
a2+

] ER
 

[C
a2+

] ER
 

[C
a2+

] ER
 

[C
a2+

] ER
 

[C
a2+

] ER
 

[C
a2+

] ER
 

[C
a2+

] ER
 



 82 

as a function of time and ER Ca2+ concentration as a function of time, for both with and without 

usage of HC blocker are depicted in figure (4.5) and (4.6) respectively. 
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Figure 4.5 Results of different final Ca2+ concentrations, when HC is open for parameters with specific values.  
Left column shows the fluorescence signal as function of time. Right column shows the Ca2+ concentration in ER as a 
function of time. 
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Figure 4.6 Results of different final Ca2+ concentrations, when HC is blocked for parameters with specific values.  
Left column shows the fluorescence signal as function of time. Right column shows the Ca2+ concentration in ER as a 
function of time. 
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4.2  Discussion 

Mathematical and computational modeling of the ion channels and membrane transporters are 

widely acknowledged for examining each transporter’s mechanism, the interactions between 

different transporters, estimating the changes in outcomes, reproducing and analyzing the 

experimental data, and predicting any new phenomena caused by membrane disorders. 

Mathematical models are also useful for identifying drug targets and recognizing key control points 

that would be useful for drug screening trials. 

In current thesis work, we mathematically simulated Ca2+ dynamics correspond to complex 

responses measured experimentally by fluorescence microscopy in HaCaT cells challenged by a 

sudden increase of the extracellular Ca2+  concentration.  Comparison of the results of changing 

different model’s parameters with our control parameters for HC open are explained in follow. 

It is obvious that increasing ten times in the fraction of free cytosolic Ca2+ makes a big increase in 

the Ca2+ level which is then followed by a decrease to half of that value and, starts oscillations for 

few seconds before reaching the steady level for the rest of experiment time. From ER graph for 

changing f, we could observe that the level of Ca2+ in ER were increased as the fraction of free 

Ca2+ increased. This can be due to the fact that excess of cytosolic Ca2+ is removed by Ca2+  stores 

in cell as well as by pumps in PM.  

Changing maximal rate of IP3R release (kIP3R) doesn’t change the level of cytosolic Ca2+ markedly, 

however, the first spike after release of bolus of CaCl2 was achieved with a delay for lower values 

of kIP3R. This can be explained by looking at Ca2+ level in ER which it shows that the high level of 

Ca2+ was achieved for low value of kIP3R.  This means the ER is uptaking Ca2+ through SERCA 

while release of Ca2+ through IP3R is slow, therefore, concentration of Ca2+ is high in ER. 

As it mentioned in chapter 1, IP3 is made by hydrolysis of PIP2 by PLC. Consequently, it binds to 

IP3R causes release of Ca2+ from ER to cytosol. From the simulation result for ki, we observed that 

increasing the activation of IP3R by IP3 causes the increase in cytosolic Ca2+ level.  IP3R is activated 

not only by IP3 but also by Ca2+. It means that both of them should be existed sufficiently to activate 

IP3R. Therefore, changing the activation of each of them results in change in cytosolic Ca2+ level. 

However, if there would be a lack of the Ca2+ ions in cytosol, ER will pump out Ca2+ via leak 

channel, and consequently Ca2+ level will start to increase and bind to IP3R to open it and make 

further release of Ca2+. This is what we obtained by our simulation where Ca2+ level in the 

beginning is low and as time passes the level goes high.  
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Considering the equation for flux on Ca2+ through leak channel, we know that leak rate is inversely 

related to the cytosolic Ca2+. By looking at Ca2+  level in ER and cytosol as this parameter was 

changed, it can be clearly seen that, levels didn’t change markedly. The reason would be the release 

of Ca2+ from this channel is not fast as uptake of Ca2+ from cytosol by SERCA and PMCA. 

Therefore, the level of Ca2+ by changing this value doesn’t show significant changes in the level. 

Other explanation is that Ca2+ release from the ER does not only affect cytosolic Ca2+ but also can 

influence the concentration of the Ca2+ in other organelles. A prime example are the mitochondria, 

which can be in close apposition with the ER so that a preferential transfer of Ca2+ can occur from 

the ER to the mitochondrial matrix [2-4].  

The SERCA pump uses the chemical energy produced from the conversion of ATP into ADP to 

transport Ca2+ across the membrane from the cytosol to the ER, against a concentration gradient 

[5,6]. From simulation results shown we didn’t see change in level of Ca2+ in ER and cytosol as 

pump rate parameter changes. The reason is that when Ca2+ are transported into the ER through the 

SERCA pump, they are bound to pump proteins on the cytosolic side of the membrane. Although 

the Ca2+ are bound to the pump protein, they do not contribute to the Ca2+ concentration inside the 

cytosol or to the Ca2+ concentration inside the ER, therefore, the Ca2+  is being buffered by the 

SERCA pump. Because there is a large amount of pump protein present, the pump is able to bind 

a large amount of Ca2+ and so the buffering effect of the pump is significant [6].  

