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SUMMARY 

The accumulating knowledge about the cell nucleus, as of toda y, de scribes it as a 

complex, dynamic organelle of the cell, harboring, commending and mediating 

multitude of biological pro cesses crucial for the life and death of the cell. This definition 

is starkly different from the initial belief, that the nucleus is a mere sac containing the 

genomic material. One of the important cellular phenomena involving the nucleus is 

cellular Ca2
+ homeostasis. Previous work in our laboratory has demonstrated that the 

nucleus plays an important role in modulating cytosolic Ca2+ homeostasis in many cell 

types. Nevertheless, the issue of nuclear Ca2
+ homeostasis regulation is a matter of 

scientific dispute. Therefore, the objective of this thesis project was to test the 

hypothesis, that nuclear Ca2+ homeostasis. regulation can be dependent and independent 

of cytosolic Ca2+. 



Using numerous detection techniques made possible by the confocal microscope, 

coupled to utilization of appropriate ionie indicators, we showed that in intact 

spontaneously contracting cardiomyocytes, spontaneous Ca2+ sparks and waves exist in 

the cytosol and at the perinuclear area. Furthermore, we showed, for the fust time, that 

isolated nuclei bathed in a cytosolic medium are able to generate their own spontaneous 

Ca2+ transients, the occurrence of which does not depend on the open state of the nuclear 

pore. On the other hand, when isolated nuclei were stimulated with ET -1, nuclear Ca2+ 

puffs and/or sparks were generated, which eventually grew into transient waves. It is 

notable, that such transients were also generated by ET -1 stimulation even in absence of 

Ca2+ from the bathing extranuclear medium. Furthermore, again in zero cytosolic Ca2+ 

conditions, localized intra-nuclear Ca2+ oscillations were detected, and were resolved by 

the Line-scan technique of the confocal microscope. Our results also demonstrate that at 

least sorne of the detected Ca2+ transients could be due to Ca2+ mobilization from nuclear 

IP3 and Ryanodine sensitive pools. 

We also investigated the presence of intra-nuclear entities, which could 

participate in regulation of nuclear Ca2+ homeostasis. Utilizing various organelle 

detecting probes and 3D confocal microscopy, our studies demonstrate the presence of 

two kinds ofnuclear structures in human vascular smooth muscle cells (hVSMCs). First, 

an ER-like nuclear structure, which is a resident nuclear entity and possesses Glucose-6-

phosphatase activity. It is endowed by Ca2+-ATPases, IP3 and Ryanodine receptors. 

Second, nuclear tubular structures, which appear to be invaginations of the nuclear 

envelope membranes into the nucleoplasm, possess nuclear pores and bear ci+-ATPase 

pumps. They seem to con tain Ca2+ and to date exhibit a GPCR, the AT 2 receptor of Ang-



II. These nuclear tubular invaginations seem to be dynamic in' nature and are absent from 

isolated nuclei. 

Taking into consideration the fact, that cytosolic and perinuclear Ca2
+ transients 

can propagate to the nucleus, and because spontaneous and pharmacologically ind11ced 

Ca2
+ sparks, puffs and waves can occur in isolated nuclei bathed in cytosolic medium, 

we can conclude that cytosolic Ca2
+ seems to be important in regulation of nuclear Ca2

+ 

homeostasis. However, on the other hand, since nuclear Ca2
+ transients and sub-nuclear 

Ca2
+ oscillations could be generated in zero cytosolic Ca2

+ conditions, this suggests that 

nuclear Ca2
+ cart possess the ability to regulate itself independently of cytosolic Ca2

+. In 

conclusion, nuclear Ca2
+ can be regulated both dependently and independently of 

cytosolic Ca2
+ and the newly identified nuclear structures have the potential of playing 

an important role in this regulation. 

Keywords: nucleus, calcium, endothelin-1, human vascular smooth muscle cells, 
Endoplasmic/Sarcoplasmic reticulum 
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NUCLÉOPLASMIQUE ET IL RÈGLE SA PROPRE HOMÉOSTASIE CALCIQUE 

Par 
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Département d'Anatomie et Biologie Cellulaire 
Université de Sherbrooke 

Thèse présentée à la Faculté de Médecine en vue de l'obtention 
du grade de Philosophia Doctor (Ph.D.) en Biologie Cellulaire 

Juin 2009 

RÉSUMÉ 

De plus en plus le noyau de la cellule se défini comme étant une organelle 

complexe et dynamique, qui porte, commande et médie des multitudes de processus 

biologiques cruciaux pour la vie et la mort de la cellule. Cette définition est 

complètement différente du dogme initiale, i.e. que le noyau est seulement un sac 

contenant de la matière génomique. Le calcium est établit comme un second messager 

universel, qui médie directement et indirectement la majorité des processus cellulair~. 

L'un des phénomènes cellulaires important impliquant le noyau est l'homéostasie du 

Ca2+ intracellulaire. Les travaux précédents effectués dans notre laboratoire ont 

démontré que le noyau joue un rôle important dans la modulation de l'homéostasie du 

Ca2
+ cytosolique dans plusieurs types de cellules. D'une part, l'homéostasie du Ca2+ 

nucléaire est un domaine en soi, donné le fait que beaucoup de processus sensibles au 

Ca2
+ résident au noyau, et les signaux et l'homéostasie du Ca2

+ nucléaires peuvent avoir 

des conséquences biologiques distinctes en ce qui 'concerne les signaux et l'homéostasie 

du Ca2
+ cytosoliques. Néanmoins, la question de la régulation de l'homéostasie du Ca2

+ 



nucléaire demeure toujours un sujet à controverse. Par conséquent, l'objectif de cette 

thèse est de tester l'hypothèse que la régulation de l'homéostasie du Ca2+ nucléaire est à 

la fois dépendent et indépendant du Ca2+ cytosolique. 

Nous avons démontré dans les cardiomyocytes qui se contractent spontanément que les 

étincelles des 'sparks' calcique spontanés existent dans le cytosol et dans la région 

périnucléaire. Nous avons aussi montré, pour la première fois, que les noyaux isolés qui 

baignent dans un milieu ionique mimant le cytosol peuvent produire leurs propres 

'sparks' spontanés de Ca2+, dont l'occurrence ne dépend pas de l'état ouvert du pore 

nucléaire. D'autre part, quand des noyaux isolés sont stimulés avec l'ET -1, des 

étincelles de types calciques 'puffs' et/ou 'sparks' nucléaires ont été produites, qui se 

sont par la suite développées en vagues transitoires. Il est à noter, que ces signaux ont 

été également produits par stimulation avec l'ET-1 même en absence de Ca2+ dans le 

milieu extranucléaire. De plus, en absence du Ca2+ cytosolique, ont été détectées des 

oscillations de Ca2+ intranucléaires localisées. Nos résultats démontrent également qu'au 

moins certains des signaux nucléaires du Ca2+ pourraient être dû à la mobilisation de 

Ca2+ des réserves nucléaires sensibles à l'IP3 et à la Ryanodine. 

Nous avons également étudié la présence des entités intranucléaires qm 

pourraient participer à la régulation de l'homéostasie du Ca2+ nucléaire. Nos études ont 

démontré la présence de deux types de structures nucléaires dans les cellules du muscle 

lisse vasculaires humaines (CMLVhs). La première, une structure nucléaire semblable au 

réticulum endoplasrnique, qui est une entité nucléaire locale, et qui possède une activité 

du glucose-6-phosphatase et qui possède les pompes des Ca2+-ATPases, des récepteurs à 

l'IP3 et à la ryanodine. La deuxième, des structures tubulaires nucléaires, qui semblent 



être des invaginations des membranes de l'enveloppe nucléaire vers le nucléoplasme, et 

qui possèdent des pores nucléaires, des pompes Ca2+-ATPases et le récepteur AT2 de 

l'Ang II. Ces invaginations tubulaires nucléaires semblent être dynamiques par nature et 

sont absents dans les noyaux isolés. 

En prenant en considération le fait que des vagues calciques cytosoliques et 

perinucléaires peuvent se propager au noyau et parce que des signaux calciques de type 

'puffs' et 'sparks' spontanés ou pharmacologiquement induit peuvent se produire dans 

des noyaux isolés qui baignent dans un milieu mimant le cytosol, nous pouvons conclure 

que le Ca2+ cytosolique semble être important dans la régulation de 1 'homéostasie 

calcique nucléaire. De plus, puisque les signaux calciques et les oscillations nucléaires du 

Ca2+ peuvent être produits en absence du Ca2+ cytosolique, ceci suggére que le Ca2+ 

nucléaire posséde la capacité de se réguler indépendamment du Ca2+ cytosolique. 

En conclusions, nos resultats montre que, le Ca2+ nucléaire peut être régulé 

dépendamment et/ou indépendamment du Ca2+ cytosolique, et que les structures 

nucléaires nouvellement identifiées ont le potentiel de jouer un rôle important dans cette 

régulation. 

Mots Clés: noyau, calcium, endotheline-1, cellules du muscle lisse vasculaire 
humain, réticulum endoplasmique/sarcoplasmique 



1- LITERATURE REVIEW 



1.1 The nucleus 

The nucleus was originally described by Franz Bauer in 1802, and was the 

first organelle discovered (DUNDR et al, 2001). It was later portrayed in more detail 

by the Scottish botanist Robert Brown, who used the term "nucleus" in his original 

paper pub li shed in 1831 (PENNISI 2004 ). In addition to housing the vast majority of 

the genetic material, the mammalian nucleus is considered to be the most complex 

cellular organelle (GORSKI et al, 2005), characterized by dynamic functions and 

organization (MISTELI 2005). 

One of the emerging features of the nucleus is its involvement in cellular 

calcium homeostasis (BKAIL Y et al, 1996; BKAIL Y et al, 2009). As will be 

detailed in the different sections of this thesis, the nucleus seems to possess nuclear 

analogues of cellular cytosolic machinery, which maintain and regulate the cellular 

calcium homeostasis (BKAIL Y et al, 1996; BKAIL Y et al, 1997c; GOMES et al, 

2006). However, apart from the suggested participation of the nucleus in total cellular 

calcium homeostasis, the paradigm that constitutes the main axis of this thesis project 

is the regulation of nuclear calcium homeostasis itself. Whether or not the nucleus is 

empowered to regulate its own calcium homeostasis independently of the cytosolic 

calcium, is the question we hope to answer at the end of this thesis. 

1.2 Ca2
+ homeostasis and signaling 
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The average human body possesses around 1200-1400 g of Ca2
+ (CARAFOLI 

2003; CASHMAN 2002), 99% of which is found in the bones and teeth 

(HOUILLIER et al, 2003) while less than 10 grams manage to escape from being 

trapped in the skeleton and the teeth (CASHMAN 2002). Regardless of their 

scarceness, these few grams are of great qualitative and functional significance 

(CARAFOLI 2003). 

Calcium opera tes throughout the en tire life-span of a cell (JAISWAL 2001 ). It 

triggers new life at fertilization, it controls many developmental processes 

(BERRIDGE et al, 1999). After the differentiation of cells, Ca2
+ mediates their 

various functions, such as contraction, secretion, metabolism, memory and learning, 

prolifenition (BERRIDGE et al, 1999). Calcium is eventually also involved in the 

death of the cell (ORRENIUS et al, 2003; SZALAI et al, 1999). Hence, Ca2
+ is 

established as the most universal and ubiquitous second messenger. 

The reason why Ca2
+ is the uncontested second messenger among ions and 

other molecules lies in the physical and chemical properties of this ion (KNOT et al, 

2005). Due to its flexible coordination chemistry (EL-ICHIRO 1991), high affinity 

for carboxylate oxygen (JAISWAL 2001) and rapid binding kinetics, Ca2
+ ions at 

physiological conditions interact easily and reversibly with biological molecules 

(CASE et al, 2007). Hence Ca2
+ ions are able to easily interact with binding sites of 

irregular shapes, such as the ones abundantly present in proteins (BRINI et al, 2000). 

Furthermore, the very steep concentration gradients that exist across the plasma 

membrane of the cell and the membranes of intracellular Ca2
+ stores have empowered 

Ca2
+ as a versatile second messenger (KNOT et al, 2005). The cytosolic free Ca2

+ 
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concentration ([Ca2+]c) is 50 to 100 nM (BKAIL Y et al, 2006), which is - 10,000-

20,000 times lower than that of the extracellular milieu (ISHIDA et al, 1988; KNOT 

et al, 2005), while the endo/sarcoplasmic reticulum (ER/SR) free Ca2
+ is in the range 

of few hundred f.!M (BYGRA VE et al, 1996; HOFER et al, 1996) and the total 

ER/SR Ca2
+ is estimated to reach 7-15 mM (GANITIŒVICH 1996; VAN 

BREEMEN C. et al, 1989). On the other hand, the perinuclear and nuclear Ca2
+ 

concentrations are respectively - 600 and 300 nM (BKAIL Y et al, 2006). Hence, 

numerous possibilities are available for generating Ca2
+ signais by diffusion or 

liberation of Ca2
+ ions from one domain to another. However, this sort of Ca2

+ 

homeostatic setting is not free of hazards. At any given moment, the orderly 

distribution of free Ca2
+ within the different compartments is kept in check by a 

multitude of "on" and "off' mechanisms (BERRIDGE et al, 2003), and any 

disruption to this harmony would have catastrophic consequences to the cell 

(TRUMP et al, 1997). Ca2
+ is cytotoxic at high concentrations and would lead to 

organelles' damage (NAK.AGA WA et al, 2000; NIEMINEN 2003), aggregation of 

proteins (TRUMP et al, 1995) and nucleic acids (HUGHES, Jr. et al, 1998), as well 

as disruption of plasma membrane integrity (EDELSTEIN et al, 1997; TRUMP et al, 

1995) and precipitation of phosphates (necessary for energy generation) (DONG et 

al, 2006; FISKUM et al, 1980). Hence, through evolution organisms have 

developed an inventory of signalling components, a sort of "Ca2
+ toolkit" 

(BERRIDGE et al, 2000), to control the Ca2
+ signal and homeostasis in amplitude, 

space and time (BERRIDGE et al, 2003). Furthermore, Ca2
+ itself contributes to its 

own regulation, by a system of feedback mechanisms which control many of the 
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membrane transporters and intracellular effectors that modulate Ca2+ (CA RAFOLI 

2005; CHALMERS et al, 2007). 

These aspects of cellular, mainly cytosolic Ca2+ signalling and homeostasis 

will be concisely presented in the next section, to lay the foundation for discussing, in 

detail, the role of the nucleus in cellular Ca2+ homeostasis and the regulation of 

nuclear Ca2
+ homeostasis and signalling. 

1.3 Basic princip les of Cytosolic Ca2
+ homeostasis and signaling 

In order to coordinate the plethora of cellular functions that they mediate, Ca2+ 

signais must be diverse and yet precisely regulated (ISHIDA et al, 1988). Generation 

of Ca2+ signais and regulation of Ca2+ homeostasis are achieved by collaboration of 

many factors which constitute the "Ca2+ toolkit" (BERRIDGE et al, 2003): receptors, 

such as G-Protein coupled receptors (GPCRs) and Receptor Tyrosine kinases 

(RTKs), transducers, including G-proteins and Phospholipase C (PLC), channels 

(voltage, receptor and store operated, intracellular release channels RyR and IP3R), 

Ca2
+ buffers, Ca2+ effectors and Ca2+ sensitive enzymes (Calnexin, Calsequestrin, 

Calmodulin, Ca2+/Calmodulin-dependent protein kinases, myosin light chain kinase), 

Ca2+ pumps and exchangers, etc. In the current section, a review of literature will be 

do ne discussing sorne of the se factors that are relevant to this study, with examples 

excerpted from literature related mainly to human vascular smooth muscle cell 

(h VSMC), which is one of the main cellular models of this research project. Figure 1 

represents a model cell, where major participants of cellular and nuclear Ca2
+ 

homeostasis are depicted. 

5 



Figure 1. Components of cellular Ca2
+ homeostasis 

Schematic representation of various components that participate in cellular 
( cytosolic and nuclear) Ca2+ homeostasis. VOCC, voltage-operated Ca2+ 
channel; ROCC, receptor-operated Ca2+ channel; SOCC, store-operated Ca2+ 
channel; PMCA, plasma membrane Ca2+ -ATPase; GPCR, G-protein 
coupled receptor; R-type, R-type Ca2+ channel; NCX, Na+-Ca2+ exchanger; 
CBPs, Ca2+ binding proteins; Mit, Mitochondria; Uni, mitochondrial Ca2+ 

uniporter; ER/SR, endo/sarcoplasmic reticulum; SERCA, 
endo/sarcoplasmic reticulum Ca2+ -A TPase; IP3R, inositol 1 ,4,5-triphosphate 
receptor; RyR, ryanodine receptor; Nue, nucleus, NCA, nuclear Ca2+
A TPase; NPC, nuclear pore complex; ONM, outer nuclear membrane; INM, 
inner nuclear membrane, PNS, perinuclear space. 
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1.3.1 Mechanisms of Ca2
+ entry into the cell 

Many types of Ca2+ channels operate 'in the plasma membrane (PM) of 

VSMCs and cells in general (BKAIL Y 1994a). Sorne are directly activated by 

extracellular ligands (SOML YO et al, 1968; V AN BREEMEN C. et al, 1978) and 

are called receptor operated calcium channels (ROCCs) (BOLTON 1979). An 

example of ROCCs is P2X receptor, which is activated by adenosine triphosphate 

(ATP) binding (MIRONNEAU et al, 2001). Another class of PM Ca2
+ channels are 

the store-operated Ca2
+ channels (SOCCs), also called capacitative Ca2

+ entry 

channels (HOTH et al, 1992; PUTNEY, Jr. 1986). These are opened in response to a 

decrease in the [Ca2l in the lumen of the ER/SR (PUTNEY, Jr. et al, 2000; 

TREPAKOV A et al, 2000). 

Nevertheless, the most important and the best known Ca2
+ channels rn 

excitable cells (such as the VSMCs and cardiomyocytes) are the voltage operated 

Ca2
+ channels (VOCCs), initially identified in crustaceans (FATT et al, 1953) and 

later in various mammalian species, including human VSMCs (HESS et al, 1984; 

REUTER 1967; REUTER et al, 1982). These channels allow Ca2
+ influx upon being 

stimulated by membrane depolarization. On the basis of biophysical and 

pharmacological properties and tissue distribution (THORNELOE et al, 2005; 

TSIEN et al, 2005), several types of VOCCs were identified (BEAN 1985; 

HAGIWARA et al, 1975; HESS et al, 1984). The channels most implicated in the 

VSM calcium homeostasis are theL-, T- (BENHAM et al, 1987; BKAILY 1994a; 

BRINI et al, 2000) and R-type channels (BKAIL Y et al, 1992; BKAIL Y et al, 

1993; BKAIL Y 1994d). 
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The multi-subunit L-type Ca2
+ channels (CATTERALL 2000) are important 

pharmacologically, because they are blocked by several classes of widely used Ca2+ 

antagonists, including dihydropyridines (HESS et al, 1984 ), which are used clinically 

to treat cardiovascular disease and migraine (SNUTCH et al, 2001). These channels 

open and allow calcium influx when depolarization of the PM increases the resting 

membrane potential to near the threshold potential of- -40 mV (BKAIL Y 1994a). It 

is noted that in VSMCs, protein kinase A (PKA) and protein kinase G (PKG), 

activated via cyclic AMP (cAMP) and cyclic (cGMP) respecÜvely, phospohorylate 

and inhibit L-type Ca2
+ channel (BKAIL Y 1994c ), eventually leading to 

vasorelaxation (BKAIL Y 1994c). On the other hand, protein kinase C (PKC) 

phosphorylates and activates this channel (SPERELAKIS Net al, 1991). 

The second channel of relevance to this study is the R-type Ca2+ channel (R 

for resting)(BKAILY et al, 1992). The group of Bkaily, using single channel 

rec'ording technique as well as a fluorescent probe coupled to a specifie blocker of the 

steady-state R-type Ca2
+ channel, showed the presence of this type of channel at the 

plasma membranes of several cell types including h VSMCS, vascular endothelial 

cells (VECs) and cardiomyocytes (BKAILY et al, 1992; BKAILY 1994a; BKAILY 

et al, 1997c). The R-type channel possesses a 24 pS single channel conductance and 

unlike L and T-types, is not regulated by 2nd messengers such as cAMP, cGMP, 

PKC, and ATP (BKAILY 1994c; BKAILY et al, 1997c; BKAILY et al, 2001). It 

was demonstrated that this channel, which does not inactivate during sustained 

depolarized potentials (BKAIL Y 1994a), contributes both to onset and maintenance 

of elevated cytosolic and nuclear free Ca2
+ seen in normal and pathological 
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conditions (BKAIL Y 1994a), while T and L-type channels inactivate relatively 

rapidly during sustained voltage or pharmacological stimulation and hence only 

contribute to the onset of Ca2
+ response (BKAILY et al, 1997a). Therefore the 

steady-state R-type Ca2+ channel, by mediating the sustained Ca2
+ influx through the 

cell membranes, is responsible for determining the resting tension of h VSMCs 

(BKAILY 1994d; BKAILY et al, 1997a; BKAILY et al, 1997c; BKAILY et al, 

1999; BKAILY et al, 2002; CLAING et al, 2002). Furthermore, the R-type Ca2
+ 

channel was reported to mediate in part the increase of cytosolic free Ca2
+, induced 

by both sustained depolarization and GPCRs' activation by severalligands, such as 

endothelin-1 (ET-1) (BKAILY et al, 1996; BKAILY et al, 1997b; BKAIL Y et al, 

1997c; BKAIL Y et al, 2000; BKAILY et al, 2002), Angiotensin II (Ang II) 

(BKAIL Y et al, 2003b ), neuropeptide (NPY) (BKAIL Y et al, 1996; JACQUES et 

al, 2000), interleukin-1 (Il-l) (BKAILY et al, 1997b), bradykinin (BKAILY et al, 

1997b), platelet-activating factor (PAF) (BKAILY et al, 1997c) and insulin 

(BKAIL Y et al, 1992; BKAIL Y et al, 1998). 

Renee, the L and R-type Ca2+ channels are important for proper VSMCs 

function and provide a major source of contractile Ca2
+. 

1.3.2 Mechanisms of Ca2
+ extrusion from the cell 

Ca2
+ that has entered the cell through one of the above described channels, 

must be eventually be ejected, to restore homeostatic levels of cytosolic [C~2l 
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([Ca2+]c)· In many cell types, including VSMCs, this is accomplished by two 

mechanisms: the Ca2+-ATPase, and the Na+/Ca2+ exchanger. 

1.3.2.1 The plasma/sarcolemma membrane Ca2+ -ATPase 

A major mechanism for Ca2+ extrusion are the plasma membrane Ca2+

ATPases (PMCAs)(SCHATZMANN et al, 1969), discovered by Schatzmann in 

1966 (SCHA TZMANN 1966). These ATPases belong to the P-type pump family 

characterized by the formation of a high-energy phosphorylated intermediate during 

~he reaction cycle (DI-LEVA F. et al, 2008; MüLLER et al, 1996). The PMCA is a 

high affmity (Kd for Ca2+ 0.2-0.5 !J.M) (DIPüLO 1979), low capacity enzyme 

(CARAFOLI 1992), which pumps Ca2+ up the steep electrochemical gradient from 

cytosol to extracellular space (MARIN et al, 1999), in exchange for two protons 

(hence it is electron neutral) (SAND ERS 2001 ), though at the expense of 1 ATP 

(SCHATZMANN 1973). The pump is organized in the PM with 10 transmembrane 

domains (MüLLER et al, 1996) and with most of its mass protruding into the 

cytoplasm (STOKES et al, 2000; TüYOSHIMA et al, 2000). The C-terminal 

cytosolic tail, in addition to the ATP binding site (TüYOSHIMA et al, 2000), 

contains the major regulatory domain of the pump, the Calmodulin (CaM) binding 

domain (GUERJNI et al, 2005; NIGGLI et al, 1981). CaM, by binding to that 

specifie segment of the tail, causes a conformational change, relieves the auto

inhibition caused by it (DI-LEVA F. et al, 2008), hence increases its affmity for the 

ion and re-establishes the full activity of the pump (LAPüRTE et al, 2004). PMCAs 

are also regulated by phosphorylation: protein kinases A (PKA) (GUERIN! et al, 
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2005; JAMES et al, 1989) as well as Ca2+/Calmodulin kinase (CaMK) (SANDERS 

2001) enhance its activity, while protein kinase C (PKC) is claimed to inhibit the 

pump (WANG et al, 1991). 

It is worth noting, that the PMCAs are an excellent example of the auto

regulatory capacity of Ca2+, as the pumps are activated to extrude Ca2+ from the cell 

by interacting with Ca2+- CaM (CARAFOLI 2005). 

1.3.2.2 The plasma/sarcolemma membrane Na+/Ca2+ Exchanger 

In addition to active Ca2+ extrusion from the cell via the PMCAs, for rapid 

extrusion of Ca2+ cells may rely on Na+/Ca2+ exchanger (NCX) (BAKER et al, 

1969), now known to exist in many cell types (BLAUSTEIN et al, 1999), including 

VSMCs (JUHASZOVA et al, 1996; REUTER et al, 1973). This exchanger is a PM 

spanning antiporter (FLOYD et al, 2007), which, when operating in its forward 

operating mode (BLAUSTEIN et al, 1999; ZHENG et al, 2007) exchanges a single 

Ca2+ ion for 3 Na+ ions in each cycle (BLAUSTEIN et al, 1999). Under certain 

conditions NCX can import Ca2+ and export Na+, thus functioning in the reverse 

mode (BLAUSTEIN et al, 1999; ZHENG et al, 2007). Hence NCX responds to 

both Na+ and Ca2+ electrochemical gradients across the membrane (BLAUSTEIN et 

al, 1977). Although NCX has a high capacity and Ca2+ -transporting velocity 

(MARIN et al, 1999), in contrast to the PMCA, it has low Ca2+ affmity (Kct > 1 j..LM) 

(BRINI et al, 2000), therefore it is assumed that the exchanger only operates at full 

capacity when the [Ca2+] in the subplasma membrane domain rises to micromolar 
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level (BLAUSTEIN et al, 1999) an event which occurs at peak aétivation of the cell 

(BRINI et al, 2000). 

The high affmity, low-capacity PMCAs (CARAFOLI 1992), with their 

uniform distribution, and the low-affmity, high capacity NCXs (MARIN et al, 1999), 

known to reside in PM microdomains (JUHASZOVA et al, 1994) that overlie the 

ER/SR, seem to complemynt each other (CLAPHAM 2007). The PMCA is suggested 

to regulate the low resting [Ca2l in the bulk cytosol, while the NCX regulates Ca2
+ in 

the small junctional space between the PM and the ER/SR (FLOYD -et al, 2007; 

ruHASZOVA et al, 1994). 

1.3.3 Release of Ca2
+ from intracellular stores 

Influx of Ca2+ and its extrusion through the PM account on1y for a portion of 

total cellular Ca2
+ turnover in the cell (CARAFOLI 2005). Regardless of its limited 

proportion, this Ca2
+ shuttling via the PM ignites several crucial intracellular 

processes (LAPORTE et al, 2004), inchiding release of Ca2
+ from intracellular stores 

(BERRIDGE et al, 2003). Quantitatively however most of the Ca2
+ used by the cell 

is harbored in these intracellular organelles and controlled by intracellular Ca2
+ 

transporters (RUTTER et al, 1998). Chief among these stores is the ER/SR 

(SAND ERS 2001 ), which, be si des being the major intracellular Ca2+ store, possesses 

both Ca2
+ release and uptake systems (MELDOLESI et al, 1998). 

1.3.3.1 The Endo/Sarcoplasmic reticulum: an organelle of many functions 
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The ER/SR is a highly dynamic organelle (LEE et al, 1988) that performs 

two major functions; in addition toits protein (JAENICKE 1987; V AN et al, 2005) 

and lipid biosynthetic role (BOOTMAN et al, 2002b; MCMASTER 2001), it is a 

central player in the generation of cytosolic Ca2
+ signais by being a dynamic Ca2

+ 

store (LEE et al, 1988) acting both as a source and sink for Ca2
+ (PETERSEN et al, 

2007; SOMLYO etal, 1971b). 

1.3.3.1.1 Structure of the ER/SR 

The VSM ER/SR is an extensive system of anatomising membranes 

(DEVINE et al, 1972; SOML YO et al, 1971a) organized in an interconnected 

tubular and sheet like network (LAPORTE et al, 2004), with particular enrichment 

around the nucleus (SOML YO et al, 1994; WRAY et al, 2005). The ER/SR is 

suggested to be contiguous with the nuclear envelope (LEE et al, 2002). Although 

traditionally the ER/SR is divided into Rough ER/SR and Smooth ER/SR (SHIBAT A 

et al, 2006), sorne researchers go as far as including the nuclear envelope (NE) as an 

ER/SR sub-domain (BERRIDGE 2002; SHIBATA et al, 2006; VEDRENNE et al, 

2006; VOELTZ et al, 2002). The ER/SR network itself was proven to be physically 

and functionally continuous (PARK et al, 2000). Experiments utilizing a fluorescent 

dye in an oil droplet (TERASAKI et al, 1994) that cannot exchange between 

discontinuous membranes revealed the ER/SR network when injected into several 

types of cells (TERASAKI et al, 1994 ). Other studies, utilizing GFP-tagged pro teins 

(DA YEL et al, 1999; TERASAKI 2000) and fluorescent Ca2
+ probes (PARK et al, 

2000) combined with fluorescence photobleaching and recovery techniques have 
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demonstrated the continuity ofthe ER/SR lumen and the mobility ofCa2
+ in the latter 

(PARK et al, 2000; TERASAKI et al, 1994). Altematively, the structure of the 

ER/SR has been successfully observed using various ER/SR probes, such as DiOC6 

(FRICKER et al, 1997; GORDIENKO et al, 2001; LEE et al, 2006), ER-Tracker 

(CHAMERO et al, 2008; ECHEV ARRIA et al, 2003; GUATIMOSIM et al, 2008; 

MARIUS et al, 2006), as well as electron rnicroscopy, bene fi ting from ER/SR 

signature proteins such as glucose-6-phosphatase (Glc-6-Pase) (BENCHIMOL 2008; 

FRICKER et al, 1997; NICHOLS et al, 1984). 

1.3.3.1.2 Volume of the ER/SR 

The VSM ER/SR occupies 2-8 % of the cell volume (DEVINE et al, 1972; 

MCCARRON et al, 2006), with the larger volumes being present in VSM of large 

arteries (SAND ERS 2001; SOML YO et al, 1994). The variability of the volume of 

the ER/SR in the VSM could be due to the synthetic activity of the cell (since these 

cells produce components of their extracellular matrix) (LAPORTE et al, 2004). 

Furthermore, proliferative, developing VSMCs tend to have more extensive ER/SR 

(CAMPBELL et al, 1971). 

1.3.3.1.3 Dynamic nature of the ER/SR 

It must be appreciated that the ER/SR is a structure with a high degree of 

plasticity (LEE et al, 1988) that enables it to assume many configurations as befits 

its multiple functions (BERRIDGE 2002). Furthermore, it is a dynarnic network 
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consisting of sheets, linear tubules, polygonal reticulum and three-way junctions 

(ESTRADA DE et al, 2005; VOELTZ et al, 2002). Several basic movements assist 

to ER/SR's dynarnics: elongation and retraction of tubules, tubule branching, sliding 

of tubule junctions and disappearance of polygons (VOEL TZ et al, 2002). Renee, the 

ER/SR is being constantly rearranged, while retaining its characteristic structure 

(BOOTMAN et al, 2002b ). The dynamics of the ER/SR is suggested to depend on 

the cytoskeleton (SHIBATA et al, 2006; VEDRENNE et al, 2006). The ER/SR 

network retracts to the cell center in experimental conditions that affect the 

microtubules and microtubule associated proteins (VEDRENNE et al, 2006), such as 

during depolymerization of the microtubule cytoskeleton by drugs or law temperature 

(TERASAKI et al, 1986). Antibodies directed against the heavy chain of the motor 

protein Kinesin disrupt the microtubule dependent extension of the ER/SR tubules 

(LANE et al, 1999). Furthermore it has been shawn, that new ER/SR tubules can be 

pulled out from existing membranes by molecular motors as they move along 

microtubules and actin filaments, or by the tips of microtubules and actin filaments as 

they grow by polymerization (DU et al, 2004). 

1.3.3.1.4 Diversity of domains in the ER/SR 

The ER/SR has been described as being either superficial, i.e. close to the 

surface membrane, or deep, i.e. in the central cytoplasmic part of the cell (SOML YO 

et al, 1994; WRAY et al, 2005). Different properties have been ascribed to these 

different ER/SR parts (LEE et- al, 2002). It is suggested, that the superficial ER/SR 

may be arranged spirally and make close contact ( -10 nm) (DEVINE et al, 1972) 
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with the plasma membrane microdomains rich in signalling components and acts to 

temper fluxes of Ca2+ ions across the surface (JANSSEN et al, 1999). The proximity 

of ER/SR to the PM ion channels (DEVINE et al, 1972) and the barrier to Ca2+ 

diffusion presented by it enables locally higher calcium to be made available in these 

areas (GOLOVINA et al, 1997), leading to activation of K+, cr channels, 

exchangers (Na+-Ca2+ exchanger) and pumps (PMCA) (COLLIER et al, 2000). The 

deeper ER/SR is implicated in delivering Ca2+ to the contractile apparatus and thus 

having an activating role for myofilaments (WRAY et al, 2005). 

1.3.3.1.5 Calcium content of the ER/SR 

There is a large variation in the estimate of [Ca2l within the mammalian 

ER/SR, the values being subject to the limitations of the methods used (LAPORTE et 

al, 2004). However, utilization of modem techniques have put the VSM ER/SR total 

(free and bound) [Ca2+] between 7.5 and 15 mM (GANITKEVICH 1996; V AN 

BREEMEN C. et al, 1989). On the other hand, the free resting Ca2+ concentration of 

the ER/SR can reach up to a few 100 hundred JlM (BYGRA VE et al, 1996; HOFER 

et al, 1996; SUGIY AMA et al, 2000), 'Yhich is around 3-4 orders of magnitude 

higher that in cytosol (50-100 nM)(BKAIL Y et al, 2009). Ca2+ storage capacity of 

the ER/SR is greatly enhanced by the high-capacity, low affmity Ca2+-binding 

proteins calsequestrin (WUYTACK et al, 1987) and calreticluin (MILNER et al, 

1992) which, by binding loosely to the ion, render it readily available for release 

(LAPORTE et al, 2004; LEE et al, 2002). Maintenance of Ca2+ homeostasis within 

the ER/SR is essential to a number of cell functions (ASHBY et al, 2001; 
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MELDOLESI et al, 1998) ranging from cell growth, protein synthesis and folding, to 

protein processing and transport (BRINI et al, 2000). It is documented that Ca2
+ 

depletion of ER/SR stores inhibits protein synthesis (LODISH et al, 1992) and 

facilitates degradation (JEFFERY et al, 2000). The resting [Ca2l of the ER/SR is 

maintained as a balance between calcium uptake, release and basalleak (CARAFOLI 

et al, 2000; MISSIAEN et al, 1996). Ca2
+ uptake is mediated by the Sarcoplasmic

endoplasmic reticulum Ca2+ -ATPase (SERCA) pumps (EGGERMONT et al, 1988), 

while the mechanism of the basal leak is still unknown (CAMELLO et al, 2002; 

LOMAX et al, 2002). The ~ 10000 times difference that exists between the ER/SR 

lumen and the [Ca2+]c (SANDERS 2001) creates a powerful electro-chemical driving 

force for Ca2
+ exit. By the virtue of Ca2

+ release channels, the inositol 1,4,5-

triphosphate receptor (IP3R) (VILLA et al, 1993) and the ryanodine receptor (RyR) 

(HERRMANN-FRANK et al, 1991) residing in the ER/SR membrane, rapid 

cytosolic Ca2
+ signais can follow chemical activation of sarcolemmal receptors or 

electrical excitation of the PM channels (AKATA 2007; PETERSEN et al, 2007). 

1.3.3.2 The Ryanodine receptor-channel 

1.3.3.2.1 Structure and distribution ofRyR 

Ryanodine receptors (RyRs) (INUI et al, 1987b) are Ca2+ releasing channels· 

present on the ER/SR (FILL et al, 1988) and are opened by calcium binding to the 

cytoplasmic side of the channel (ENDO 1977; FILL et al, 2002). Ryanodine is a 

plant alkaloid that binds with high affmity and selectivity to RyRs (GUERRERO-
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HERNANDEZ et al, 2002; PESSAH et al, 1991). The channel is an assembly of 

four RyR subunits of the same isoform (thus a homotetramer), each ~500 KDa 

(CHALMERS et al, 2007; LAI et al, 1988), forming a central Ca2+-conducting pore 

which has a diameter of 2-3 A (LAPORTE et al, 2004). Three genes encode RyRs, 

each generating a specifie isoform (RyR 1 to 3), with RyR 2 and 3 being the 

prominent isoforms in the smooth muscle (NEYLON et al, 1995). RyR is anchored 

to the ERJSR membrane by interaction with the Ca2+ binding storage protein 

Calsequestrin (POZZAN et al, 1994). RyRs distribution is parallel to that of the 

ERJSR; tissues with prominent ERJSR are rich in RyRs (LESH et al, 1998). 

1.3.3.2.2 Activation of RyR and generation of Sparks 

Micromolar concentrations of cytoplasmic Ca2+ are the primary activators of 

RyR channels in smooth muscles (SM) (BEZPROZVANNY et al, 1991; SANDERS 

2001). Once the channel is activated, Ca2+ is released from the SR to the cytoplasm in 

a process known as calcium-induced calcium release (CICR) (FABIATO 1983; FILL 

et al, 2002; liNO 1989). The RyR demonstrates a bell shaped Ca2+ sensitivity ; low 

Ca2+ (1-10 JlM) activates, while high Ca2+ (1-10 mM) inhibits the RyR (FILL et al, 

1988). Given the fact that the RyRs-activating micromolar range of [Ca2+] is not 

reached globally in the bulk of the cytoplasm (CHALMERS et al, 2007), RyRs 

appears to be activated in proximity to the plasma membrane by extracellular Ca2+ 

influx through Ca2+ channels to produce CICR (BOL TON et al, 1998; COLLIER et 

al, 2000). 
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Release of Ca2+ from RyRs can result in localized, transient increases in Ca2+ 

concentration. These events have been referred to as Ca2+ Sparks, frrst identified in 

1993 by the group ofLederer (CHALMERS et al, 2007; CHENG et al, 1993). Ca2+ 

sparks can result in very high local increases in Ca2+ (i.e., estimated to be at least 

10 1-1M close to the site of release) (WELLMAN et al, 2003). Recent advances in 

confocal microscopy and fluorescent Ca2+ binding probes have demonstrated that 

Ca2+ sparks are in fact the result of a cluster of RyRs releasing Ca2+ at nearly the 

same time (MCCARRON et al, 2006). The magnitude, duration and spreading of the 

Ca2+ sparks seems to be celland cell sub-type dependent (CHENG et al, 2008). The 

actual release of a given spark site constitutes a Ca2+ current of 4pA (CHENG et al, 

1993), while its duration can vary between 1 and 60 ms (CHALMERS et al, 2007; 

KNOT et al, 2005; MCCARRON et al, 2006), with a width of 1-5 1-1m (KNOT et 

al, 2005). 

The RyR sensitivity (hence CICR sensitivity) to Ca2+ could be increased by 

the endogenous cyclic Adenosine Diphosphate Ribose (cADPr)(PRAKASH et al, 

1998), the only endogenous RyR agonist identified so far (LEE 1997), although its 

sensitivity could also be modulated by many other endogenous factors such as Mg2+, 

H+ (ZUCCHI et al, 1997), adenine nucleotide, CaM (ROSSI et al, 2002) and protein 

kinases A (PKA)(FILL et al, 2002) and C (PKC)(BONEV et al, 1997). 

1.3.3.2.3 Functional relevance of Ca2
+ Sparks in the smooth muscle 

The proximity of RyRs in the ER/SR to the plasma membrane of VSMCs 

(SOMLYO et al, 1994) creates significant transient elevations of Ca2+ near the 
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plasma membrane where numero us important Ca2+ -dependent proteins, including 

Ca2+-dependent ion conductances, are located (SANDERS 2001). In smooth muscles, 

coupling of Ca2+ sparks to activation of Ca2+-dependent conductances leads to 

transient changes in transmembrane ionie currents (ZHUGE et al, 1998). Ifthere is a 

predominance of coupling of Ca2+ sparks to K+ currents (e.g., via large-conductance 

Ca2+-activated K+ channels, the "BK" channels)(PEREZ et al, 1999; ZHUGE et al, 

1998), then the syncytial effect of Ca2+ sparks will be net outward current and 

hyperpolarisation (WELLMAN et al, 2003). With this design, mechanisms that 

enhance Ca2+ spark frequency or amplitude will tend to increase outward current 

(JAGGAR et al, 2000) and provide negative feedback to depolarization, hence 

promoting relaxation and vasodilatation (NELSON et al, 1995; NIGGLI et al, 

2007). This is in contrast to the role of RyRs in skeletal and cardiac muscles, where 

increases in cytosolic Ca2+ by RyRs lead to contraction (KAMISHIMA et al, 2003). 

It is also possible for Ca2+ sparks to couple to channels that generate inward 

currents (e.g., Ca2+- activated Cl- channels) and produce depolarization (JAGGAR et 

al, 2000; WELLMAN et al, 2003). 

On the other hand, CICR from RyRs (with the help of IP3Rs, discussed next) 

at ERJSR locations further away from the plasma membrane could propagate Ca2+ 

waves that induce contractile activity (liNO 1989; LAPORTE et al, 2004; SOMLYO 

etal, 1994). 
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1.3.3.3 The IP3 receptor-channel 

1.3.3.3.1 Structure and distribution ofiP3R 

The second system that is able to release Ca2
+ from the ER/SR stores is the 

IP3R (FERRIS et al, 1989; WORLEY et al, 1987). In mammalian tissues the IP3R is 

formed by the co-assembly of 4 subunits of ... 300 kDa each (PA TEL et al, 1999). 

Three genes code of the IP3R subunits (isoforms IP3R 1 to 3) (ROSS et al, 1992). 

The receptor isoforms share 60 to 70% amino acid residue homology (SUDHOF et al,· 

1991), though they differ in affinity for the ligand, inositol1,4,5-inositol triphosphate 

(IP3) (CHALMERS et al, 2007; STREB et al, 1983) and in their regulation by 

different modulators, such as Ca2+ (liNO 1990a), Mg2+ and ATP (liNO 1991). These 

isoforms share the same structural and functional organization; a ligand-binding 

domain (MIGNERY et al, 1990), a large coupling (regulatory) domain that 

transduces the signal of ligand binding (YOSHIDA et al, 1997) in addition to sites 

for Ca2
+ and ATP binding (BOSANAC et al, 2002), phosphorylation by protein 

kinases, and a short Ca2
+ channel domain in the C-terminal portion (FOSKETT et al, 

2007). Smooth muscle cells express multiple isoforms of IP3Rs (MORGAN et al, 

1996; NIXON et al, 1994). 

1.3.3.3.2 Activation ofiP3R and generation ofPuffs 

Many excitatory agonists can bind to plasma membrane receptors, GPCR or 

RTKs, to activate phospholipase Cp (PLCp) (LEE et al, 1992) and Cy (PLCy)(ZHOU 

et al, 1993) respectively, cleaving eventually phosphatidylinositol-4,5-bisphosphate 
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(PIP2) to IP3 and diacyl-glycerol (DAG) (BERRIDGE 1993; STREB et al, 1983). 