It is well understood that CaSR in PM directly activates PLC, and in turn PLC generates IP3 which 

then releases Ca2+ from intracellular stores and stimulates Ca2+ influx. Therefore, maximal rate of 

IP3 production by PLC depends on the agonist concentration and does not related directly to 

intracellular Ca2+ concentration. What we observe from the simulation is that changing the rate of 

IP3 production to higher values, causes decrease in intracellular Ca2+ level as well as ER Ca2+ 

concentration level. The letter can be explained by the fact that binding of IP3 and Ca2+ to IP3R on 

ER causes depletion of this Ca2+ store. Looking at equation (3.3), the first term is responsible for 

the sensitivity of PLC to extracellular Ca2+ concentration while the second term shows the IP3 

degradation rate which still doesn’t relate to intracellular Ca2+ concentration. However, 

mathematically, lowering Vmax causes first term becomes small, so solving the differential equation 

shows the IP3 level decreases. If there wouldn’t be enough IP3 to activate IP3R, the excess of Ca2+ 

in ER will be removed by leak channel which causes increase in cytosolic Ca2+ level. Increasing 

Vmax causes more IP3 and depletion of the Ca2+ store through IP3R, however, cell remove excess 

of cytosolic Ca2+ by PMCA and SERCA, thus, resulting in reduction of the intracellular Ca2+ 

concentration. 
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In general, IP3 degradation rate sets the time frame over which IP3 accumulation are integrated as 

input signal. The lifetime of IP3 determines whether regeneration of IP3 production could underline 

propagation of Ca2+ waves. Consequently, the wavs can cross cells without diminishing or slowing 

and are those form generated by a process in which a messenger is regeneratively produced [7].  

The lifetime and diffusion constant of IP3 in cytoplasm together determine its spatial range of action 

which was measured by several studies [8-11]. However, information about how quickly IP3 is 

degraded in a single cell most recently was determined [12].  

In Wang et al study, the delay to Ca2+ release was used to infer the lifetime of IP3 in an individual 

cell [12]. They showed that Ca2+ release is slower at lower doses of agonist and the latency is 

longer. Additionally, higher concentration of agonist causes greater activation of PLC and faster 

generation of IP3. Therefore, they concluded that latency will decrease with increasing muscarinic 

receptor occupancy. Experimental results indicate that muscarinic receptors expressed in human 

keratinocytes regulate their viability, proliferation, migration, adhesion, and terminal 

differentiation, hair follicle cycling, and secretion of humectants, cytokines, and growth factors 

[13]. The relationship between inverse muscarinic receptor occupancy and latency will be an 

exponential with time constant, as it is indicated by Wang et al [12]. Ca2+ itself might contribute to 

setting the latency. Study showed that latency if caused by gradual accumulation of small amount 

of Ca2+ that feedback positively to cause regenerative Ca2+ induce Ca2+ release [14]. Ca2+ could 

also functions to shorten latency by enhancing IP3 action to cause more Ca2+ release, analogous to 

the role of depolarization in the initiation of an action potential. In our simulation changing IP3 

degradation rate changes cytosolic Ca2+ level significantly. The marked change was for lowering 

the rate which caused cytosolic Ca2+ level reaches to steady level very slowly. This is in agreement 

with the explanation of Wang that Ca2+  release begins when IP3 level reaches threshold level.  

Inhibition of IP3 receptor by increasing cytosolic free Ca2+ concentration may contribute to 

terminating Ca2+ releases but it may not be the only mechanism [15]. In fact, IP3- evoked Ca2+ 

release is quantal. The mechanism of quantal Ca2+ release is not known however two categories of 

mechanism have been proposed. The first model is that submaximal concentration of IP3 

completely empty the stores that are most sensitive to IP3, and higher IP3 concentrations then recruit 

the less sensitive stores [16-18]. Second model suggests that IP3R activity attenuates before Ca2+ 

stores are fully depleted [19,20]. The mechanisms that might curtail IP3R mediated Ca2+ release 

are included IP3 medicated inactivation, inhibition by increase cytosolic Ca2+, loss of the 

electrochemical gradient of Ca2+ for Ca2+ release as Ca2+ ions leave ER without compensatory 

charge movement, and regulation of IP3R by luminal Ca2+. The latter mechanism proposes that 
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opening of an IP3R requires binding of IP3 and of Ca2+ at both the cytosolic and luminal sides of 

the IP3R, as it mentioned earlier [19, 21]. Regulation by luminal Ca2+ predicts that as ER Ca2+ level 

falls, the sensitivity of IP3R to cytosolic IP3 and Ca2+ decline, and Ca2+ release then terminates with 

Ca2+ trapped in the ER. Rossi et al showed that incremental response to low IP3 concentration are 

accompanied by rapid inactivation of IP3R [22]. Also, it is clear that the rapid activation of IP3R 

by IP3 is followed by slower inactivation and slower recovery. This mechanism would permit 

incremental response only if inactivating requires most IP3 binding site to be occupied. What we 

have observed from our simulation when kd (model parameters for IP3R inactivation by IP3) were 

changed confirming that increasing IP3 rate decreases the flux of Ca2+ through IP3R. In contrast 

lowering IP3 inactivation rate, as it mentioned above may reduce the Ca2+ level as it might be low 

IP3 concentration to bind the receptor.  