The water-soluble IP3 then diffuses into the cytoplasm away from the plasma 

membrane to bind to IP3R in the ER/SR membrane (ROSS et al, 1989), where it 

induces the opening of the Ca2
+ channel and Ca2

+ release (BERRIDGE 1993; 

SOML YO et al, 1994). This process is sometimes termed as IP3-induced Ca2
+ 

release (IICR)(IINO 1990b) . The structural arrangement of IP3Rs contributes to their 

activity (FOSKETT et al, 2007). IP3Rs form clusters of 25-35 receptors, with a 

cluster diameter of - 800 nm and a distance of several microns between clusters 

(SHUAI et al, 2006). The release of Ca2
+ from a single cluster generates a localised 

rise in [Ca2+] known as Ca2+ Puff (YAO et al, 1995), which is analogous to the RyR 

Ca2
+ spark (CHALMERS et al, 2007). The Ca2

+ puffs peak at- 50 ms and decay in 

200-300 ms (Y AO et al, 1995). The current that flows through a single IP3R is 

smaller than that of a single RyR and ranges between 0.1 and 0.5 pA (MCCARRON 

et al, 2006). 

Once again, analogous to RyRs, Ca2
+ modulates the open probability of the 

IP3R channel (liNO 1990a). Submicromolar (300nM -1 !lM) [Ca2l enhances, while 

micromolar [Ca2+] inhibits IICR in smooth muscle (BEZPROZV ANNY et al, 1991; 

MORGAN et al, 1996). Studies by Iino's group in fact demonstrated thatlP3, even at 

very high concentrations, is not by itself sufficient to activate the IP3R and that both 

IP3 and Ca2
+ are required simultaneously for activation of the receptor (liNO 1990a). 
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1.3.3.3.3 Functional relevance of puffs in the smooth muscle: IP3R-RyR 

interplay 

Individual Ca2+ puffs, under moderate IP3 stimulation, would remain spatially 

restricted (MCCARRON et al, 2006). If the IP3Rs are favourably situated near the 

PM, just like sparks, they can lead to alteration of plasma membrane Ca2+activated 

conductances and promote relaxation of smooth muscle (LAPORTE et al, 2004). 

However, at the presence of high [IP3], these puffs can coalesce (MCCARRON et al, 

2006), recruit neighbouring IP3R and generate repetitive Ca2+ transients called 

"oscillations" (BOOTMAN et al, 1997). These oscillations may in turn propagate as 

traveling spatial Ca2+ transients, observed as Ca2+ waves (BERRIDGE et al, 2000). 

However, the mechanism of propagation of these signais is not resolved; two 

possibilities have been suggested. The frrst proposai exclusively relies on IP3Rs, 

which, after being primed by IP3, undergo successive IICRs based upon a positive 

feedback mechanism (FLYNN et al, 2001; HYVELIN et al, 1998; liNO 2000; 

MACMILLAN et al, 2005), leading to wave propagation. In the second proposai, 

after IP3 generation as a consequence of agonist action at the PM, the Ca2+ released 

from IP3Rs recruits neighbouring RyRs by the CICR mechanism (BOITTIN et al, 

1999), and hence there is generation of wave propagation (MCCARRON et al, 

2003). Such phenomena were described for endothelin-1 (ET-1) induced Ca2+ waves 

in smooth muscle by Zhang et al (2003), also for histamine (KANG et al, 1995), 

acetylcholine (PRAKASH et al, 1997), norepinephrine (BOITTIN et al, 1998), and 

other agonists. It is worth nothing, that sorne reports also tackle the possibility of PLC 

basal activity (liNO 2000), which, in the absence of any agonist stimulation at the 

24 



sarcolemma, can generate IP3, which would then lead to spontaneous wave and 

oscillation generation by one of the above described pathways (GORDIENKO et al, 

2002; PUCOVSKY et al, 2006). 

Finally, it should be noted that, for both Ca2
+ waves and oscillations, these 

Ca2
+ events often originate repetitively from the same spot (locus) in the cytosol, 

which is usually referred to as "hot-spot" (LAPORTE et al, 2004) or Ca2+ frequent 

discharge site (FDS)(GORDIENKO et al, 2001; GORDIENKO et al, 2002; 

PUCOVSKY et al, 2006; WRAY et al, 2005). 

1.3.4 Uptake of Ca2
+ from the cytosol 

After elevation of cytosolic Ca2
+ as a consequence of a Ca2

+ signal (influx 

from PM or release from ER/SR), the normal physiologie [Ca2+]c should be restored 

(AKA TA 2007). In addition to Ca2
+ extrusion from the cell by PMCA or/and NCX 

as presented in the previous sections, Ca2
+ storage in cellular organelles also provides 

important physiological regulation and a potential for release of Ca2+ during 

physiological signalling (SANDERS 2001). The ER/SR, and recently the nucleus, 

have proven to be important participants in this process. 

1.3.4.1 The SERCA pump of the ER/SR 

The main Ca2
+ storage compartment of cells, including the VSMC, is the 

ER/SR (VILLA et al, 1993), which has a major role in maintaining low intracellular 

[Ca2+]i ([Ca2+]i). The membrane of the ER/SR is not freely permeable to Ca2+ 

(SANDERS 2001). Specialized, active Ca2+ pumps, the Sarcoplasmic-endoplasrnic 
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reticulum Ca2+-ATPases (SERCAs) (EBASHI et al, 1962; MAKINOSE 1973), exist 

in the ER/SR membrane. These pumps use energy generated by A TP hydrolysis 

(MARIN et al, 1999) to pump Ca2+ into the ER/SR against the electrochemical 

gradient of this ion (FLOYD et al, 2007). Two Ca2+ ions are transported for each 

ATP utilized, with co-transport of H+ in the opposite direction (LEVY et al, 1990). 

The SERCAs generate and maintain about a 1 0,000-fold Ca2+ gradient between the 

ER/SR lumen and the cytoplasm (SANDERS 2001). 

Three genes encode SERCA pumps (SERCA1 to 3), with SERCA2b and 

SERCA 3 being highly expressed in smooth muscles (WU et al, 2001). SERCA is 

composed of 10 transmembrane (TM) domains (TOY OSHIMA et al, 2000) which 

include the 2 Ca2+ binding domains and 3 main cytosolic domains for ATP binding, 

phosphorylation, and the active site of the pump (MüLLER et al, 1996; STOKES et 

al, 2000). 

The activity of SERCA is largely regulated by phospholamban (CORNWELL 

et al, 1991), a small transmembrane protein which occupies the active site of the 

pump from the cytosolic si de (T ADA 1992) and lowers its turnover rate and affmity 

for Ca2+ (SHANNON et al, 2001). Phosphporylation of phospholamban by PKA 

(WATRAS 1988) and PKG (RAEYMAEKERS et al, 1988), or Ca2+/CAMK.inase 

(GROVER et al, 1996) dissociates it from SERCA and restores the full potential of 

the pump (LAPORTE et al, 2004). 

Studies of the function of SERCA pumps have been strongly aided by specifie 

SERCA pump inhibitors, such as thapsigargin (THASTRUP et al, 1990). When 

SERCA pumps are inhibited, a major source of Ca2+ regulation is lost and Ca2+ 
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passively leaks into the cytoplasm (SANDERS 2001), rendering the cells unable to 

maintain typically low [Ca2+]c. The leak in various cell types is in the range of 20-

2001JM/min, a 22%/min in cultured SM cells (LOMAX et al, 2002), which would 

lead to depletion of ER/SR in a few minutes (CAMELLO et al, 2002). 

1.3.4.2 The nucleus as a quencher of cytosolic Ca2
+ 

As depicted in the preceding sections, the ER/SR plays a central role in 

maintaining the cytosolic Ca2
+ homeostasis via its Ca2

+ capture and release systems. 

Sorne role is assigned to the mitochondria too (BERRIDGE et al, 2000), in terms of 

capturing cytosolic Ca2+ (CHALMERS et al, 2007). However, one party which is 

emerging as a key player in cellular Ca2
+ homeostasis, in terms of Ca2

+ capture and 

release, is the nucleus (BKAIL Y et al, 1997a; BKAIL Y et al, 2006; BKAIL Y et al, 

2009). 

The active involvement of the nucleus in intracellular Ca2
+ homeostasis was 

documented for the frrst time by the group of Bkaily, in studies demonstrating 

buffering of cytosolic Ca2
+ by the nucleus (BKAIL Y 1994d) in h V SM Cs, human 

vascular endothelial (h VEC) and cardiac cells (BKAIL Y 1994d; BKAIL Y et al, 

2006). Figure 2 shows a sample of the mentioned studies, where sustained 

depolarization of the cell membrane of two cardiomyocytes, which happen to be 

connected by a bridge, induced Ca2
+ entry through the sarcolemma and was rapidly 

followed by a high increase of nuclear calcium (BKAIL Y 1994d). As the 

consecutive panels demonstrate, the nucleus then releases sorne of the captured 

Ca2
+ back to the cytoplasm (yellow arrows in Panels D andE). After the dissipation 
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Figure 2. Uptake and release of cytosolic waves Ca2
+ by the nucleus. 

Freshly isolated cardiomyocytes were loaded with Fluo-4 and the presence 
2+ ' 

of spontaneous Ca waves and contractions was observed by the confocal 
microscope. The nine panels demonstrate the propagation of two 
consecutive Ca2

+ waves in two ventricular cardiomyocytes bridged with a 
connection. Panels A and F represent quiescent periods. Spontaneous 
contraction starts with entry of Ca2

+ to the cell on the right (Panel B). The 
wave is captured instantaneously by the nucleus (labeled N) where Ca2

+ 

accumula tes, while the rest of the wave continues to propagate in the cytosol 
and reaches to the bottom of the cell (white arrow in Panel C). Sorne ofthe 
cytoplasmic Ca2+ wave makes its way across the connection (red arrow in 
Panel C) between the 2 cells. The nucleus of the cell on the right then 
releases s orne of the captured Ca2+ to the cytoplasm (yellow arrows in 
Panels D and E) and pro longs the passage of the wave through the junction. 
After the dissipation of the nucleus-released Ca2

+, the Ca2
+ wave and the 

spontaneous contraction terminate (Panel F). Another cycle ensues in Panel 
G. 

Modified from Bkaily G, Ionie channels in vascular smooth muscle, 1994 
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of the nucleus-released Ca2+, the Ca2+ wave and the spontaneous contraction 

terminate (Panel F) (BKAIL Y 1994d). Bence, this phenomenon of cytosolic Ca2+ 

buffering by the nucleus (BKAIL Y 1994d; BKAIL Y et al, 2006), and other reports 

(LANINI et al, 1992; HENNAGER et al, 1995; LIPP et al, 1997; BADMINTON et 

al, 1998, reviewed in SANTELLA et al, 1997; BOOTMAN et al, 2000; 

GERASIMENKO et al, 2004; GOMES et al, 2006) from Ca2+ researchers brought 

into light the issue of nuclear Ca2+ homeostasis. 

1.4 Nuclear Ca2
+ homeostasis and signaling 

In the previous chapter we reviewed the basic principles of cytosolic Ca2+ 

homeostasis and identified the principal participants of its maintenance. With the 

advancement of detection techniques, it became apparent that Ca2+ signais are not 

confined to the cytosol, but also exists in the nucleus (BKAIL Y et al, 2006), where 

multiple Ca2+ sensitive processes reside (BADMINTON et al, 1998). It is 

documented, that increases of nuclear Ca2+ would have biologie effects that would 

differ from those of cytosolic Ca2+ increase (GOMES et al, 2006). For example, 

signaling pathways activated by cytosolic Ca2+ target the serum response element, 

whereas nuclear Ca2+ controls gene expression through the cAMP response element 

(HARDINGHAM et al, 1997). Another example of a distinct role of nuclear Ca2+ 

involves the transcription factor DREAM (downstream regulatory element antagonist 

modulator) (CHA WLA · 2002). This transcription factor possesses Ca2+-binding 

domains, and binding of Ca2+ to DREAM causes relieving of the repressiOn 

(CARRlON et al, 1999). Renee, investigation of the intricacies 
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of nuclear Ca2+ signaling is of critical importance. Similar to cytosolic Ca2
+ 

homeostasis, nuclear Ca2+ homeostasis too is maintained as a collective input of 

several key players, including Ca2
+ stores, ion transporters (pumps, pores, channels, 

exchangers), and functional nuclear envelope membranes receptors (BK.AILY et al, 

2006; BKAIL Y et al, 2009), which would suggest for the nucleus to have a certain 

degree or" independence in Ca2
+ homeostasis. 

1.4.1 The nuclear envelope and the Ca2
+ store of the perinuclear space 

The nucleus is a distinct substructure of the cell (LAMOND et al, 1998), 

physically separated from the cytosol by the nuclear envelope (NE)(HARTMANN 

1953). The latter is a highly dynamic and complex structure (NEWPORT et al, 

1987; WATSON 1959), composed oftwo lipid bilayers (CALLAN et al, 1950): the 

outer (ONM) and inner (INM) nuclear membranes, which have different protein 

compositions (GERACE et al, 1988; GERASIMENKO et al, 1996). The ONM is 

suggested to be continuous with the ERJSR membranes (GERACE et al, 1988; 

NEWPORT et al, 1987) and hence to possess ERJSR membrane characteristics 

(PETERSEN et al, 1998). The INM is lined from the nucleoplasmic side with the 

nuclear lamina (DINGWALL et al, 1992). The space between the two membranes, 

the perinuclear space (WATSON 1959), is proposed by many groups to be 

contiguous with the lumen of the ERJSR (ERICKSON et al, 2006; GERASIMENKO 

et al, 1996; MAL VIY A et al, 1998). However it is argued, that this continuity does 

not imply that both entities have the same functions (BADMINTON et al, 1998) and 

that Ca2
+ or other molecules can diffuse freely between the two compartments 
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(PETERSEN et al, 1998). Nevertheless, it is highly documented, that the perinuclear 

space functions as a Ca2+ store (SUBRAMANIAN et al, 1997), which provides a 

source for Ca2
+ release into the nucleoplasm (BADMINTON et al, 1998; 

PETERSEN et al, 1998). In isolated nuclei the presence of Ca2+ in the perinuclear 

space is demonstrated by low affinity fluorescent Ca2+ probes (GERASIMENKO et 

al, 2004) and this Ca2+ content is estimated to be around 600 nmol/L (BKAIL Y et al, 

2006). 

1.4.1.1 Replenishment of the perinuclear spa ce Ca2
+ store 

The Ca2+ contained in the perinuclear space is now considered of critical 

physiological value (PETERSEN et al, 1998). Besicles being the source of Ca2
+ 

release from distinct Ca2+ release channels on the INM (covered shortly), this Ca2+ 

content is also reported to be a modulator of nucleo-cytoplasmic transport through the 

nuclear pore complex (NPC) (BAHR et al, 1954; WATSON 1954) by affecting this 

latter's permeability (LEE et al, 1998). Bence, the Ca2+ levels of the perinuclear 

space should be actively maintained. The task is accomplished by a Ca2+ pump 

(MüLLER et al, 1996) found on the nuclear envelope. An ATP-mediated Ca2
+ 

transporter, the nuclear Ca2+-ATPase (NCA) was identified in 1982 by Kulikova 

(KULIKOV A et al, 1982). Studies utilizing Ca2+ radioisotopes provided evidence of 

A TP-dependent rapid Ca2+ accumulation in the perinuclear space (NI COTERA et al, 

1989). Later studies employing immunoreactivity attested that the NCA corresponds 

to one of the isoforms of the ER/SR pump SERCA (LANINI et al, 1992), and that it 

is found in the perinuclear region (ABRENICA et al, 2003) specifically on the outer 
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membrane of the nuclear envelope (HUMBERT et al, 1996; KLEIN et al, 2008). 

Similar to SERCA, the NCA is inhibited by thapsigargin and is modulated by CaM 

and PKA (ROGUE et al, 1998). 

Interestingly, one group reported the presence of Inositol 1 ,3,4,5-

tetrakisphosphate (IP 4R) binding sites on the INM and ONM of the nuclear envelope 

(KOPPLER et al, 1996), with two, high and low affinity populations of receptors 

with respect to IP4 binding. The high affinity IP4Rs were mainly localized to the 

ONM (KOPPLER et al, 1996), and they functioned in uploading cytosolic Ca2
+ to 

the perinuclear space, even in the absence of ATP (MAL VIY A et al, 2006). The role 

and functions of the INM IP 4R are not defrned yet (KOPPLER et al, 1996; 

MAL VIY A et al, 2006). 

Bence, the nucleus is endowed with its own Ca2
+ store, which is equipped 

with a refill mechanism, therefore hinting at the possibility of independent regulation 

of nuclear Ca2
+ homeostasis. 

1.4.2 The Nuclear Pore Complex and its contribution to nuclear Ca2
+ 

signaling 

As mentioned, the resting nuclear Ca2+ concentration ([Ca2+]n) is around 300 

nM (BKAIL Y et al, 2009), whereas upon stimulation values of 350-1200nM 

(ROGUE et al, 1999) and even 1600 nM (BKAILY et al, 1997c; BKAILY et al, 

2009) can be reached depending on experimental conditions. What has been a 

controversy for a long time however is the source of this increased Ca2
+. 
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The INM and ONM of the NE join periodically at the nuclear pore complex 

(NPC) (BAHR et al, 1954; PALAY et al, 1955; WATSON 1955), which is a 

supramolecular structure(- 125 MDa) (PANTE et al, 1996; REICHELT et al, 1990) 

made of more than a hundred individual proteins (MAZZANTI et al, 2001). The 

NPC, responsible for mediating the nucleocytoplasmic transport traffic (GORLICH et 

al, 1999; RYAN et al, 2000), has a central diameter of- 9 nm and is suggested to 

contain aqueous channels (MAZZANTI et al, 2001; SHAHIN et al, 2001). The NPC 

is generally regarded as being very permeable for diffusion of ions and molecules 

with masses of 10-40 KDa (STEHNO-BITTEL et al, 1995b ). How ever, most 

proteins and RNA are too large to diffuse through the NPC at physiologically 

relevant rates and need nuclear localisation signais (FAHRENKROG et al, 2004) to 

be transported to the nucleus, by an energy-dependant manner, with the help of 

cytosolic transport factors (BUSTAMANTE 1994). Interestingly, one of the 

constituent proteins of the NPC is the glycoprotein 210 (gp210) (GERACE et al, 

1982), which has several Ca2
+ binding domains (the canonical "EF-hands" motifs) 

that extend to the lumen of the perinuclear space (GREBER et al, 1995). Although 

the mechanism is not yet understood, it is suggested that perinuclear space Ca2
+ 

binding/unbinding to gp210 (ERICKSON et al, 2006), as well as the Ca2
+ content 

level of the perinuclear store (PEREZ-TERZIC et al, 1996) may potentially cause 

conformational changes in NPC and regulate nucleo-cytoplasmic transport. 

Nevertheless, an unsettled controversy exists regarding the permissibility of 

the nuclear pore for propagation of cytosolic Ca2+ signais to the nucleoplasm. While 

the NPC was initially assumed, due to the wide diameter of its central pore, to freely 
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let pass Ca2+ (KEMINER et al, 1999; PAINE et al, 1975), sorne groups argue that 

only small Ca2
+ signais are allowed to enter the nucleus (AL-MOHANNA et al, 

1994)., which is shielded against large Ca2
+ thrusts (AL-MOHANNA et al, 1994). 

However, electrophysiological studies and patch clamping came to show that giga

Ohm resistance exists in nuclear membrane patches containing nuclear pores, i.e. 

absolute sealing of the nuclear envelope (BUST AMANTE et al, 2000; 

BUST AMANTE 2006). On the other hand, reports utilizing fluorescent indicators or 

recombinant aequorins also were inconclusive and contradictory; while sorne argue 

that no delay is observed in transmitting cytosolic Ca2
+ puffs (LIPP et al, 1997), 

sparks (GORDIENKO et al, 2001) and waves (GENKA et al, 1999) to the nucleus, 

others demonstrate significant delays (HIMPENS et al, 1994) or complete absence of 

propagation to the nucleus (BADMINTON et al, 1996). Discrepancy exists also 

conceming persistent gradients between the cytosol and the nucleus, with reports 

arguing for (BADMINTON et al, 1998; BKAIL Y et al, 2009) and against 

(BOOTMAN et al, 2002a) their existence. 

Bence, the role of the nuclear pore in participation of nuclear Ca2
+ 

homeostasis regulation is controversial. 

1.4.3 The nuclear envelope membranes R-type Ca2+ channel 

Far from the controversy about the transmission of cytosolic Ca2
+ signais and 

changes to the nucleus via the NPC, one system which is known to permit the 

contribution of cytosolic Ca2
+ to its nuclear counterpart is the nuclear R-type Ca2

+ 

channel (BKAIL Y et al, 1992), identified by the group of Bkaily (BKAIL Y et al, 
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1992; BKAILY 1994d) . Using a fluorescent probe coupled to an R-type Ca2
+ 

channel blocker, this group localized the R-type Ca2
+ channel not only on the 

plasma/sarcolemma membrane of vascular endothelial, VSM and heart cells 

(BKAILY 1994a; BKAILY 1994d; BKAILY et al, 1997c), but also uncovered their 

presence at the level of the nuclear envel ope membranes of these cell types (BKAIL Y 

1994d). It shared the same characteristics with the PM/sarcolemma R-type Ca2
+ 

channel, from the point of view of non-homogeneous distribution, ion conductance, 

regulation by 2nd messengers and selectivity for Ca2+ (BKAIL Y et al, 1997c; 

BKAIL Y et al, 2009). 

The R-type channel is responsible for the sustained Ca2+ influx, at rest, 

through the nuclear membranes (BKAILY 1994d; BKAILY et al, 1997c; CLAING 

et al, 2002). Additionally, it was reported to mediate, in part, the increase of nuclear 

free Ca2
+ induced by sustained depolarization of the sarcolemma membrane or 

stimulation of the latter's' GPCRs by their ligands including ET-1 (BKAIL Y et al, 

2000; BKAIL Y et al, 2002), Ang II (BKAIL Y et al, 2003b) NPY (BKAIL Y et al, 

2006), Il-1(BKAILY et al, 1997a), bradykinin (BKAILY et al, 1997b), PAF 

(BKAILY et al, 1997c) and insulin (BKAILY et al, 1992; BKAILY et al, 1998). 

By studies carried out in sarcolemma membrane perforated cells, where the 

cytosolic Ca2
+ concentration was increased incrementally, it was shown that this 

channel is involved in buffering of cytosolic Ca2
+ by the nucleus (BKAIL Y et al, 

2006), ·similar to the pro cess depicted in Figure 2. 

Hence, the R-type Ca2
+ channel is a major contributor to the regulation of 

nuclear Ca2
+ homeostasis by the cytosolic Ca2+ environment. 
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1.4.4 The nuclear envelope GPCRs 

G-protein coupled receptors (GPCRs) constitute one of the largest known 

protein families responsible for signal transduction (KROEZE et al, 2003); around 2 

percent of the genes present in the mammalian genome code for these types of 

receptors (HOLLMANN et al, 2005) and molecular cloning studies estimate that 

more than 1000 different such receptors exist in mammals (WESS 1997). For more 

than 200 of these receptors the physiologicalligands are known (WETTSCHURECK 

et al, 2005). GPCRs consist of seven transmembrane demains (DIXON et al, 1986), 

linked by extracellular and intracellular loops, as well as extracellular N-terminus and 

an intracellular C-terminus segments, mainly involved in functional receptor 

regulation (CLAPHAM 1995; PALCZEWSKI et al, 2000). When activated by their 

ligands, GPCRs interact with a specifie subset of heterotrimeric G-proteins 

(consisting of a, B and y subunits) attached on the cytoplasmic surface of the PM 

(NEER 1995), which then in their activated forms can inhibit or activate various 

effector enzymes and/or ion channels (WESS 1997), acting through an array of 

second messengers. Among the ion channels modulated by GPCRs are the PM Ca2
+ 

channels (BKAILY et al, 2006; BKAILY et al, 2009; SPERELAKIS Net al, 1991; 

WICKMAN et al, 1995). Activation of sarcolemmal ET -1 receptors in duces Ca2
+ 

influx through the R-type Ca2
+ channel (BKAIL Y et al, 1995; BKAIL Y et al, 

1997c; BKAILY et al, 2002) and induces Ca2
+ release via IP3 from the ER/SR Ca2

+ 

pool (BERRIDGE 1993; FERRIS et al, 1989; ROSS et al, 1989). Cytosolic Ca2
+ 

sparks and puffs-induced waves have been reported to be responsible for at least 

sorne of the increase induced by ligands' binding to sarcolemmal GPCRs, such as 
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ET-1 binding to its sarcolemmal receptors (BERRIDGE et al, 1999; BKAILY 

1994d; BKAIL Y et al, 1997c; BRINI et al, 2000). 

Growing evidence in the literature confrrms that, like the PM, the nuclear 

envelope also possess GPCRs. Receptors for ET-1 (BKAILY et al, 2000; BKAILY 

et al, 2003a; HOCHER et al, 1992; NAIK et al, 1998), Ang II (BKAIL Y et al, 

1997a; BKAILY et al, 2005; BOOZ et al, 1992), bradykinin (BKAIL Y et al, 

1997b), PAF (BKAILY et al, 1997c; MIGUEL et al, 2001), prostaglandin-E2 

(BHATTACHARYA et al, 1998; GOBEIL, Jr. et al, 2002) and NPY (JACQUES et 

al, 2003b) have been already identified on the NE. The functionality of certain 

nuclear GPCRs, such as those of Ang II (BKAIL Y et al, 2003b), NPY (JACQUES et 

al, 2003b) and ET-1 (BKAILY et al, 2000; BKAILY et al, 2003a; JACQUES et al, 

2006a), was confirmed by pharmacological stimulation in isolated nuclei and in PM 

perforated intact cells, where increases of nuclear Ca2+ were observed after 

stimulation with the corresponding ligands. The nuclear increase provoked by 

nuclear GPCRs' activation could be due to activation of the NE R-type Ca2
+ channel 

and cytosolic Ca2
+ influx (BKAIL Y et al, 1998), and/or due to release of Ca2+ from 

intranuclear Ca2
+ stores (BKAIL Y et al, 2006; ECHEV ARRIA et al, 2003). 

In addition to receptors, sorne ligands of GPCRs, such as ET -1 (BKAIL Y et 

al, 2003a), Ang II (BKAIL Y et al, 2003b; BOOZ et al, 1992) and NPY (JACQUES 

et al, 2006c) were also found in the nucleus. It is suggested that under certain 

conditions, these ligands could be liberated to the cytosol, and can activate the 

nuclear envelope membranes GPCRs (BKAIL Y et al, 2006; BKAIL Y et al, 2009). 
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Besides inducing increases in nuclear Ca2
+ levels, the group of Bkaily 

demonstrated that activation of sorne nuclear GPCRs would modulate the Ca2+ 

buffering capacity of the nucleus (BKAIL Y et al, 2003a). In studies carried out in 

sarcolemma perforated cells, activation of nuclear envelope membranes ET -1 

receptors caused an initial sustained rise in [Ca2+]n (BKAIL Y et al, 2003a). However 

the ET -1 receptor ~ctivation subsequent! y shielded the nucleus from further Ca2
+ 

increases produced artificially in the cytosol (BKAIL Y et al, 2003a). Hence, these 

nuclear GPCRs played a protective role, shielding the nucleus versus toxic Ca2
+ 

concentrations that might manifest in pathological conditions (BKAIL Y et al, 2006). 

Nuclear envelope GPCRs seem to be important contributors to nuclear Ca2+ 

homeostasis. 

1.4.5 Generation of Ca2
+ signais in nucleo 

The literature reviewed thus far argues in favor of the ability of spontaneous or 

stimulated cytosolic Ca2
+ signais to be transmitted to the interior of the nucleus, 

which basically renders these nuclear Ca2
+ signais cytosol-dependent. Should there 

exist an independent, in nucleo (ROGUE et al, 1999) nuclear Ca2+ signal generation 

process, it should have at least two components. First, a Ca2
+ pool equipped with a 

refilling mechanism (the perinuclear space Ca2
+ store and its NCA pump presented in 

Sections 1.4.1 and 1.4.1.1 respectively can assume these roles, refer to Figure 1). And 

second, Ca2
+ releasing system(s), which, under sorne sort of activation, would release 

Ca2
+ into the nucleoplasm. In the recent years, several lines of evidence argue in 

favor of existence ofiP3R and RyR Ca2
+ releasing systems in the nucleus. 
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1.4.5.1 The nuclear Ryanodine receptor channel and Ca2
+ signais generation 

Different approaches and preparations have been used to investigate the 

nuclear localization of RyRs, sometimes with varying successes and differing results. 

Studies carried out in VSMCs and utilizing the Bodipy fluorescent probe attached to 

Ryanodine (Ry) have detected RyR presence in "perinuclear membranes" 

(ABRENICA et al, 2003) and on the nuclear envelope (GORDIENKO et al, 2001), 

in addition to the traditional presence of the receptor in the cytoplasm. In 

cardiomyocytes, the isoform 2 of RyR has been localized on the NE (ABRENICA et 

al, 2000) by similar techniques. RyR-specific antibodies demonstrated the presence 

of the RyR on the NE, and to a lesser extent, in the nucleoplasm of isolated 

osteoclastic nuclei by immunofluorescence (ADEBANJO et al, 2000), as well as by 

WB in NE protein extracts (ADEBANJO et al, 2000). 

The intracellular Ca2
+ -releasing messenger cyclic ADP ribose ( cADPR) (LEE 

et al, 1989) has been shown to be an endogenous activator ofRyR (LI et al, 2001; 

ZHANG et al, 2006) and hence it has been used in studies investigating the 

functionality of nuclear RyRs. Gerasimenko et al (1995) used isolated nuclei, which 

were loaded with a certain Ca2
+ probe in conditions which would favour the 

accumulation of the probe in the perinuclear space (GERASIMENKO et al, 1995; 

GERASIMENKO et al, 1996). When the samples were exposed to cADPr (1 0 J.LM) a 

decrease was noticed in fluorescence, indicating release of Ca2+ from the perinuclear 

stores (GERASIMENKO et al, 1995; GERASIMENKO et al, 1996). In order to 

verify the direction of Ca2
+ release from the perinuclear space, i.e. if the release is to 

the nucleoplasm or to the extranuclear space, certain groups (ADEBANJO et al, 
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2000; GERASIMENKO et al, 1995') used hepatic and osteoclastic isolated nuclei 

loaded with a Ca2
+ probe that accumulates in the nucleoplasm. Upon exposure to 

cADPr (ADEBANJO et al, 2000; GERASIMENKO et al, 1996) or 1 !lM Ry 

(GERASIMENKO et al, 1995), a transient rise in fluorescence was observed in the 

nucleoplasm, indicating that the release of Ca2+ from the perinuclear space was to the 

nucleoplasm. It is proposed that the released Ca2
+ eventually fades away by exiting 

from the nuclear pores towards the cytosol (GERASIMENKO et al, 2004; 

PETERSEN et al, 1998). 

The demonstration that the NE releases Ca2
+ to the nucleoplasm in response 

to cADPRand Ryanodine indicates that functional RyRs are present on the inner 

nuclear membrane. 

1.4.5.2 The nuclear IP3 receptor channel and nuclear Ca2
+ signais generation 

A number of studies have aimed at localizing and testing the functionality of 

IP3Rs at the level of the nucleus. Since the outer membrane of the NE is considered to 

be a continuation of the ER/SR membrane (GERACE et al, 1988; NEWPORT et al, 

1987; PETERSEN et al, 1998), initially it was envisaged that IP3Rs should be 

present on the outer membrane of the NE (BACHS et al, 1992). Sorne patch clamp 

studies performed in certain cell types support this view (MAK et al, 1994; 

STEHNO-BITTEL et al, 1995a). N evertheless more recent reports localise this 

receptor prominently to the inner membrane of the NE. 

Malviya et al have used radio-ligand binding technique and reported IP3 

binding sites on the nuclear envelope of rat Ii ver isolated nuclei (MAL VIY A et al, 
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1990). In a study where it was possible to separate the inner and outer membranes of 

liver isolated nuclei (HUMBERT et al, 1996), IP3 binding sites were detected on the 

INM, and this was validated by Western Blot detecting the receptor exclusively on 

the INM (HUMBERT et al, 1996). IP3R subtypes have also been detected in NE 

membranes of isolated nuclei of osteoclasts by immunofluorescence (ADEBANJO et 

al, 2000), in nuclei of intact rat skeletal myotubes by immunofluorescence 

(CARDENAS et al, 2005) and in total nuclear extracts of isolated myonuclei by 

immunobloting (CARDENAS et al, 2005). IP3Rs have also been detec.ted in both 

nuclear membranes and nucleoplasm of primary culture mouse granulosa cells 

(DIAZ-MUNOZ et al, 2008) and histological slices of mouse ovarian tissue (DIAZ

MUN OZ et al, 2008). 

On the functionallevel, the performance of nuclear IP3R was tested by se veral 

approaches. Injection of IP3 into the nucleus of Xenopus laevis oocytes (HENNAGER 

et al, 1995), under conditions in which the cytosolic IP3Rs were blocked by heparin, 

induced immediate elevation of nuclear Ca2
+ (HENNAGER et al, 1995). Exposure of 

10 11M IP3 to Ca2
+ probe-loaded rat li ver isolated nuclei (GERASIMENKO et al, 

1996), cultured skeletal myotubes isolated nuclei (CARDENAS et al, 2005), 

immortalized myoblast isolated nuclei (CARDENAS et al, 2005) and cultured 

osteoclast isolated nuclei (ADEBANJO et al, 2000) induced a transient increase in 

nucleoplasmic Ca2
+, except in the last example (ADEBANJO et al, 2000), where the 

increase was sustained. In rat liver isolated nuclei, transient release of Ca2
+ in the 

nucleus was also observed using 45Ca2
+ radioisotopes, which were mobilized from the 

perinuclear space to the nucleoplasm (MATTER et al, 1993). In all of the above 
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examples, dissipation of the transient nuclear Ca2
+ signal was explained with the 

scenario of efflux of the released Ca2
+ through the NPC to the cytosol (CARDENAS 

et al, 2005; GERASIMENKO et al, 1996). 

The above presented examples and similar studies in the literature suggest that 

IP3Rs decorate the inner membrane of the NE and upon stimulation readily release 

Ca2
+ from the perinuclear space store. 

1.4.5.3 Existence of signalling machinery in the nucleus 

In the previous sections evidence was presented which rendered the existence 

of independent nuclear Ca2
+ homeostasis probable. Nevertheless, in spite of the 

perinuclear Ca2
+ store (with its uptake and release systems), without the presence of 

Ca2+ releasing nuclear. ligands the nucleus would have to rely on importing Ca2
+ 

mobilizing stimuli from the cytosol. However, the knowledge to date supports the 

generation of Ca2+ mobilizing messengers in the nucleus itself. 

As mentioned previously, the main activators of the RyRs are Ca2
+ and the 

endogenous ligand cADPr (LI et al, 2001; SANTELLA et al, 1997). Adebanjo et al, 

utilizing immunofluorescence and Western blotting, reported the presence of 

CD38/ADP-ribosyl cyclase on the inner membrane ofnuclei isolated from the mouse 

fibroblastic cell line MC3T3.E1 (ADEBANJO et al, 1999). This cyclase, whose 

catalytic site was found to be within the nucleoplasm and whose functionality was 

validated by an enzymatic activity assay, catalyzes the intranuclear cyclization of 

nicotinamide adenine dinucleotide (NADl to cADPr, the ligand of RyR 

(ADEBANJO et al, 1999). Renee, nuclear RyR can be activated by stimuli of 
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nuclear origin. 

Additionally, the existence of a nuclear phosphoinositide (PI) cycle has long 

been recognized (IRVINE 2002; YE et al, 2008). Components necessary for the IP3-

mediated Ca2
+ signalling are found in the nuclear envelope as well (SANTELLA et 

al, 1997). Most enzymes of the PI cycle have been detected in the NE (IRVINE 

2002) and a PI transfer protein has been shown to partially mediate the intake of PI to 

the nucleus (CAPITANI et al,1• 1990). It has been shown that the nuclear membrane 

contains phosphatidylinositol phosphate kinase (PIPK) (COCCO et al, 1987; 

DIVECHA et al, 1991) which synthesizes phosphatidylinositol4,5 phosphate (PIPz), 

the lipid precursor of IP3 (MAZZOTTI et al, 1995). The IP3 and DAG producing 

enzymes PLCp (MANZOLI et al, 2004) and, under certain conditions, PLCy 

(MARTELLI et al, 1992) have been loc~lized in the nucleus. Furthermore, all three 

isoforms of the conventional Ca2
+ and DAG dependent PKC (a, ~ and y) have been 

detected in nuclei of cells (COCCO et al, 1994). 

The presence of the mentioned signalling components, and others, in the 

nucleus argues in favour of a functional nuclear Ca2
+ homeostasis independent of the 

cytosol. 

1.4.6 Novel nuclear structures and their possible contribution to nuclear 

Ca2
+ homeostasis and signaling 

In recent years, growing evidence in the literature support the idea that 

structures of reticular or membranal nature may exists in the nucleus and can be 

involved in Ca2
+ homeostasis. Diverse appellations and differing descriptions have 

44 



been given to these structures. Fricker et al, based on work done mainly on 

immortalized celllines and utilizing several antibodies and probes (FRICKER et al, 

1997) (Figure 3), reported that interphase nuclei contain "dynamic tubular channels" 

derived from the NE, formed from both membranes of the NE and possessing NPCs. 

Another group identified "tubules" (LEE et al, 2006) in immortalized C6 (LUI et al, 

1998b) and Hela (LUI et al, 1998a) cells, and reported that these double membraned 

tubules, extending deep into the nucleus, reach the vicinity of the nucleolus and in 

fact release Ca2
+ (LEE et al, 2006). "Nuclear envelope invaginations" have also been 

detected in rat pituitary tumor GH3 Cells (CHAMERO et al, 2008). These latter are 

lined by Laroin A and B from the nucleoplasmic side, and mitochondria are reported 

to reside in the invaginations (ALONSO et al, 2009). Yet other studies have 

identified a reticular structure termed "nucleoplasmic reticulum" in human hepatoma 

SKHepl (ECHEVARRlA et al, 2003), mouse myoblast C2Cl2 (MARIUS et al, 

2006) cell lines and rat primary culture cardiomyocytes (GUATIMOSIM et al, 

2008). This reticular structure was proposed to be of ER/SR nature, since it was 

detected with antibodies targeting ER/SR resident proteins (ECHEV ARRIA et al, 

2003; MARIUS et al, 2006). Furthermore, it was reported to contain Ca2
+ and 

release the latter via IP3R and RyRs (GUATIMOSIM et al, 2008). 

As can be noticed in the above presented data, very seant information, and a 

limited number of publications deal with the presence and function of these novel 

structures. Obviously, it is not yet clear if these "dynamic tubular channels", 

"nucleoplasmic reticulum" and/or "nuclear envelope invaginations" refer to the same 

or different entities (BKAIL Y et al, 2009). Be that as it may, one common theme 
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Figure 3. Presence of nuclear tubular invaginations in the nuclei of 

varions types of cell-lines. 

Nuclear tubular invaginations have been detected in several cell types, using 
probes and antibodies targeting ER/SR lumen and ER/SR membrane 

resident proteins and oligosaccharides. In the frrst four rows, Con-A 

labeling is shown in 3T3, C~O, G8 and NRK cell-lines, with 48° tilt 

between the two columns. As can be observed, Con-A, a Lectin that 

recognizes oligosaccharide side-chains, detects invaginations in the 
nucleoplasm. Notice that the number and morphology of invaginations 

differ between cell types. Branching invaginations can be seen in G8 cells. 

In the fifth and sixth rows, antibodies directed to ER resident proteins 
(Disulfide isomerase) and ER membrane proteins also detect presence of 
nuclear tubular invaginations. The last panel at the bottom shows a HeLa 

cell labeled with the ER/SR probe DiOC6 which in its turn detects 
invaginations in the nucleoplasm. 

Modified from Fric ker et al, The Journal of Cell Biol ogy, 1997 
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that can be noticed in all the se presented studies is the correlation of these structures 

with Ca2+ signais and homeostasis in the nucleus. 

1.5 Summary ofLiterature Review and research hypothesis 

In the last decades, the perception about the nucleus has been transformed, 

from it being a mere protective sac housing the genetic material, to a critical 

organelle hosting a multitude of cellular processes, whose normal and 

orderlyexecution relies on the coordination of many factors. One of the most 

important of these factors is nuclear Ca2+ homeostasis. In this respect too, the 

nucleus' reach goes further than its own borders, as evidenced by the role of the 

nucleus in buffering cellular Ca2
+ from the cytosol. However, the relationship 

between the nucleus and its neighborhood, the cytosol, regarding the Ca2
+ crosstalk, 

is far from clear. Sorne of the major components that make up the machinery of 

cytosolic Ca2
+ homeostasis have also been found in the nucleus, including a 

perinuclear Ca2+ store and Ca2
+ release channels IP3R and RyR. However, a clear 

line should be drawn between the cytosolic Ca2
+ signais which propagate to the 

nucleus and "re-generate" there, and those signais which are produced locally in the 

nucleus. Manipulation of the nuclear pore permeability would help to discern these 

two kinds of nuclear Ca2+ signais. Add itionally, a rigorous approach should be 

adopted to distinguish between the nuclear Ca2
+ signais which are generated with the 

assistance of the NE Ca2+ channels (R-type Ca2+ channel) and those which are 

generated purely with local, nuclear Ca2
+ resources. In this regard, the existenc~ of 
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novel nuclear structures should be tackled with approaches that allow the 

discrimination between the different types of entities, should more than one type 

exist. Taken together, all the above presented data and the points just raised led us to 

formulate the hypothesis that nuclear calcium homeostasis can be regulated botlz 

dependent/y and independently of the cytosolic calcium: dependent/y, via calcium 

entry and spark-like cf~+ signais generation, and independently, via intranuclear 

calcium mobilization and puffs-like cf~+ signais generation. 

In order to verify this hypothesis, we propose to address the following four 

objectives, 

1. Regulation of nuclear calcium homeostasis dependent on cytosolic calcium. 

2. Regulation of nuclear calcium homeostasis independently of cytosolic calcium. 

3. Presence of ER-like structures in nuclei of intact hVSMCs and in isolated 
aortic and hepatic nuclei and their detection by various approaches. 

4. Discrimination between nuclear ER-like and other similar structures m 
h VSMC and in isolated aortic and hepatic nuclei: 
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II. MATERIALS AND METHODS 
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2.1 Preparation of biological materials 

2.1.1 Isolation and culture of Cardiomyocytes 

The ventricular cardiomyocytes is an adequate preparation for studying 

calcium transients (BKAIL Y et al, 1996; BKAIL Y et al, 1997c; LUO et al, 2008), 

since the contractile nature of this cell type necessitates regular mobilization of 

calcium, in the form of entry, release, and re-uptake. The predominating participant 

of Ca2+ release events in the cardiomyocyte is the RyR (BERS 2002; F ABIATO 

1983). As described in the Literature Review, Ca2
+ induced-Ca2

+ release produced by 

the opening of a small group ofRyRs is called a Ca2+ spark (CHENG et al, 1993). 

Culture of cardiomyocytes was done according to an enzymatic dispersion 

technique developed in our laboratory many years ago (BKAIL Y et al, 1984). 