Mechanism of inhibition of IP3R is though feed by Ca2+ as it crosses an open channel, but even 

there are local Ca2+ signals would be intercepted, which did not promote quantal response. Many 

studies suggest that IP3R inactivation is directly connected to rapid activation of IP3R by IP3 which 

is followed by slow inactivation rather than via feedback effect from increase in cytosolic Ca2+ 

concentration [23-25]. Our model shows that changing the inactivation of IP3R by Ca2+ parameter 

doesn’t change the level of cytosolic Ca2+ concentration, while ER Ca2+ concentration level for low 

h values is small and reaches to a steady level very slowly.  

As it mentioned previously, PLC’s role in signal transduction is its cleavage of PIP2 into DAG and 

IP3. Activator of each PLC vary but typically include small G protein, Ca2+ and phospholipids. 

From simulation results we can see that change in km doesn’t affect cytosolic Ca2+. Meaning that it 

doesn’t have a direct effect on changing the Ca2+ level. 

Excess of cytosolic Ca2+ is removed by SERCA pump as well as PMCA. From formula we wrote 

for SERCA flux we can see that Ca2+ affinity of SERCA pump (KSERCA) inversely related to the 

flux. This can be seen from the results that decreasing this parameter caused the Ca2+ level in 

cytosol increases. PMCA and NCX are two other mechanism responsible to Ca2+ extrusion. The 

NCX has low Ca2+ affinity, but high capacity for Ca2+ transport, whereas PMCA have a high 

affinity to Ca2+ but low transport capacity. Therefore, PMCA has been attributed a housekeeping 

role in sustaining cytosolic Ca2+. It is clear that as maximal PMCA current increases more Ca2+ 

extrude from cytosol. The ER Ca2+  level graph for changing this parameter shows that decreasing 

VPMCA increases Ca2+ level in ER. This is obvious as SERCA pump works in a similar manner to 

remove excess of Ca2+. In other words, in a cell all compartments and channels are working in 

cooperative way to maintain Ca2+ level. PMCA are autoinhibited under low Ca2+ concentration. 
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Calmodulin binding to a unique regulatory domain release the autoinhibition and activates pumps. 

Binding Ca2+ to calmodulin causes a conformational change that permits Ca2+/calmodulin to bind 

various target protein, thereby switching their activities on or off. If cytosolic Ca2+ is high so it 

triggers binding of it to calmodulin causes activation of PMCA pump. Therefore, changing in 

affinity of the PMCA would be related to the calmodulin which is related to cytosolic Ca2+. From 

our result it can be seen that increasing kPMCA caused Ca2+ level increase. Since it reduces the 

outflux through PMCA.  

From our analysis we can conclude that parameters that have had large contribution in change of 

cytosolic Ca2+ level are including kd (IP3R inactivation by IP3), kIP3R (maximal IP3R release rate), 

KSERCA (Ca2+ affinity of SERCA pumps), and Vmax (Maximal rate of PLC production). It should be 

noted that only first peak is affected by the changes of these parameter. Means that what we see 

from the experimental results traces is that the first peak is for the behavior of ER to efflux of Ca2+ 

due to dynamic of IP3 in cell.   

Other goal of the experiment was to simulate also the behavior of the system in case HC is blocked. 

Running the simulation for different concentrations with control parameter, while considering HC 

is blocked, shows that the first peak is still existed while the second hump reduced. Looking at 

graphs for HC close while cytosolic Ca2+ model parameters are changed; it can be easily seen that 

the first peak has changed while the second hump disappeared. In other words, we didn’t observe 

any significant change on the second peak as the cytosolic Ca2+ model parameters were changed. 

Therefore, we conclude that the appearance of the second peak is the result of the inflow of Ca2+ 

through HC. 

 

4.3  Conclusion 

Our mathematical simulation of Ca2+ dynamic could fit well with experimental data for both cases, 

HC open and close. Guided by simulation, we were able to identify peculiar biphasic elevation of 

cytosolic Ca2+ observed experimentally by changing different model’s parameters. We conclude 

that the first peak that was observed experimentally is due to the releases of Ca2+ from ER and 

second peak was the results of Ca2+ influx from extracellular milieu to cytosol as well observed by 

our mathematical model. 
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