Isolated cardiomyocytes were obtained from ventricles of new-born rats (1 to 14 

days-old) and the work was performed in accordance with the requirements of the 

Institutional Review Committee for the use of animais. Each culture of 

cardiomyocytes was done starting from 12 newbom rats, whose hearts \vere removed 

in a sterile environment and immediately placed in a solution of sterile SMEM 

(Suspension Minimal Essential Medium) containing the following: MgS04, 0.10 g/1; 

KCl, 0.4 g/1; NaCl, 6.8 g/1; NaH2P04, 1.22 g/1) (Gibco, Burlington, ON) . The lower 

third of the ventricles was removed and washed three times with SMEM, followed by 

a wash with SMEM containing 0.1% trypsin (Gibco, Burlington, ON). The 

ventricular tissues were then minced with scissors and transferred to a spinner flask 

(Wheaton, Millvile, NJ, USA), in which they were subjected to an enzymatic 
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dispersion for 10 min at room temperature. The supematant of the fust one or two 

trypsinizations was discarded, while those of the next four were conserved for 

harvesting. Around 10 ml of the supematant containing the isolated cells was 

transferred to a sterile tube and subjected to centrifugation at 1000 g for 10 min, after 

which the supematant was discarded and the pellet was gently re-suspended in 5 ml 

of HMEM (Hank's Minimal Essential Medium) supplemented with HANKs salts: 

CaCh, 140 mg/1; KCl, 400 mg/1; K2P04 , 60 mg/1; MgS04, 98 mg/1; NaCl, 8000 

mg/1; Na2P04, 48 mg/1) (Gibco, Burlington, ON) also containing 5% FBS (fœtal 

bovine serum) (Hiclone, NJ, USA) and 50 UI/ml penicilline-G (Ayerst, MTL, QC), 

adjusted at a pH of 7.4. Cells were then plated on 25 mm glass coverslips in Petri 

dishes, and were conserved in an incubator maintained at maintained at 3 7°C, 95% 

air and 5% C02, for 12 to 24 hrs before utilization in calcium studies. 

2.1.2 Isolation and culture of human vascular smooth muscle cells 

The hVSMCs were isolated by the method described by Bkaily et al. 

(BKAILY et al, 1997c; BKAILY et al, 1999; BKAILY et al, 2003b). The work was 

performed in accordance with the requirements of the institutional review committee 

outlined in the Declaration of Helsinki for the use of human material. In brief, the 

donor's aorta, supplied by Quebec transplant, was delivered in sterile ice cold HMEM 

supplemented with 5% FBS (Gibco, Burlington, ON) and 2 % penicillin (64 IU/ml) 

(Novopharm~ Toronto, ON). The aorta was opened and thoroughly washed from 

blood in 500 ml of Medium 199 (M199) (Gibco, Burlington, ON) supplemented with 

the antibiotics, penicillin (1 %) and streptomycin (1 %). To make the VSMC layer 
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accessible, the endothelial cell layer was dissected and removed from the aorta. The 

denuded aorta was placed for 15 minutes at room temperature in M199 medium, 

supplemented with antibiotics and 0.2% trypsin (Sigma-Aldrich, Oakville, ON). 

Then, the VSMCs were gently scraped with a sterile scalpel blade, which was washed 

in M199 culture medium, supplemented with 10% FBS and antibiotics. The cell-rich 

suspension was then harvested in a 25 ml culture flask (Falcon, Franklin Lakes, NJ, 

USA). 

For studies on freshly isolated VSMCs, the cells were left to attach on 25 mm

diameter glass coverslips that fit the bottom of a 1 ml bath cham ber (BKAIL Y et al., 

1992). For producing primary celllines, the VSMCs were grown in cell culture flasks 

(Falcon, Franklin Lakes, NJ, USA). At confluence, the cells were trypsinized (0.1% 

trypsin) and reseeded in Smooth Muscle Growth Medium (SmGM), supplemented 

with 5% FBS (Clonetics, San Diego, CA, USA). Only cells from passages 2 to 6 

were used in all our experiments. Cell in primary culture were conserved at -80 oc or 

in liquid nitrogen and thawed upon need (BKAILY et al, 1997c; BKAILY et al, 

1999). 

To measure the quality and purity of the VSMCs, detection of smooth muscle 

a-actin is routinely performed using immunofluorescence and specifie antibodies. 

These VSMCs were shown to possess similar electrical and pharmacological 

properties to those freshly isolated from humans (BKAIL Y et al, 1993; BKAILY 

1994b), rabbits (BKAIL Y G, 1994d) and dogs (BKAILY et al, 1993). 
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2.1.3 Isolation of hepatocyte nuclei 

Most of the isolated nuclei experimentation regarding nuclear Ca2
+ 

homeostasis presented in this thesis are from hepatic nuclei preparation, given the 

ease of access, isolation and loading of hepatic nuclei and the fact that the hepatic 

nucleus is established as a good model for Ca2+ studies (BKAIL Y et al, 2004; 

GOBEIL, Jr. et al, 2002; MALVIYA et al, 2006). 

Isolation of hepatocyes nuclei was performed in accordance with the method 

described by Nicotera (NICOTERA et al, 1989; NICOTERA et al, 1990) and used 

previously in our laboratory (BKAIL Y et al, 2004), according to requirements of the 

Institutional Review Committees regulations regarding the handling of human and 

animal tissue. Human fetal or rabbit liver were used. Briefly, in case of rabbits, the 

animal was sacrificed, and the liver was perfused with Buffer A (Tris-HCL, 50 mM; 

sucrose, 250 mM; MgCh, 5 mM; KCL, 25 mM; PMSF, 0.2 ~M; SBTI, 4~g/ml; 

EDTA-free Protease inhibitors; pH 7.5) utilizing a 60 ml syringe (Becton Dickinson 

and Company, NJ, USA) equipped with a 1/2G needle (Becton Dickinson and 

Company, NJ, USA) onto which was fitted a PESO polyethylene tube (Becton 

Dickinson and Company, NJ, USA), 0.58 in mm diameter, in order to eliminate blood 

from the hepatic circulation and microcirculation (NADER M, 2005). Henceforward, 

the protocol of isolation of hepatic nuclei was the same for human fetal and rabbit 

tissues (NICOTERA et al, 1989; NICOTERA et al, 1990). The liver was placed in 

an 80 ml beaker (VWR International, Mississauga, ON) containing Buffer A solution, 

and was eut into very fme pieces using fine scissors. The solution containing the 

minced tissue was then transferred to a 40 ml Dounce tissue grinder (Wheaton, 
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Millville, NJ, USA) and homogenized by the two provided pestles, (A) for reducing 

the tissue fragments to homogenate, and (B) for breaking down the cells and 

liberating the nuclei. The homogenate was the filtered through cheese cloth (Fisher 

Scientific, NC, USA), and was subjected to two washes in Buffer A in 50 ml Falcon 

tubes (Becton Dickinson and Company, NJ, USA) at 1800 rpm, 4°C, for 10 min 

each. The pellet was re-suspended in 24 ml Buffer A, ofwhich 12 ml was mixed with 

24 ml of Buffer B (Tris-HCL, 50 nM; sucrose, 2.3 M; MgCh, 5 mM; KCL, 25 mM; 

PMSF, 0.1 J.LM; SBTI 4 J.Lg/ml; pH 7.5) to give a new homogenate, homogenate 2, 

made up of 1/3 Buffer A and homogenate 1 + 2/3 Buffer B (NICOTERA et al, 

1990). In 12 ml centrifugation tubes (Bekman Instruments, CA, USA), 6 ml ofBuffer 

B was first placed using a 10 ml syringe (Becton Dickinson and Company, NJ, USA), 

on which 6 ml of homogenate 2 was layered, to constitute a 2.3 M sucrose gradient. 

Each pair of tubes were equilibrated using a balance (Ohaus Scale Corp., NJ, USA) 

and centrifuged using an Beckman ultra-centrifuge (Bekman Instruments, NJ, USA) 

at 19000 rpm, 4°C, for 35 min (NADER M, 2005). The supematant was discarded 

and the pellet ofnuclei was re-suspended gently in Buffer A, followed by two washes 

at 2000 rpm, 4°C, for 5 min each. Next, the nuclei pellet was re-suspended and 

washed at 2000 rpm, 4°C, for 5 in Stimulation Buffer (HEPES, 25 mM; KCL, 125 

mM; KzHP04, 2 mM; MgCh, 4 mM; CaCb, 400 nM; pH 7.2) for the calcium 

studies, or in modified Banks' Balanced Salt Solution (mHBBS) (CaCh (anhydrous), 

1.8 mM; MgClz,6HzO, 0.4 mM; KCL, 5.2 mM; NaCl, 0.13 M; Na2HP04 dibasic 

anhydrous, 0.34 mM; MgS04.7H20, 0.4 mM; KH2P04 monobasic, 0.44 mM; 

NaHC03, 4mM; D-glucose, 5.5mM; HEPES, 10 mM; pH 7.4, 310 müsm) for the 
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nuclear structures studies, in order to remove remnants of sucrose (NADER M, 

2005). 

Purity tests were done after each isolation (BKAIL Y et al, 2004). In brief, 

equal amounts of nuclear suspension and trypan blue (Sigma-Aldrich, MO, USA) 

were mixed and layered on a slide (Fisher Scientific, NC, USA), were covered by a 

cover-slip (Fisher Scientific, NC, USA), and were observed with an epifluorescence 

microscope Nikon Eclipse EIOOO (Nikon, Japan) equipped with a 20x Nikon 

objective (Nikon, Japan). The preparation was considered valid and successful if 98% 

of the nuclei were pure and intact (BKAIL Y et al, 2004). 

2.1.4 Isolation of aortic smooth muscle nuclei 

Isolation of nuclei from freshly received human aortas was performed 

according to methods described previously (BKAIL Y et al, 2004; GOBEIL, Jr. et al, 

2002). In brief, the tissue received from the declared donors via Quebec Transplant 

was washed in Buffer A solution described above, was de-greased, and eut open to 

expose the luminal side of the aorta. With the help of a sterile blade (Fisher Scientific, 

NC, USA) fixed on a blade handler (VWR International, Mississauga, ON), the 

endothelial cells layer of the luminal side of the aorta was scraped and discarded, 

providing access to the underlying vascular smooth muscle layers (NADER M, 

2005). Next with the help of fine dissecting forceps (VWR International, 

Mississauga, ON) and a blade, very thin layers of smooth muscle were peeled-off the 

aorta. After discarding the frrst layer in order to avoid contamination by remnant 

endothelial cells, subsequent layers were removed, were conserved in Buffer A, and 
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chopped into very fme fragments with a blade (NADER M, 2005). The suspended 

tissues were then transferred to a 15 ml Dounce tissue grinder (Wheaton, Millville, 

NJ, USA) and homogenized by the two above described pestles. The homogenate was 

filtered through cheese cloth (Fisher Scientific, NC, USA), transferred to 2 ml tubes 

(VWR International, Mississauga, ON) and centrifuged at 2000 rpm, 4°C, for 5 min 

with Buffer A and twice with Stimulation Buffer or mHBSS, depending on the 

desired experiment, in order to remove"excess sucrose (NADER M, 2005). 

The same quality control experiments as those of hepatocyte nuclei isolation 

were employed to verify the integrity of the isolated aortic nuclei and the purity of the 

preparation (BKAIL Y et al, 2004). 

2.2 Confocal microscopy and image analysis 

Confocal microscopy is an optical imaging technique used routinely in our 

laboratory. It offers significantly more advantages when compared to conventional 

fluorescence microscopy (BKAILY et al, 1997c). One of the many advantages of 

this technique is that it allows the generation and 3D reconstruction of seriai optical 

images by scanning of a biological specimen, while at the same time eliminating out

of-focus light by using an interplay between mirrors and filters within the system 

(BKAILY et al, 1997c; BKAILY et al, 1999; LIPP et al, 1993; NIGGLI et al, 

1994). This ability to eliminate out-of-focus light results in another advantage of the 

confocal microscope which is the generation ofhigh-quality images with a resolution 

approximately 30% higher than the conventional microscope (NIGGLI et al, 1994). 

Y et a third advantage of confocal microscopy is the fact that it allows the 
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visualization of a biological specimen's interior (e.g. sub-cellular structural detail) 

and the comparison of fluorescence intensity levels of different compartments 

(NIGGLI et al, 1994). 

The systems of confocal IDicroscopy which were used in this study, as 

reported previously (BKAIL Y et al, 1997b; CHAHINE et al, 2005), were: 

1) A Multiprobe 2001 argon laser scanning confocal microscope (Molecular 

Dynamics, Sunnyvale, CA, USA) (CLSM) system equipped with a Nikon 

Diaphot epifluorescence inverted microscope and a 60 x (1.4NA) Nikon Oil 

Plan achromat objective. 

2) A MRC 1024 Krypton/ Argon and UV laser (BioRAD, Mississauga, ON) 

confocal system equipped with an inverse phase epifluorescence microscope 

(Nikon Eclipse TE300) and a 60X Nikon Oil Plan achromat objective. 

2.2.1 Principle of Confocal microscopy 

The excitation laser bearn of a certain wavelength, corresponding to the 

utilized fluorescent probe or tag, is directed by the microscope lens towards a given 

point of the sarnple called the focal point laying in the focal plane (Figure 4). The 

light emitted from the sarnple at the focal point is then directed through the 

microscope's different optical compartments comprised of mirrors and optical filters, 

ali of which converge this light bearn to a second point called the confocal point 

(BIO-RAD MICROSCOPY DEVISION, 1996a; MOLECULAR DYNAMICS, 

1992). A system of apertures, located at the level of the confocal point, will then 

block ali incoming light stemming from points that lie above or beneath the focal 
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Figure 4. The focal and the confocal points in the system of 
confocal microscopy. 

In the confocal microscope, the excitation laser light, stemming from 
the laser source, passes through a primary separator and is converged 
by the microscope lenses to a given point of the sample called the 
focal point. The light emitted from the sample is then converged by 
the achromat lens to a second point, called the confocal point. Only 
light arising from the focal point will be allowed to pass through the 
confocal point to be detected by the system's photomultiplier tube. 

Modifiedfrom the CLSMTutorial, Molecular Dynamics, 1992 
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plane, namely out-of-focus light (BIO-RAD MICROSCOPY DEVISION, 1996a; 

MOLECULAR DYNAMICS, 1992). In this manner, only light arising from the focal 

point will be allowed to pass through the confocal point to be consequently detected 

by the microscope's detector, the photomultiplier tube (BIO-RAD MICROSCOPY 

DEVISION, 1996a; MOLECULAR DYNAMICS, 1992). In studies of double, triple 

or quadruple labeling, additional beam-splitters and detection filters are used in order 

to separate wavelengths emitted by different fluorescent probes. 

2.2.2 Seriai Scan in 3 dimensions 

Being able to visualize a cell is an essential part of cell biology. Confocal 

microscopy therefore is a major advancement in this field since, not only it allow us 

to see deep into cells and investigate its sub-cellular structures, but also to visualize 

the dynarnics of cellular, sub-cellular and isolated nuclear processes and then to 

recreate various types of 3D represen4ttions, to record kinetics, and to evaluate 

presence, distribution, co-existence of target entities. 

The confocal microscope, as described in the CLSM Tutorial (MOLECULAR 

DYNAMICS, 1992) and the Lasersharp MRC-1024 Operating Manual (BIO-RAD 

MICROSCOPY DEVISION, 1996a) allows the collection of optical slices of a 

sample, by optically "dissecting" the sample at consecutive, equidistant focal planes. 

In brief, the software controlling the confocal microscope, by the virtue of a motor 

coordinated with the stage of the microscope and with the help of special mirrors, 

permits spanning the entire focal plane of the sample, generating an XY image . Then 

the system shifts the laser bearn one step in the Z-axis, to a new focal plane, and the 
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same process is repeated. Bence, by changing focal plane at constant increments 

( step-size ), a series of images at different positions can be produced across the 

thickness (Z) of the sample, i.e. a series of X-Y images at different Z positions is 

· generated (BIO-RAD MICROSCOPY DEVISION, 1996a; MOLECULAR 

DYNAMICS, 1992). This series or stack of optical images can then be used to 

produce a 3-D reconstruction of the sample (BIO-RAD MICROSCOPY DEVISION, 

1996a; MOLECULAR DYNAMICS, 1992). The advantage of the seriai sectioning is 

that only one plane is illuminated at a time, and the fluorescence collected from that 

plane is filtered through the confocal point of the system, allowing the elimination of 

all fluorescence coming from out-of-focus areas. On the other hand the necessity of 

seriai sectioning stems from the fact that in arder to generate a real 3-D 

reconstruction of the sample being studied, the entire volume of the latter has to be 

scanned from side to side (BIO-RAD MICROSCOPY DEVISION, 1996a; 

MOLECULAR DYNAMICS, 1992). 

In our confocal systems, the 363 UV or 488, 568 and 647 nm Argon Ion or 

Krypton/Argon laser lines (BIO-RAD MICROSCOPY DEVISION, 1996a; 

MOLECULAR DYNAMICS, 1992) were directed to the sample via the 

corresponding primary dichroic filters in case of single label studies, and via primary 

and secondary beam-splitters in case of double, triple and quadruple label studies, and 

were attenuated with a 1-3% neutral-density filter to reduce photobleaching, before 

being eventually filtered through the corresponding barrier filters for each wavelength 

(BIO-RAD MICROSCOPY DEVISION, 1996a; MOLECULAR DYNAMICS, 

1992). Pinhole size, image size, pixel size and step size were set to 50 Jlm, 512x512 
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pixels, 0.34 !Jm and 0.5 !Jm, respectively (BIO-RAD MICROSCOPY DEVISION, 

1996a; MOLECULAR DYNAMICS, 1992). Laser line intensity, photometrie gain 

(PMT) settings and filter attenuation were kept constant throughout the experimental 

procedures (BKAILY et al, 1997c). 

The seriai, Z-axis optical scans (section series) taken for cells are captured by 

a photodetector, digitalized and saved. Using the image processing software, 

Imagespace (MOLECUAR.DYNAMICS, 1994), the captured section series can then 

be presented either as 2-D or 3-D reconstructions using various angles of rotation and 

inclination as well as a variety of cutting planes (Figure 5) (MOLECULAR 

DYNAMICS, 1994). These 3D reconstructions of cells are then used for the 

measurement of basal-level fluorescence intensity and/or the cellular response after 

the addition of different agents (BKAILY et al, 1997c). 

2.2.3. Rapid scan technique 

The rapid-scan technique ope is employed to visualize transitory variations of a 

physiological phenomenon which cannot be otherwise visualized by the 3D scan 

given the fact that the duration of image acquisition in 3D can surpass that of the 

studied phenomenon (MOLECUAR DYNAMICS, 1992). The rapid-scan generates 

consecutive images of the section at the focal plane of the sample, with a speed of 

0.320 seconds/image in the case of the Multiprobe 2001 Molecular Dynamics 

confocal microscope (MOLECUARDYNAMICS, 1992), and 1.61 seconds/image 
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Figure 5. Seriai Sectioning and 3-D Reconstruction 

A: Using confocal microscopy, cells (and nuclei) are subjected to 
sequential seriai scans, which perrnits the recording of fluorescence 
from conjugated antibodies and/or probes which target intracellular 
proteins (receptors and ligands), membranes, organelles and ions. B 
and C: Seriai sections captured by confocal microscopy are 
reconstructed in 3D using the Image Space software. The 3-D 
reconstruction allows measuring the total fluorescence of a given 
target in volume. It also allows to designate the locations of 
organelles in the cell (C: 1 0-day-old single embryonic chick 
ventricular myocyte) and the specifie fluorescence related to them 
(BKAIL Y et al, 1997c; MOLECULAR DYNAMICS, 1994). 
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for the MRC1024 BioRAD confocal nucroscope (BIO-RAD MICROSCOPY 

DEVISION, 1996a). With these speeds, even the smallest of changes in fluorescence 

intensity, which would otherwise be undetected with conventional fluorescence 

microscopy tools, can be captured (MOLECULAR DYNAMICS, 1992). In this 

project rapid-scan was used to study the changes in calcium in isolated nuclei 

(BKAIL Y et al, 1999; BKAIL Y et al, 2006). Up to 200 frames were recorded. Each 

frame consisted of 32 lines/scan, with a 512 x 512 pixels resolution (MOLECULAR 

DYNAMICS, 1992). Graph tracings of fluorescence variations in the nucleus give the 

corresponding exact pattern of registered Ca2
+ variations that occur spontaneously or 

as a consequence of pharmacological interventions (MOLECULAR DYNAMICS, 

1994). It should be noted, that in rapid-scan experiments, only nuclei that had stable 

levels of Ca2
+ in basal, control conditions were selected for further experimentation 

(BKAIL Y et al, 1997 c; BKAIL Y et al, 1999). 

2.2.4 Line-scan technique 

The line-scan is a versatile technique on the MRC 1 024 confocal microscope 

which allows to capture and visualize transient ion movements (BIO-RAD 

MICROSCOPY DEVISION, 1996a) such as calcium sparks, puffs (CHENG et al, 

1993; YAO et al, 1995) and waves occurring locally at a certain sub-cellular location 

in a cell. In this study, cultured cardiomyocytes and isolated hepatic nuclei were 

loaded with the free Ca2
+ probes Fluo-3 and Fluo-4 respectively (BKAIL Y et al, 

,1997c) and line-scan was performed according to the manufacturer's guidelines 

(BIO-RAD MICROSCOPY DEVISION, 1996b). In brief, after the right sample was 
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chosen and set in focus, the scan line was placed at the desired location of the sample 

(for example, in the cytosol, the perinuclear area or the nucleoplasm). Upon 

execution, the system excites and scans the sample only along the designated scan

line in the focal plane (Figure 6). Up to 3000 line-scans can be recorded in around 6 

seconds, with a speed of 2ms/line (BIO-RAD MICROSCOPY DEVISION, 1996b). 

Next, the images of the scan-lines are stacked to generate an xt frame, where x is the 

scan-line, and t is time (BIO-RAD MICROSCOPY DEVISION, 1996b). Any change 

of fluorescence intensity along the line, in this case as a result of increase or decrease 

of Ca2
+, and any passage of Ca2

+ transients through the line are therefore recorded 

and presented in_ the xt frame. Using the I111:ageSpace software, the xt frames can be 

presented topographically, as a surface plot of fluorescence intensities 

(MOLECULAR DYNAMICS, 1994), which allows to better appreciate small Ca2
+ 

signais (sparks and puffs). 

2.2.5 Volume rendering and 3D reconstruction 

Scanned images were transformed onto a Silicon Graphies 0 2 analysis station 

equipped with Molecular Dynamics Imagespace 3.2 analysis and volume workbench 

software modules. Reconstruction of 3D images was performed on unfiltered seriai 

sections. As described previously (BKAIL Y et al, 1996; BKAIL Y et al, 1999), all 

3D reconstructions are presented using the 'maximum intensity' top-view image 

format (MOLECULAR DYNAMICS, 1994) which produces high contrast images 

and is sensitive to noise (MOLECULAR DYNAMICS, 1994). It is worth noting that 

images were presented as pseudocolored representations according to an intensity 
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Figure 6. Principle of Line-scan technique 

Ca2
+ probe loaded cells are mounted on the metallic chamber of the 

confocal microscope, and after a sample cell is chosen, the scan line is 
positioned in the desired area of the cell (red arrow). Upon execution, 
up to 3000 scans can be performed at the line position, and the images 
of the recorded lines are stacked adjacently next to each other (BIO
RAD MICROSCOPY DEVISION, 1996b). The resultant is an xt 

frame, which depicts any temporal changes of fluorescence (sparks, 
puffs, waves) occurring at the line position or crossing through it. 
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scale of 0-255, with 0 intensity in black indicating absence of fluorescence and 255 

in white indicating maximal fluorescence intensity (BKAIL Y et al, 1999). 

2.3 Indirect immunofluorescence 

The technique used throughout this study was modified from BRISMAR et al. 

(BRISMAR et al, 1998), as described previously (BKAIL Y et al, 2003b; BKAIL Y 

et al, 2004). Briefly, hVSMCs, cultured on 25 mm coverslips, were subjected to 2 

rapid washes with PBS (lX, pH 7.4). This was followed by a fixation period of 10 

min with 4% PF A (Cedarlane, Homby, ON). Cells were then washed twice with PBS 

(lX, pH 7.4), the duration of each wash being 5 min, and incubated with a solution of 

sodium borohydride (2mg/ml) (Sigma-Aldrich, MO, USA), the purpose of which is 

to neutralize the aldehyde groups generated from the PF A treatment. This was 

followed by 2 washes with PBS (lX, pH 7.4) for 5 min each. In order to permeabilize 

our cells and block the sites of non-specifie binding, h V SM Cs were incubated for 30 

min with a solution of 0.1% (v/v) of Triton X-100 containing 7% (v/v) of normal 

serum (NS) (Sigma-Aldrich, MO, USA) and 5% (rn/v) of non-fat dried milk (NFDM) 

(Sigma-Aldrich, MO, USA). After 2 washes with PBS (lX, pH 7.4), hVSMCs were 

incubated ovemight at 4 oc with the primary antibody which was diluted in a solution 

ofO.l% (v/v) of Triton, containing 1.4% (v/v) ofNSS and 1% (rn/v) ofNFDM. It is 

worth noting that the processes of fixation, permeabilization and saturation were all 

carried out at room temperature (RT). Following the ovemight incubation with the 

primary antibodies, the hVSMCs were washed twice with PBS (lX, pH 7.4) for 5 

min each time, and then incubated in the dark for 1 hour at R T with the secondary 
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antibody, which is conjugated to a fluorescent probe, the fluorophore 488, 568, or 

647, and diluted in a solution of 0.1% (v/v) of Triton, containing 1.4% (v/v) of NS 

and 1% (rn/v) ofNFDM (BKAIL Y et al, 2000; BKAIL Y et al, 2002; BKAIL Y et al, 

2003b; BKAILY et al, 2004; BRISMAR et al, 1998). Finally, the hVSMCs were 

washed twice with PBS (lX, pH 7.4) and visualized using the confocal microscope. 

As described previously the same protocol was used also for isolated nuclei 

(BKAIL Y et al, 2004). After isolation, the nuclei were plated on 25 mm coverslips, 

left to settle for 15 min, and directly treated with PF A, skipping the first two washes 

clone with the h V SM Cs. Henceforward, the same protocol as that of the h VSMCs was 

applied (BKAIL Y et al, 2004). 

2.3.1 Detection ofNuclear Pore Complexes in hVSMCs, isolated aortic and 

hepatic nuclei 

The above described protocol of indirect immunofluorescence was used to 

detect the presence of nuclear pore complex (NPC), IP3Rs and RyRs in h VSMCs and 

isolated aortic and hepatic nuclei. 

NPCs were detected using a specifie primary mouse monoclonal antibody 

(Abcam Inc, Cambridge, MA, USA) at a dilution of 1:1000 (fmal concentration = 

1 Jlg/ml), according to the manufacturer' s guideline. The secondary an ti body used was 

a rabbit Alexa Fluor 488-conjugated antibody raised against mouse IgG with a 

concentration of 1 Jlg/ml (BKAIL Y et al, 2003a; BKAIL Y et al, 2003b; BKAIL Y et 

al, 2004)(Molecular probes, OR, USA). To ensure the specificity of the obtained 

NPC labeling, two negative control studies were carried out. In the frrst, the primary 
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anti-NPC antibody was omitted and thus cells were incubated with the secondary 

antibody alone. In the second negative control, the primary anti-NPC anti-body was 

replaced by IgG from murine serum (Sigma-Aldrich, ON) (JACQUES et al, 2005), a 

serum originating from the same species as that of the primary antibody, and 

containing a multitude of IgGs. 

2.3.2 Detection of IP3R in h VSMCs, isolated aortic and hepatic nuclei 

IP3Rs were detected in h V SM Cs, aortic and hepatic isolated nuclei using a 

specifie primary rabbit polyclonal antibody raised against human IP3R (Santa Cruz 

Biotechnology, Inc, Santa Cruz, CA, USA) at a dilution of 1:50 (4Jlg/ml final 

concentration), based on the manufacturer's suggestion. The secondary antibody used 

is an Alexa Fluor 488-conjugated goat antibody raised against rabbit IgG with a 

concentration of 1 Jlg/ml (Molecular probes, OR, USA) (BKAIL Y et al, 2003b; 

BKAIL Y et al, 2004). To ensure the specificity of the obtained IP3R labeling, two 

negative control studies were clone. In the first negative control, the primary antibody 

was omitted from the experiment, and thus cells were incubated with the secondary 

antibody alone. In the second negative control, the primary anti-IP3R antibody was 

omitted and replaced by IgG from Rabbit serum (Sigma-Aldrich, ON) (JACQUES et 

al, 2005), an IgGs-containing serum originated of the same species as that of the 

primary antibody. 

2.3.3 Detection ofRyR in hVSMCs and isolated aortic nuclei 

RyRs were detected in h V SM Cs and aortic isolated nuclei using a specifie 
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pnmary mouse monoclonal antibody raised against the RyRs (Chemicon 

International, Bill erica, MA, USA) at a dilution of 1:100 (equivalent to 5 ~g/ml), 

according to the manufacturer's guidelines. The secondary antibody used was an 

Alexa Fluor 488-conjugated rabbit antibody raised against mouse IgG with a 

concentration of 1 ~g/ml (stock concentration is 2 mg/ml)(Molecular probes, OR, 

USA). To ensure the specificity of the obtained RyRs labeling, two negative control 

studies were carried out. In the frrst, the primary anti-RyR antibody was omitted and 

thus cells were incubated with the secondary antibody alone. In the second negatiye 

control, the primary anti-RyR anti-body was substituted by IgGs-containing serum 

(JACQUES et al, 2005; JACQUES et al, 2006b) originating from the same species 

as that of the primary anti-RyR antibody, IgG from murine serum (Sigma-Aldrich, 

ON). 

2.3.4 Detection of AT2 receptor presence and distribution in hVSMCs 

The AT2 receptor of Ang II was detected in hVSMCs, as described previously 

(BKAIL Y et al, 2003b), using a specifie polyclonal rabbit anti-human ATz primary 

antibody raised against 18 amino acid peptide sequence near the carboxy-terminus of 

human AT 2 receptor (product Data-sheet, Fitzgerald Industries International, MA, 

USA). The concentration used was 5 ~g/ml (JACQUES et al, 2003a). The secondary 

antibody used is an Alexa Fluor 568-conjugated goat antibody raised against rabbit 

IgG with a concentration of 1 ~g/ml (Molecular Probes, OR, USA). The specificity of 

the primary antibody was previously tested by several negative control studies, 

including utilization of a control peptide and replacement of the primary antibody 
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with lgG serum from rabbit (JACQUES et al, 2003a). No non-specifie binding was 

found with this antibody (BKAIL Y et al, 2003b; JACQUES et al, 2003a). 

2.4 Detection of ions and varions cell structures with fluorescent probes 

2.4.1 Loading of intact cells and isolated nuclei with Ca2
+ Probes 

Spontaneousiy contracting cardiomyocytes were loaded with the free Ca2
+ 

probe Fluo-3 and were used for detection of calcium sparks · and waves, while 

hVSMCs were loaded with Fluo-3 and Ca2
+ Orange and used for various detection 

studies. _ 

2.4.2 Loading of intact cells with Fluo-3 and Ca2
+- Orange 

Cardiomyocytes, to be used in calcium sparks, puffs and wave studies, and 

h V SM Cs, to be used in perforation and intranuclear structure detection studies, were 

loaded with the free Ca2+ probe Fluo-3 (Molecular Probes, OR, USA). As described 

previously (BKAIL Y et al, 1997c; BKAILY et al, 2003a), in brief, prior to loading 

the coverslips were washed three times in Tyrode solution (Balanced Salts Solution

BSS)(Sigma Chemical Co., St Louis, MO) containing 10 mM NaHC03, 5 mM 

HEPES, 1.8 mM CaCh, 1 mM MgCh, 2.7 mM KCl, 137 mM NaCl, 3.6 mM 

NaH2P04, and 5.5 mMD-glucose (buffered to pH 7.4 with Tris base). The osmolarity 

of the Tyrode solution with or without 0.1% bovine serum albumin (BSA) was 

adjusted to 310 mO sm. Cardiomyocytes and h V SM Cs were incubated with freshly 

prepared, cell membrane permeable Fluo-3 (13.6 J.LM fmal concentration in Tyrode-
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BSA solution)(BK.AILY et al, 1997c) for 45 min at 28°C. After loading, the cells 

were washed with Tyrode solution and incubated again for 15.min at 28°C to ensure 

the complete hydrolysis of acetoxymethyl (AM) ester groups. The cells were again 

washed in Tyrode solution prior to intracellular free calcium measurements 

(BKAILY et al, 1997c; BKAILY et al, 1999). 

h V SM Cs were also loaded with the Ca2
+ ·probe Ca2

+ -Orange (Molecular 

Probes, OR, USA), at a final concentration of 15 J.l.M, in the same manner as Fluo-

3/AM. 

2.4.3 Loading of hepatic isolated nuclei with Fluo-4 

For Ca2
+ sparks, puffs and waves studies, isolated hepatic nuclei were loaded 

with the free Ca2
+ probe Fluo-4 (Molecular probes, OR, USA), as described 

previously (BKAIL Y et al, 1997c; BKAILY et al, 2006). Briefly, after isolation, 

the purifled nuclei were suspended in 500 Ill of Stimulation Buffer, of which 100 J.l.l 

was taken for incubation with the membrane permeable probe Fluo-4. The osmolarity 

of the buffer was adjusted to 310 mOsm with sucrose using an osmometer (Advanced 

Instruments Inc., Norwood, MA, USA). The probe Fluo-4/AM at a stock 

concentration of 1mM, was diluted in 1 ml of Stimulation Buffer, eventually to give a 

fmal incubation ·Concentration of 13 J.l.M (BKAIL Y et al, 2006; BKAIL Y et al, 

2009). The 100 J.Ll nuclear suspension was incubated for 45 min with 300 J.Ll of the 

diluted probe in an ember ependorf tube at room temperature. To avoid loss of 

fluorescence and to minimize evaporation, the incubation was done in the dark and 

the incubation tubes were tightly sealed throughout the incubation period. At the end 
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of incubation, the nuclei were diluted in 1 ml Stimulation buffer and were washed 

twice in a Microfuge 22R (VWR International, PA, USA) at 800g, 4°C for 5 min 

each. The nuclear pellet was then re-suspended in Stimulation Buffer for 15 min to 

allow complete hydrolysis of the acetoxymethyl esters and to get rid of the esterified 

forms of the probe which was unable to bind free Ca2+ (BKAIL Y et al, 2006; 

BKAIL Y et al, 2009). 

The loaded nuclei were recuperated by centrifugation in a Microfuge 22Rat 

800g, 4°C for 5 min and were re-suspended in 100 Jll Stimulation buffer. For each 

experiment, 1 0 Jll of this suspension was mounted in the metallic cham ber of our 

Confocal system which contained 1 ml of Stimulation buffer (BKAIL Y et al, 1997c; 

BKAIL Y et al, 2006). 

. 2.4.4 Loading of aortic isolated nuclei with Ca2
+- Orange 

Isolated aortic nuclei were loaded with the Ca2+ probe Ca2+-0range 

(Molecular probes, OR, USA) and were utilized in studies targeting mobilization of 

nuclear calcium by extra-nuclear stimulation. The loading of these nuclei was done 

according to the same proto col as that of the hepatic nuclei with Fluo-4/ AM, however 

using 15 J.LM of the probe as a final incubation concentration (BKAIL Y et al, 2001). 

It should be noted, that ali the Fluo-3 and Fluo-4 loaded samples were excited 

with the 488, while then Ca2+- Orange loaded samples with the 568 visible beams of 

the Krypton/ Argon laser of the confocal system (BIO-RAD MICROSCOPY 

DEVISION 1996a; MOLECUARDYNAMICS 1992). 
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2.4.5 Loading of intact cells and isolated nuclei with DiOC6 

h VSMCs and isolated aortic and hepatic nuclei were loaded with the ER 

probe DiOC6 (Molecular probes, OR, USA) as described previously (BKAIL Y et al, 

1997c), in order to study the presence of nuclear tubular structures and ER-like 

nuclear structures in the nuclei of intact h VSMCs and in isolated nuclei (BKAIL Y et 

al, 2009). In brief, the probe was prepared by dissolving 5.72 mg of the provided 

probe in 1 ml of DMSO (Fisher Scientific, NC, USA) , and was diluted to a 

concentration of 1 o-s M, of which 5 !J.l was dissolved in 1 ml of mHBSS solution to 

give a final incubation concentration of 50 nM. h V SM Cs, already plated on 25 mm 

coverslips, were subjected to three quick washed with mHBSS, after which they were 

incubated with the 1 ml probe solution, for 8 min, in the dark, in an incubator at 3 7°C. 

After the incubation, the cells were rinsed three times with mHBSS, and were 

m~mnted in the metallic chamber of the confocal system for observation under the 

microscope. The samples were excited with the 488 visible bearn of the 

Krypton/Argon laser of the confocal system (MOLECUAR DYNAMICS 1992). 

Isolated aortic and hepatic nuclei were also loaded with the ER-probe DiOC6. 

Isolated nuclei, suspended in 100 !J.l mHBSS buffer, were dissolved in 900 !J.l of 

probe solution as described above, to have a fmal concentration of 50 nM (BKAIL Y 

et al, 1997c). The incubation was done in an ember eppendorf tube, for 8 min, in 

dark, in an incubator at 37 oc. After the incubation, a "quick-run" (from 0 to around 

10000 rpm, lasting about 1 7 seconds) was done in the Microfuge 22R (VWR 

International, PA, USA), after which the pellet was re-suspended in fresh 1 ml of 

mHBSS. The "quick-run" was repeated to remove any remnant probe, and finally the 
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pellet was re-suspended in 100 J.Ll of mHBSS. For each experiment, 10 J.!l of this 

nuclear suspension was introduced in the metallic chamber of the confocal system, 

which in this case would contain 1 ml ofmHBSS. 

) 

2.4.6 Loading of intact ce lis and isolated nuclei with ER-Tracker 

In order to study the presence of ER-like structures in nuclei, hVSMCs and 

isolated aortic and hepatic isolated nuclei were loaded with the ER/SR specifie probe 

ER-Tracker Blue-White DPX (Molecular probes, OR, USA). Based on the 

manufacturer' s instructions, the stock of the probe, provided as 1 mM in DMSO, was 

diluted to the final incubation concentration of 15 J.LM in mHBSS. h V SM Cs, plated 

beforehand on 25 mm coverslips, were rinsed three times with mHBSS, after which 

the cells were incubated with the prepared probe in the petri dish itself, for 45 min in 

dark, in an incubator maintained at 37°C. After the incubation, three quick washes 

were done with the same buffer, and the coverslip was mounted in the metallic 

chamber ofthe confocal system. 

Isolated aortic and hepatic nuclei, in a 100 J.Ll mHBSS suspension, were added 

to an ember eppendorf containing 1 ml of probe preparation, to get a 15 J.!M final 

concentration of the probe. The incubation conditions were the same as those of the 

hVSMCs. After the incubation, the nuclei were recuperated by a "quick-run" in the 

Microfuge 22R (VWR International, PA, USA). The supematant was discarded, and 

another "quick-run" was done with a freshly added 1 ml of mHBSS, in order to 

remove any remnants of the ER-Tracker probe. Finally, the pellet of probe-loaded 

nuclei was suspended in 100 ml ofmHBSS. For each experiment, 10 J.Ll of the nuclear 
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preparation was added to the 1 ml mHBSS-containing metallic mount cham ber of the 

confocal microscope. 

The ER-tracker loaded cells and nuclei were excited with the 363 UV bearn of 

the confocal system (BIO-RAD MICROSCOPY DEVISION, 1996a). 

2.4.7 Loading of intact hVSMCs with Bodipy-TX-Thapsigargin 

In order to detect the presence and distribution of Ca2
+ -ATPase pumps in cells 

and nuclei, Bodipy-TX-Thapsigargin (Molecular probes, OR, USA) was used, which 

is a complex of a fluorescent probe, Bodipy, and the blocker of Ca2
+ -ATPase pumps, 

Thapsigargin (THASTRUP et al, 1990), which is expected to bind to these pumps in 

the cell and detect their localization (ABRENICA et al, 2000; ABRENICA et al, 

2003; SHMYGOL et al, 2004). Exposure of the samples to this probe was done 

directly on the confocal microscope. h V SM Cs harvested on coverslips were mounted 

in the metallic cham ber of the conf oc al system, a sample cell was chosen and scanned 

in 3D. Next, the mount medium in the metallic chamber was replaced with a new 

medium, containing a final concentration of 100 nM (AB RENI CA et al, 2000) of 

Bodipy-TX-Thapsigargin. After'5 to 7 minutes, a new seriai section ofthe chosen cell 

was recorded, which this time presented the distribution of the probe inside the cell. 

Once the probe had entered the cell, a wash of the mount medium was done, to 

rem ove any ex cess fluorescence and avoid artificial augmentation of the fluorescence 

signal by the background. Additional samples then could be acquired. 
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2.4.8 Sarcolemma perforation of intact cells with lonomycin 

Sarcolemma perforation technique with Ionomycin was performed accordiQ.g 

to a method described previously (BKAILY et al, 1997a; BKAILY et al, 1997c; 

BKAIL Y et al, 2000) to study the preservation of the nuclear tubular structures and 

ER-like structures. In brief, the cells were loaded in the above described manner with 

Fluo-3 and the desired probe (ER-Tracker or Di0C6), and were bathed in an 

"intracellular-like" solution containing (in mM): NaCL 20, KCl 140, MgCh, HEPES 

5, glucose 5, and buffered to pH 7.2 by Trizma base (BKAIL Y et al, 1997c; 

BKAIL Y et al, 2001). The cell's outer membrane was then perforated by adding to 

the bathing medium the ionophore Ionomycin (1 o-6 final concentration)(Calbiochem, 

CA, USA) for a maximum of 1-2 min in the presence of 100 nM CaCh. The addition 

of 100 nM CaCh to the "intracellular-like" extracellular medium allowed the cells to 

maintain a certain homeostasis between cytosolic and surrounding milieu during 

membrane permeation. Also, the presence of 100 nM extracellular Ca2
+ is necessary 

to determine the actual onset of ionomycin-induced sarcolemmal membrane 

permeation. At the instant when an increase in intracellular Ca2
+ fluorescence was 

noticed, as a signal of sarcolemma membrane permeation, a wash-out was performed 

by the same bathing solution lacking Ionomycin and Ca2
+, to stop the action of the 

ionophore and to avoid permeation of the nuclear envelope. The sample was left to 

stabilize for five min, after which seriai sections were recorded for the intracellular 

and intra-nuclear structures detecting probes (DiOC6 and ER-Tracker) (BKAIL Y et 

al, 1997c). 
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2.4.9 Nuclear Staining 

At the end of each experiment, the nucleus was stained with 100 nM of the 

live nucleic acid stain (Syto-11) (Molecular Probes, OR, USA), as described 

previously (BKAIL Y et al, 1997c). Seriai Z-axis optical scans were taken after 

development of the stain (3-5 min) while maintaining positioning, number of sections 

and step size identical to those used throughout the experiment. Nuclear labeling is 

important because it permits the isolation or extraction of the nucleus from the 

cytoplasm by setting a lower intensity threshold filter to confine relevant pixels 

(BKAIL Y et al, 1997c; JACQUES et al, 2003b). Fluorescence intensities can then 

be measured in the entire volume of each compartment (cytosol and nucleus) 

separately to provide 3D information. The nuclear staining also helped us to reveal 

the negative image ofvarious types ofnuclear structures we observed, since the space 

occupied by these structures would appear as blank, therefore black in color, if the 

image acquisition was done fast enough. These negative images, when merged with 

their corresponding nuclear invaginations labeling, showed a very high level of 

juxtaposition (BKAIL Y et al, 2009). 

2.4.10 Combined studies utilizing various probes and secondary antibodies 

In addition to the above described protocols and methods for visualization of 

Ca2
+ mobilization and different structures and entities (ER-like structures, nuclear 

tubular structures, nucleic ac ids), protein complexes (Nuclear pores, Ca2
+ -A TPase 

pumps, AT 2 receptors) and intracellular receptors (IP3R and RyR), as the results 

section will show, at many instances studies were done to investigate relations 
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between thesè components, by virtue of double, triple and quadruple labeling, with 

accompanying merges and fluorescence subtractions (BKAIL Y et al, 1997c; 

BKAILY et al, 1999; BKAILY et al, 2001; BKAILY et al, 2009). 

In case of single labeling studies, images are usually presented in the 

pseudocolor format. The interpretation of fluorescence intensity is realized 

according to the pseudocolor scale bar which is provided with each figure, and 

which represents fluorescence intensity according to an arbitrary scale from 0 nm 

(black, absence of fluorescence) to 255 nm (white, maximum fluorescence) 

(MOLECULAR DYNAMICS, 1994). 

In case of multiple labeling with several fluorescent probes or antibodies, the 

pseudocolor images is accompanied by their monochromatic images (red, green, 

blue), which are used to generated the desired merged images (BIO-RAD 

MICROSCOPY DEVISION, 1996a; BKAILY et al, 1997c; BKAILY et al, 2001). 

The fluorescence in the merged images is .not evaluated according to the pseudocolor 

scalebar. In sorne cases, a merged colors guide is provided to facilitate the 

discrimination between different labels. The fluorescence of Syto-11 labeling too is 

not evaluated based on the pseudocolor scalebar (BIO-RAD MICROSCOPY 

DEVISION, 1996a). 

2.5 Transmission Electron Microscopy 

Transmission electron Illlcroscopy (TEM) was used in order to detect 

localization of Glucose -6-phosphatase (Glc-6-Pase) activity (BENCHIMOL 2008; 

BROADWELL et al, 1983; NICHOLS et al, 1984) in hVSMCs, as a marker for the 
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ER/SR of these cells. VSMCs were isolated from human aortas, and prepared for 

TEM visualization. In brief, the cells were fixed with 2.5 % glutaraldehyde in 

cacodylate buffer (0.1 M) for 60 min, followed by a wash with H20, and incubation 

for 60 min at RT with a cacodylate buffer (0.1 M) solution containing 2mM Lead 

Citrate, 2mM Glucose-6-phosphatase, 5% sucrose, pH 6.6 (BROADWELL et al, 

1983; LAPRISE et al, 2002). Then the samples were rinsed with H20 and incubated 

for 1 min with Sodium Sulfide 1%, followed with a wash with cacodylate buffer (0.1 

M) (LAPRISE et al, 2002). The cells were then post-fixed with a cacodylate buffer 

(0.1 M) containing 1 % Osmium tetroxide, dehydrated with successive steps of 

ethanol treatment, embedded in Epon resin and observed on HITACHI H-7500 

transmission electron microscope (LAPRISE et al, 2002). 

2.6 Statistics 

Whenever applicable, fluorescence intensities were presented as mean 

intracellular fluorescence intensity values ± S.E.M (standard error of the mean). 'n' 

represents the number of samples ( cells or isolated nuclei) in different experiments. 

Statistical significance was determined using the Student' s t test, where a p value < 

0.05 was considered as significant. 
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III. RESULTS 
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3.1 Regulation of nuclear calcium hom~ostasis dependent on cytosolic 

calcium 

As described in the literature, there is no consensus in the scientific 

community whether the regulation of nuclear Ca2
+ homeostasis can be solely 

dependent on nuclear factors, or if it can also have the contribution of the cytosol. In 

this section of the thesis, we used several biological preparations, various 

pharmacological interventions and confocal microscope imaging techniques, in order 

to verify whether nuclear Ca2
+ changes can be produced because of cytosolic Ca2

+ 

changes. 

3.1.1 Detection of spontaneously occurring Ca2
+ signais 

At frrst, experiments were designed and performed to assess the presence of 

spontaneous cytosolic and nuclear Ca2
+ signais in cells. 

3.1.1.1 Detection of spontaneous cytosolic calcium sparks and waves in 

spontaneously contracting cardiomyocytes 

Presence of cytosolic sparks and waves was studied in spontaneously 

contracting cardiomyocytes. Cardiomyocytes were isolated and cultured from 

ventricles of new-born rats as described in Materials and Methods. On the confocal 

microscope, a Line-scan was performed on these Fluo-3 loaded and spontaneously 

contracting cells, where the scan line was positioned in the cytosol of the cell in 

focus, as presented in Figure 7A, (an example of9 different experiments). Upon 
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Figure 7. Presence of spontaneous cytosolic Ca2
+ sparks and 

waves in intact cells. 

Cardiomyocytes were loaded with Fluo-3, and bathed in a Tyrode 
salt's solution (BSS). Utilizing the Line-scan technique of confocal 
microscopy, and by positioning the scan-line in the cytosol of a 
spontaneously contracting cell (A), spontaneously occurring Ca2

+ 

sparks and waves were detected propagating in the cytosol of the 
cardiomyocyte (B, xt-frame ). The encircled spots in the xt-frame 

represent repetitive Ca2
+ -sparks at the same locus. (C) The 

topographical fish-net of the recorded tracing shows the additive 
nature of the Ca2

+ sparks, which grow into a Ca2
+ wave. (D) Shows 

another example of a Line-scan, where the recruitment of adjacent 
Ca2

+ release channels in the process of Ca2
+ wave formation is 

demonstrated. The pseudocolor bar represents fluorescence 
intensity according to an arbitrary scale from 0 nm (black, absence 
of fluorescence) to 255 nm (white, maximum fluorescence). The 
sc ale of white bar is in !lill· 
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execution of the Line-scan, several Ca2
+ transients, responsible for the spontaneous 

contraction, were captured, in the form of Ca2
+ sparks (circled spots), as can be seen 

in the generated xt frame (Figure 7B). Sorne ofthese sparks re-occurred several times 

at the exact same location of the cell, before adding up to generate a Ca2
+ wave. In 

order to better appreciate the different characteristics of the small Ca2
+ transients, a 

surface-plot was generated in the Image-space software of the system. The surface

plot in Figure 7C clearly demonstrated the repetitive nature of the sparks. As can be 

seen the Ca2
+ wave at the top edge of the xt-frame is preceded by three sparks at the 

exact same location. Figure 7D reveals yet another characteristic of Ca2
+ transients 

occurring in spontaneously contracting cardiomyocytes. As can be seen, 

spontaneously occurring sparks, if strong enough in terms of Ca2
+ release, can recruit 

adjacent Ca2
+ release channels, and the cooperative opening of many release channels 

would then generate a major Ca2+ wave. In this example, 3 Ca2+ sparks occurring 

within a very short instant, could recruit adjacent Ca2
+ release channels, the opening 

of which then allows the generation of a big Ca2
+ wave. Renee, Ca2

+ sparks and 

waves were detected in the cytosol of contractile cardiomyocytes. As previous work 

in our laboratory has shown (BKAIL Y 1994d), sorne of these cytosolic Ca2
+ 

transients can be captured by the nucleus. In the next section, we verified the 

generation of Ca2
+ sparks and waves at the lev el of the nucleus. 

3.1.1.2 Detection of spontaneous perinuclear calcium sparks and waves in 

spontaneously contracting cardiomyocytes 

Employing the same technique as above, aline-scan was done where the scan-
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line this time was positioned at the perinuclear area of a cardiomyocyte (n = 5) 

(Figure 8A). Upon execution, aline-scan was captured which is presented as an xt

frame in Figure 8B. As can be seen, there is a passage of a prominent Ca2
+ wave from 

the perinuclear area towards the nucleus, as evidenced by the hu ge increase of nuclear 

fluorescence seen in the image captured after the line-scan (Figure 8C). These 

experiments demonstrate that Ca2
+ sparks and waves could be detected at the nuclear 

level of a cell. 

3.1.1.3 Detection of spontaneous Ca2
+ spark-like signais and waves in 

isolated hepatic nuclei 

After confuming the presence of Ca2
+ sparks and waves at the level of the 

cytosol and the nucleus in intact cells, and in order to further confum the 

contribution of the cytosolic free Ca2
+ in regulation of nuclear Ca2

+ homeostasis, we 

verified the presence of the se phenomena in isolated nuclei preparations. 

Nuclei were isolated from human fetal liver tissue, as described above rn the 

Materials and Methods section, loaded with the Ca2
+ probe Fluo-4, and were bathed 

in an "intracellular-like" buffer solution containing 400 nM Ca2
+. In order to track 

rapid and transient nuclear Ca2
+ signais, a Rapid-scan was performed where more 

than 200 frames were registered. Figure 9 shows an example (n = 4). As can be seen, 

this nucleus, without any pharmacological intervention, showed a transient increase 

in nuclear Ca2
+, as evidenced by the increase of nuclear fluorescence. Sorne studies 

in the literature suggest that, as was already mentioned in the Literature Review, the 

nuclear pore complex (NPC) also can con tri bute to the generation of Ca2
+ signais 
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Figure 8. Presence of spontaneous perinuclear calcium sparks 

and waves in intact cells. 

Cardiomyocytes, isolated from the ventricles of new-born rats, 
were loaded with Fluo-3, and bathed in BSS. Utilizing the Line
scan technique of confocal microscopy, and by positioning the 
scan-line in the perinuclear area (A), a spontaneously occurring 
calcium wave was detected (B, xt-frame) propagating towards the 
nucleus, which showed an increase in fluorescence intensity (C). 
(D) Represents the topographical fish-net plot of the recorded 
tracing. The pseudocolor bar represents fluorescence intensity 
according to an arbitrary scale from 0 nm (black, absence of 
fluorescence) to 255 nm (white, maximum fluorescence) from 0 to 
255. 
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Figure 9. Presence of spontaneous spark-like nuclear Ca2
+ 

signais and waves in isolated nuclei. 

Hepatic nuclei were loaded with the free Ca2
+ probe Fluo-4, bathed 

in stimulation buffer containing 400 nM Ca2
+ and were observed 

by the rapid-scan method of confocal microscope. The nucleus, 
without any pharmacological intervention, showed the presence of 
spontaneously occurring transient calcium sparks and waves, 
which were seen as a transient increase ofthe nucleoplasmic Ca2

+. 

The insets show the same nucleus from different phases of the 
tracing. The pseudocolor bar represents the fluorescence intensity 
according to an arbitrary scale from 0 nm (black, absence of 
fluorescence) to 255 nm (white, maximum fluorescence). The 
scale bar is in J..Lm. 
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in the nucleus, by allowing the passive propagation of cytosolic Ca2
+ signais to the 

nucleoplasm (PAINE et al, 1975; STEHNO-BITTEL et al, 1995b). The next series 

of experiments were designed to pinpoint the exact role of the NPC in this process, 

and to verify if the spontaneous nucleoplasrnic spark-like Ca2
+ signal generation was 

aided by influx of Ca2
+ through the NPC. 

3.1.1.4 Detection of spontaneous spark-like Ca 2
+ signais and waves in 

nuclear pore-blocked isolated hepatic nuclei 

After detecting spontaneous spark-like Ca2+ signais and waves in isolated 

nuclei, the same protocol was repeated, however, this time with blockade of the 

nuclear pores. Nuclei were isolated from human fetalliver, loaded with the free Ca2
+ 

probe Fluo-4, followed by incubation with the potent nuclear pore blocker Wheat

germ agglutinin (WGA) (SIGMA-ALDRRICH, ON, CAN) at a fmal concentration of 

10 flg/ml, for 30 min (ADAM et al, 1994; MOROIANU et al, 1997). 

Before performing any Ca2
+ mobilization studies on the pore-blocked nuclei, 

a study was done to investigate the possible effect of the pore blockade on the basal 

free Ca2
+ level of these nuclei. The histogram in Figure 10 summarizes the results of 

this series of experiments. Intensity measurement of the treated and control nuclei 

was done in 3D, i.e. in the entire volume of the nuclei and expressed in "per f.Lm3
". 

As can be seen, there was no statistically significant difference (n = 43 nuclei, p < 

0.05, p value = 0.4985) between the pore-blocked and pore not-blocked nuclei 

re garding total fluorescence intensity, which corresponds to total free Ca2
+ in the 

nucleus. 
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Figure 10. Effect of nuclear pore blockade on the steady-state 

resting Ca2
+ content of isolated nuclei. 

Hepatic nuclei, isolated and purified from liver homogenates, were 
loaded with free Ca2

+ specifie probe Fluo-4. This was followed by 
incubation of the nuclei with NPC blocker WGA. Measurement of 
total fluorescence intensity (in volume) of nuclei bef ore and after 
WGA treatment reveals that free nucleoplasmic calcium level does 
not change due to the treatment. Fluorescent Ca2

+ level is 
expressed in f.Lm3

. 
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Using the rapid-scan technique of the confocal microscope, a rapid scan was 

done on the pore-blocked nuclei, and Figure 11 presents an example of a nucleus (n 

= 3). As this figure demonstrates, the NPC blocked nucleus, without any 

pharmacological intervention, showed presence of transient Ca2
+ signais, which can 

be spark-like Ca2
+ signais, eventually adding-up to form global Ca2

+ wave, observed 

as an transient increase in the nucleoplasm. These results were similar to the ones 

obtained in the previous line of experiments, where there was no blockade of the 

NPC. Renee, the nuclear pore does not seem to contribute to generation of 

spontaneous nuclear Ca2+ signais. 

3.1.2 Induction of nuciear Ca2
+ signais upon varions cytosolic pharmacologicai 

interventions 

In the present series of experiments, we tested the hypothesis that nuclear Ca2
+ 

signais can be generated upon various cytosolic pharmacological interventions, still 

in the context of cytosolic Ca2
+ dependence. 

3.1.2.1 

nuclei 

Generation of puff-like Ca2
+ signais and waves by ET -1 in isolated 

In the next series of experiments, we verified if activation of nuclear envel ope 

membranes' ET-1 receptors (NADER M, 2005) would lead to increase of 

nuclearCa2
+. Human aortic smooth muscle nuclei were isolated and loaded with the 

Ca2
+ probe Ca2

+ -Orange as described above. A rapid scan of selected nuclei was 
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Figure 11. Presence of spontaneous nuclear calcium spark

like signais and waves in NPC blocked isolated nuclei. 

Hepatic nuclei were loaded with Fluo-4, bathed in stimulation 
buffer containing 400 nM Ca2

+, and observed by the rapid-scan 
method of confocal microscope. The WGA-treated, pore-blocked 
nucleus, without and pharmacologie intervention, showed the 
presence of a spontaneously occurring transient calcium sparks, 
which were seen as a transient increase of the nucleoplasmic 
fluorescence. The insets show a nucleus from different phases of 
the tracing. The pseudocolor bar represents the fluorescence 
intensity according to an arbitrary scale from 0 nm (black, absence 
of fluorescence) to 255 nm (white, maximum fluorescence). The 
scale bar is in 11m. 
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done, during which the sample was stimulated with ET -1 (American Peptide 

Company, LA, USA), at a fmal concentration of 10-11 M which is known to increase 

intracellular Ca2
+ (BKAIL Y et al, 2000; BKAIL Y et al, 2003a). Figure 12 shows an 

example of this series of experiments (n = 5). Addition of ET -1 in the cytosolic 

medium caused a sharp increase ofnuclear Ca2
+. The effect ofET-1 is instantaneous. 

The insets show the same nucleus from different phases of the tr~cing. Hence, ET -1, 

via its receptors on the nuclear envelope membranes, seems to cause an increase in 

nuclear Ca2+. 

3.1.2.2 Generation of nuclear Ca2
+ transients in nuclear pore blocked 

isolated nuclei 

In order to rule out the contribution of the NPC in the ET -1 induced increase 

in nucleoplasmic Ca2
+ that we observed in the previous experimentation, we utilized 

the potent pore blocker WGA. Hepatic nuclei were isolated from human fetalliver as 

described, were loaded with the free Ca2
+ probe Fluo-4, followed with incubation 

with the 10 f!g/ml WGA (ADAM et al, 1994). A Rapid-scan study was done on 

pore-blocked nuclei, which were bathed in the Stimulation buffer containing 400 nM 

Ca2
+. Figure 13 shows an example of this series of experiments (n = 4). As can be 

seen in this graph and through the insets, introduction of 10-11 M ET-1 to the 

extranuclear ( cytosolic) medium of a pore-blocked nucleus causes an increase in 

intranuclear Ca2
+, seen as a sharp increase in fluorescence intensity. It was 

remarkable, that this transient increase, in its decline phase, showed spontaneous Ca2+ 

increases, before returning to near basallevels. Hence, the increase in nuclear Ca2
+ by 
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Figure 12. ET -1 induced calcium increase of nuclear Ca2
+ in 

human aortic isolated nuclei. 

Isolated human aortic nuclei were loaded with the Ca2
+ probe Ca2

+-

0range, and suspended in stimulation buffer, containing 400 n M 
Ca2+. During a Rapid-scan study, stimulation of a nucleus with 10"11 

M ET -1 applied in the extranuclear medium produced an 
instantaneous increase of the nuclear calcium, which could be 
observed as a sharp increase in fluorescence. The insets show the 
nucleus from different phases of the tracing. The pseudocolor bar 
represents fluorescence intensity according to an arbitrary scale 
from 0 nm (black, absence of fluorescence) to 255 nm (white, 
maximum fluorescence). The scale bar is in f.Lm. 
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Figure 13. Generation of Ca2
+ signais by ET -1 in nuclear pore 

blocked isolated nuclei. 

Isolated hepatic nuclei were Ioaded with the free Ca2
+ probe Fluo-4, 

followed by incubation with WGA (10 !lglml, 30 min). Stimulation of 
a nucleus with 1 o-11 M ET -1 produced a transient increase of the 
nucleoplasmic Ca2+. In the decay phase of the response, spontaneous 
Ca2

+ increases were observed. The insets show nuclei from different 
phases of the tracing. The pseudocolor bar represents fluorescence 
intensity according to an arbitrary scale from 0 nm (black, absence of 
fluorescence) to 255 nm (white, maximum fluorescence). The scale 

bar is in !lm. 
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ET -1 cannot be attributed to the Ca2
+ influx through the nuclear pore and must be due 

to other means of ion entry, most probably the R-type Ca2+ channel. Altematively, 

this increase of nuclear Ca2
+ by ET -1 could be due to release of Ca2

+ from 

intranuclear stores. This possibility was the next target of our investigation. 

3.1.2.3 Generation of puff-like Ca2
+ signais and waves by nuclear IP3 

receptor stimulation 

As mentioned in the Literature rev1ew, one of the most common 2nd 

messengers generated by sarcolemmal GPCRs is IP3 (ABDEL-LA TIF 1986), which 

generates cytosolic Ca2
+ puffs, by mediating release of Ca2

+ from the ER/SR of the 

cell (BERRIDGE 1993). Sarcolemmal ET-1 receptors are believed to mediate at least 

sorne of their Ca2
+ increasing effect by IP3 generation (AMBAR et al, 1993; 

SOKOLOVSKY M, 1993; ZHANG et al, 2004). As a logical continuation of the 

results described in the immediate previous section, we veri:fied wh ether of IP3 would 

generate nuclear Ca2
+ puffs. Nuclei isolated from human fetalliver were loaded with 

the free Ca2
+ probe Fluo-4, and were bathed in Stimulation buffer containing 400 nM 

Ca2
+. On our confocal microscope system, a rapid-scan study was clone, where the 

isolated nuclei were stimulated with IP3 (LC Laboratories, Wobum, MA, USA), 

which was applied as an injection in the extranuclear bathing medium. Figure 14 

shows an example of this series of experiments (n = 6). As the graph shows, 

application of IP3, fmal concentration 10-6 M (CARDENAS et al, 2005; 

GERASIMENKO et al, 1996), to the extranuclear medium induced a transient 

increase in nuclear Ca2
+. After the Ca2

+ increase faded and went back to resting 
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Figure 14. Transient increase of nucleoplasmic Ca2
+ by IP3R 

stimulation in buman liver isolated nuclei. 

Hepatic nuclei were loaded with Fluo-4. During a rapid scan, a 
nucleus was stimulated with 1 o-6 M IP3 applied in the extranuclear 
medium. IP3 produced a transient increase of the intranuclear 
calcium, which can be seen as a transient increase of the 
nucleoplasmic fluorescence. The IP3-induced response was 
reproduced upon a second stimulation; however, the amplitude ofthe 
second response was smaller than that of the first. The insets show 
the stimulated nucleus from different phases of the tracing. The 
pseudocolor bar represents fluorescence intensity according to an 
arbitrary scale from 0 mn (black, absence of fluorescence) to 255 mn 
(white, maximum fluorescence). The scale bar is in !lm. 
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levels, a second stimulation with another dose of 10-6 M IP3 induced a second 

transient respond in this nucleus, which however was smaller in amplitude than the 

first one. Hence, these series of experiments demonstrates that IP3 can generate 

nuclear Ca2
+ puffs and eventually waves, in isolated hepatic nuclei bathed in a 

cytosolic medium containing Ca2
+. 

3.1.2.4 Generation of spark-like Ca2
+ signais and waves by Ryanodine 

receptor stimulation in isolated nuclei 

In addition to the IP3R, another Ca2
+ release system contributing to cytosolic Ca2

+ 

homeostasis is the Ryanodine receptor-channel (RyR) (FILL et al, 1988; INUI et al, 

1987a), known to generate Ca2+ sparks (CHENG et al, 1993). As described in the 

Literature review, RyR has been reported t o be present in the nucleus. It is also 

suggested, that on the cellular level, a cooperation exists between the RyRs and the 

IP3Rs, the end results being the generation of Ca2
+ waves (MCCARRON et al, 2003). 

In the next series of experiments, we verified if Ryanodine (Ry) can generate nuclear 

spark-like Ca2
+ signais. Nuclei, isolated from human fetalliver, were loaded with the 

free Ca2
+ probe Fluo-4 and bathed in Stimulation buffer containing 400 nM of Ca2

+. 

As the example from Rapid-scan studies shows in Figure 15 (n = 3), stimulation of a 

nucleus by 1 o-6 M Ry (ADEBANJO et al, 2000; GERASIMENKO et al, 1995) 

caused an elevation of nuclear Ca2
+ in a transient fashion. A second response was 

produced upon a further stimulation of the same nucleus. It was noted, that the 

observed increase had more than one component: a sharp increase component 

followed by a slower, fading component, during which a second, smaller increase 
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Figure 15. Transient increase of nucleoplasmic Ca2
+ by RyR 

stimulation in human liver isolated nuclei. 

Hepatic nuclei were loaded with Fluo-4 and bathed in stimulation 
buffer containing 400 nM Ca2

+. During a rapid-scan, stimulation of a 
nucleus by Ry (10-6M) produced a transient increase of the 
intranuclear calcium, which can be seen as a transient increase of the 
nucleoplasmic fluorescence. After the fading of the fust response, a 
second response was generated upon re-stimulation. Secondary 
peaks were noticed after both of the responses. The insets show the 
same nucleus from different phases of the tracing. The pseudocolor 
bar represents fluorescence intensity according to an arbitrary scale 
from 0 nm (black, absence of fluorescence) to 255 nm (white, 
maximum fluorescence). The scale bar is in J.lm. 
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was noticed in sorne cases ( elaborated by arrows in the figure). 

Hence, these experiments demonstrated that Ry could generate spark-like 

transient nuclear Ca2
+ signais and waves in isolated nuclei. 

3.2 Regulation of nuclear calcium homeostasis independently of cytosolic 

calcium 

In the previous sections we showed that spark and puff-like Ca2
+ signais and 

Ca2+ waves can be generated in the nucleus, both spontaneously and with stimulation 

by several factors such as ET-1, IP3 and Ry. These interventions were done in 

preparations where the nuclei are bathed in a "cytosol-like" ionie environment, i.e. 

containing Ca2
+ in concentrations similar to the cytosol. Hence, it was demonstrated 

that nuclear Ca2+ signais can be generated in presence of cytosolic Ca2
+. In the 

present section we verified if nuclear Ca2+ signais can also be generated regardless of 

cytosolic Ca2+, i.e., in absence of any contribution from the cytosolic Ca2+. 

3.2.1 Generation ofnuclear Ca2
+ signais by ET-1 in absence of cytosolic Ca2

+ 

In a first series of experiments, nuclei were isolated from human fetal liver 

and loaded with the free Ca2
+ probe Fluo-4. At the end of the loading process, the 

nuclei were washed twice in stimulation buffer that lacked Ca2
+. Henceforth all the 

manipulations were done in a Ca2+ free environment. A rapid scan was done on 

samples from these nuclei, bathed in a Ca2+- free stimulation buffer, and ET-1 was 

used to genera te nuclear Ca2
+ responses. Figure 16 shows an example of this series of 

experiments (n = 5). As can be seen in the graphie tracing, addition of 10-ll M ET-1 
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Figure 16. Transient increase of nucleoplasmic Ca2
+ by ET-1 

stimulation in liver isolated nuclei suspended in Ca2
+ -free 

medium. 

Hepatic isolated nuclei were loaded with the free Ca2+ probe Fluo-4 
and afterwards suspended in a calcium-free buffer throughout the 
experiment. During a rapid-scan, upon a fust stimulation of a nucleus 
by 10-ll ET-1, as small Ca2+ response was observed (noted as 1). A 
second stimulation with ET -1 induced a global transient increase in 
nucleoplasmic calcium (noted as 2). The insets show the stimulated 
nucleus from different phases of the tracing. The pseudocolor bar 
represents fluorescence intensity according to an arbitrary scale from 0 
nm (black, absence of fluorescence) to 255 nm (white, maximum 
fluorescence). The scale bar is in jlm 
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to the extra-nuclear medium elicited a very minute Ca2
+ response (response number 

1 ), which would correspond to an elementary Ca2
+ signal, such as a few Ca2

+ puffs 

generated by the opening of a group of IP3Rs. However, a second stimulation with 

ET-1 ignited an augmentation ofnuclear fluorescence (response number 2), globally, 

which corresponds to increase in nuclear Ca2
+. It should be noted that this increase 

could be only due to release of Ca2
+ from intra-nuclear Ca2

+ stores, since these nuclei 

are bathed in a zero Ca2
+ solution. 

Henc_e, this series of experiments demonstrate that nuclear calcium transients 

can be generated in the nucleus independently of cytosolic Ca2
+, dependent on only 

nuclear Ca2
+ reserves. 

3.2.2 Presence of sub-nucleoplasmic Ca2
+ oscillations in isolated nuclei 

In the previous set of experiments, isolated nuclei bathed in Ca2
+ free medium 

were stimulated by ET -1 and demonstrated nuclear Ca2
+ signais. It was noticed, that 

in sorne of these nuclei, the nucleoplasm contained sorne bright loci, i.e. spots higher 

in fluorescence than the rest of the nucleoplasm. The fluorescence at these spots did 

not seem to be stable, but rather fluctuating. These spots were of interest, and were 

the subject of the next series of experiments. Figure 17 shows an example (n= 3). As 

can be seen in Figure 17 A, an isolated nucleus, bathed in a Ca2
+-free medium, was 

stimulated with 10-u M ET-1, and demonstrated a transient increase in nuclear Ca2
+, 

followed by a retum to basallevels. However, a close investigation of the succession 

of images captured in this Rapid scan shows, that sorne regions in the nucleoplasm 

had Ca2
+ levels different from the rest of the nucleoplasm. This can be clearly seen in 
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Figure 17. Presence of localized Ca2
+ activity in isolated nuclei 

stimulated by ET-1 in Ca2+-free medium. 

Hepatic nuclei were loaded with Fluo-4 and afterwards suspended in 
a calcium-free buffer throughout the experiment. During a Rapid
scan on a selected nucleus, stimulation by 10"11 ET-1 caused a 
transient increase in nuclear calcium (a). (b) represents a set of 
images of the same nucleus, captured after the fading of the Ca2

+ 

transient, over a period of 65 sec. A bright spot is seen at the left 
corner of the nucleoplasm, and seems to demonstrate repetitive 
fluctuations in fluorescence intensity, corresponding to localized 
Ca2

+ mobilization activity at this location. The pseudocolor bar 
represents fluorescence intensity according to an arbitrary scale from 
0 nm (black, absence of fluorescence) to 255 nm (white, maximuin 
fluorescence). The scale bar is in Jlm. 
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Figure 17B. This panel shows a set of consecutive images (duration ~ 65 sec.) of the 

nucleus in Figure 17 A, excerpted from the part of the total registered images that 

corresponds to the basal level reached after the peak. As can be observed, the 

distribution of Ca2
+ in the nucleoplasm was non-homogeneous, with a very bright 

spot at the lower left corner of the nucleoplasm (red arrow). Interestingly, 

fluctuations of fluorescence were observed at this spot, which could correspond to 

repetitive Ca2
+ puffs and/or sparks generated by activation of a group of Ca2

+ 

releasing channels in that locus. 

In order to better understand the nature of these fluctuations, a Line-scan was 

done, where we placed the line of scan exactly on the elevated fluorescence spot. 

Around 3000 line-scans were registered, and Figure 18 shows an example of this line 

of experiments (n = 3). Figure 18-B represents a 1500 line-scan segment (~3.7 sec) of 

the total xt frame captured at the scan line position in the nucleus of Figure 18-A. As 

can be seen in Figure 18-B, one spot on the horizontalline of the scan had a very high 

fluorescence, and the consecutive 3000 line scans registered at this line show, that 

the fluorescence at this spot fluctuates, in fact oscillates, seen as repetitive increases 

and decreases in fluorescence intensity, based on the scale bar provided. In order to 

better appreciate the characteristics of these oscillations, a topographical plot of 

fluorescence intensity was generated using the Surface-plot application of our 

analysis software. As can be, seen in Figure 18-C, oscillations of different amplitudes, 

fluorescence intensities and durations occur at the spot of the line-scan. This localized 

Ca2
+ repetitive signais probably correspond to localized Ca2

+ puffs and/or sparks, 

since at the beginning of the experiment this·nucleus was stimulated with ET -1. 
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Figure 18. Presence of Ca2
+ oscillations at a "hot-spot" in the 

nucleoplasm of isolated nuclei. 

The nucleus in Figure 17, still suspended in a Ca2
+ free medium, was 

subjected to aLine-scan with the scan line set to cross exactly at the 
observed location of the calcium activity "hot-spot" (A). The xt 

frame (B) captured over ~ 3.7 sec shows fluctuations of fluorescence 
intensity at the "hot-spot". The surface-plot of the xt frame (C) 
reveals the occurrence of numerous Ca2

+ oscillations at that locus. 
The pseudocolor bar represents fluorescence intensity according to 
an arbitrary scale from 0 mn (black, absence of fluorescence) to 255 
mn (white, maximum fluorescence). The scale bar is in IJ.m. 
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Keeping in mind that this whole experiment was done in a Ca2
+ free environment, 

our obtained results underline the fact that nuclear Ca2
+ puffs and/or sparks, 

sometimes even repetitive on es, can be generated independently of the cytosolic Ca2
+ 

contribution. 

3.3 Presence of ER-like and tubular structures in nuclei of h VSMCs and 

their detection by various approaches 

As detailed in the Literature Review, several reports suggest that reticular 

structures may exist in nuclei of certain cell-types,and that these structures would 

participate in nuclear Ca2+ signaling and homeostasis. Different groups and 

laboratories have used different experimental approaches and terminologies in 

describing these structures. In this section of this the sis, we tested the hypothesis that a 

reticular-like structure in the nuclei of h VSMCs and in isolated nuclei of human aorta 

and liver may exist and that they could be responsible for generation of nuclear Ca2
+ 

puffs and sparks, induced respectively by IP3R and RyR activation. Two ERJSR 

probes were used to study the presence of such nuclear structures. 

3.3.1 Detection of an ER-like structure in h VSMCs with ER-Tracker and 

Syto-11 

In order to investigate the existence of ER-like structures in the nuclei of 

hVSMCs, we used the ER!SR specifie probe ER-Tracker, and combined it with the 

nucleic acids stain Syto-11, in a double labeling study. Cultured hVSMCs are loaded 
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Figure 19. 

hVSMCs. 

Presence of ER-like structures in nuclei of 

The ER specifie probe ER-Tracker was used to study the presence of 
ER-like structures in the nucleus of intact hVSMCs. As the image of 
an h VMSC in panel (A) demonstrates, ER-Tracker shows 
fluorescence in the cytoplasm of the cell, which corresponds to the 
ER/SR of the cell, and also detects the presence of nuclear structures 
(red arrows). (B) shows the nucleoplasmic staining of the nucleus 
of the cell with the Syto-11 dye. Sorne regions in the nucleoplasm 
remain unlabelled, and present as black (red arrows). In (C), the 
merge of the ER-Tracker and Syto711 labeling, the blank regions 
observed in Syto-11 labeling correspond precisely with the nuclear 
structures detected with the ER-Tracker labeling. (D) is a grayscale 
presentation of the entire cell and helps to observe the dimensions of 
the cell. The scale bar is in !J.m. 

121 



122 



with ER-Tracker, as described in Materials and Methods and were visualized by the 

confocal microscope. Figure 19 shows an example of this series of experiments (n = 

21). AU the panels, except panel (d) present section images taken from the middle 

section of the seriai sections covering the entire volume of the hVSMC. The ER

Tracker label is presented in green (a), while the nucleic acids stain Syto-11 (b), 

labeling the nucleoplasm is presented in red. As can be observed, ER-Tracker (a) 

distributes diffusely in the cytosol and detects a structure, which corresponds to the 

ER/SR of the cell. The fluorescence of the probe used was elevated in an area just 

adjacent to the nucleus, a location where the ER/SR would be classically found. The 

nucleus itself appears blank (black color). In addition to this cytoplasmic label, the 

probe also detects sorne structures inside the nucleoplasm (red arrows), which look 

like fingerlike extensions abutted upon the nuclear envelope. Syto-1, shown in (b ), 

labels the nucleoplasm. However, as the arrows in (b) point out, sorne areas in the 

nucleoplasm remain blank (black color), which means that these regions were devoid 

of nucleic acids, or that these regions were inaccessible to the probe, because they are 

occupied by sorne structures. In ( c ), a merge of ER-Trac ker and Syto-11 is shown; it 

becomes clear, that the black regions observed in Syto-11 labeling correspond 

precisely to the nuclear structures detected with the ER-Trac ker, as if being "negative 

images". The grayscale image in (d) serves to show the entire size of the cell. 

The detection of ER-like structures in the nuclei of cells with an ER/SR 

detecting specifie probe allows us to suggest that these structures possess sorne 

ER/SR characteristics. This in tum paves the way for even the more intriguing 
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possibility that these structures could have sorne functional commonalities with the 

cell's ER/SR, for example conceming Ca2
+ homeostasis and classical ER/SR duties. 

3.3.2 Detection of ER-like structure in isolated aortic and hepatic nuclei with 

ER-Tracker and Syto-11 

In order to further shed light on the nature of the detected entities, we studied 

their presence in two types of isolated nuclei, starting with nuclei isolated from 

human aortic smooth muscle. The aortas were obtained and nuclei were isolated as 

described in the Materials and Methods. The samples were loaded with the ER

Tracker probe and visualized by the confocal microscope. Figure 20-A presents an 

example of this set of experiments (n = 14). As can be seen in the Section image, 

taken from the middle section of the nuclei, this probe detects the presence of sorne 

structures (red arrows) in the nucleoplasm. These structures are more evidently seen 

in the Top-view image, which, as explained previously, is a real 3D reconstruction 

utilizing the whole set of seriai sections covering the entire volume of the sample. 

The white arrows in this panel clearly identify the nuclear structures detected by this 

ER/SR specifie probe. Similar to the results obtained in intact h V SM Cs, these 

structures seem to be adjoined to the nuclear envelope membranes. Syto-11 is a label 

of nucleic ac ids in the nucleoplasm, and helps to delimit the nucleus. 

The same experimental approach was applied in nuclei isolated from human 

fetalliver hepatocytes. Figure 20-B provides an example of the results obtained (n = 

12). As can be seen in this preparation also ER-Tracker detected a nucleoplasmic 

structure, which is evidently seen in the real 3D reconstruction Top-view image 
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Figure20. Detection of ER-like nuclear structures in isolated hum an 

aortic and hepatic nuclei. 

Presence of ER-like structures in isolated human aortic and hepatic 
nuclei was studied by the ER-Tracker probe. The 3D-Top view image of 
two aortic isolated nuclei in (A) shows, that ER-Tracker detects several 
nuclear structures (white arrows), in addition to sorne labeling of the 
nuclear envelope membrane. The nuclear structures, which can be visibly 
seen also in the middle Section image (red arrows) of these aortic nuclei, 
seem to be in contact with the nuclear envelope membranes. In isolated 
hepatic nuclei (B), ER-Tracker detected structures similar to those of 
aortic nuclei. An ER-like nuclear structure, in contact from one side with 
the nuclear envelope membranes could be seen in the 3-D reconstruction 
top-view image (white arrows) and the middle Section image (red 
arrows) of the serial section recorded. Syto-11 detects the nucleic acids in 
the nucleus and is employed to delineate he nucleoplasm. The 
pseudocolor bar represents fluorescence intensity according to an 
arbitrary scale from 0 nm (black, absence of fluorescence) to 255 nm 
(white, maximum fluorescence). The scale bar is in !J.ID. 
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(white arrow) and in the single Section image (red arrow). In the case of hepatic 

nuclei too, this nucleoplasmic structure seems to be in contact with the nuclear 

envelope membrane. The Syto-11 labeling in both (A) and (B) was used to demarcate 

the nucleplasm. 

It should be noted, that in both preparations of isolated nuclei, the ER/SR 

specifie probe ER-Tracker also labeled sorne parts of the nuclear envelope. This is 

not totally unexpected, since the nuclear envelope is believed to be, by sorne reports, 

a continuation of the ER membranes (DINGWALL et al, 1992; ERICKSON et al, 

2006), as discussed in detail in the Literature Review section. 

3.3.3 Detection of nuclear tubular structures in h VSMCs with DiOC6 and 

Syto-11 

In order to further investigate the occurrence of ER-like nuclear structures in 

h V SM Cs, we employed another ER probe, the commonly used DiOC6. Cultured 

hVSMCs were loaded with this fluorescent probe as described above, and were 

observed by the confocal microscope. Figure 21 shows examples of single (DiOC6) 

and double (DiOC6 and Syto-11) label studies with this probe (n = 1 00). Panel (A) 

presents a 3D reconstruction Top-view image of a celllabeled with DiOC6. As can be 

noticed, the probe detects an extensive network typical of the VSMC ER/SR, which 

is, conventionally, disorganized and very extensive, with prominent presence in the 

vicinity of the nucleus. An important percentage of cells labeled with DiOC6 

exhibited, in addition to the reticular structure in the cytosol, similar structures in the 

nucleus too. The nuclear envelope membrane also seems to be labeled with DiOC6. 
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Panel (B), where a celllabeled with DiOC6 is illustrated in 3D Surface reconstruction 

form, gives an example of nuclear detection of tubular structures. The white arrows 

identify two structures in the nucleoplasm similar in form to those detected in the 

cytosol, in contact with the nuclear envelope. By virtue of the surface reconstruction, 

it is possible to notice that these fmgerlike nuclear structures are in fact tubular and 

possess volume. Panels C to E present an example of double labeling of h VSMC with 

DiOC6 and the nucleoplasrnic stain Syto-11. The three images are from the exact 

same middle section of the sample. In Panel C, DiOC6 detects, as in A and B, an 

extensive tubular structure in the cytosol, plus two nuclear tubular structures (red 

arrows) in the nucleus. Panel D represents the Syto-11 labeling of the nucleic acids. 

As the two white arrows point out, Syto-11 marks the whole nucleoplasm with the 

exception of two indentations, which seem to be devoid of any fluorescence. The 

merge of DiOC6 and Syto-11 labeling is shawn in Panel E. The juxtaposition clearly 

shows that the blank indentations seen in Syto-11 labeling correspond precisely to the 

nuclear tubular structures observed with the DiOC6 labeling, since there was no 

blending of the two co lors red and green at the locus of the two structures ( otherwise, 

a yellow color should have emerged). The conclusion that can be drawn from these 

observations is that these nuclear tubular structures, like their counterparts in the 

cytosol, occupy a volume in the nucleus, and that Syto-11 labeling can serve as a 

negative image for these structures. 
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Figure 21. Detection of nuclear tubular structures in intact h VSMCs 

using double labeling. 

The ER/SR probe DiOC6, along with Syto-11, detected the ER/SR of the 
hVSMCs and revealed the presence on nuclear tubular structures. (A) shows 
the Top-view 3-D image of a hVSMC labeled with DiOC6, which detects 
extensive tubular structures in the cytoplasm corresponding to the ER/SR. 
(B) Presents a 3-D surface reconstruction of another hVSMC, with two 
tubular structures in its nucleus (white arrows), and demonstrates that these 
structures indeed occupy a three dimensional volume inside the 
nucleoplasm. (C) to (E) show a middle section of a celllabeled with DiOC6 
and Syto-11. In (C), two visible tubular structures (arrows) extend to the 
interior of the nucleoplasm. The Syto-11 staining of the nucleoplasm (D) 
serves as a negative image of these structures, which appear as unlabelled, 
black indentations (white arrows). In the merge (E), the tubular structures 
and the black invaginations completely juxtapose. The scale of white bar is 
mJ.Lm. 
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3.3.3.1 Morphological diversity of the nuclear tubular structures 

The nuclear tubular structures detected by DiOC6 in hVSMCs were noticed to 

be of various morphological forms and shapes. Figure 22 gives examples of the 

diverse nuclear tubular structures' types (n = 1 00). The h VSMC in (A) possesses, in 

its nucleus, a very short tubular structure, in contact with the nuclear envelope 

membrane. Notably, at its free edge, this structure seemed to be branching into two 

daughter arms. Sorne tubular structures seemed to extend beyond the peripheral 

neighborhood of the nucleoplasm. This intermediate or medium length structures (B) 

usually travelled half-way through the nucleoplasm, sometimes reaching the midpoint 

of the nucleus. On the other hand, panel (C) shows a cell that possesses two long 

tubular structures in the nucleus. Similar to the short and intermediate structures, both 

of the structures in (C) appeared in connection with the nuclear envelope from one 

side. However, a certain percentage of cells labeled by DiOC6 demonstrated nuclear 

tubular structures that were transverse. Panel (D) shows an example. As can be 

noticed in the cell at the left, a tubular structure in contact with cytosolic tubular 

structures crosses the entire nucleus, originating at one side of the envelope, and 

joining the envelope on the opposite side. Furthermore, several dots could be noticed 

in the same nucleus. These dots (red arrows) were revealed to be vertical nuclear 

tubular structures, which, due to the angle of the seriai sectioning of the cell, would 

appear as points rather than as tubular extensions. On the other hand, sorne cells 

contained more than one type of nuclear tubular structures. The cell on the right in 

panel (D) is an example, where a short and an intermediate structure can be 

distinguished. 
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Figure 22. Morphological diversity of nuclear tubular structures. 

Labeling of h V SM CS with DiOC6 revealed the presence of different 
kinds of nuclear tubular structures. The length of these structures was 
found to vary between short (A), intermediate (B) and long (C). Sorne 
tubular structures were transverse (D), completely crossing the nucleus 
from one side to the other, while others showed branching arms (A). 
Furthermore, sorne nuclear tubular structures were vertical in orientation 
(D). The pseudocolor bar represents fluorescence intensity according to 
an arbitrary scale from 0 nm (black, absence of fluorescence) to 255 nm 
(white, maximum fluorescence). The scale bar is in J.lm. 
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3.3.4 Absence of nuclear tubular structures in isolated nuclei 

After validating the presence of nuclear tubular structures m h VSMCs, 

detectable by the ER/SR probe DiOC6, we investigated the presence of these 

structures in nuclei of h V SM Cs, isolated from human aortas. After the completion on 

isolation process according to the protocol described above, the aortic nuclei were 

loaded successively by DiOC6 and Syto-11. Figure 23A shows an example of this 

series of experiments (n = 14). As can be seen in A-a, the 3D reconstruction Top

view image of the DiOC6 labeling showed fluorescence mainly on the nuclear 

envelope. No tubular structures were visible in the nucleoplasm, contrary to what was 

observed in intact hVSMCs. At the level of sections (A-b represents the middle 

section of the sample ), browsing through the registered seriai sections one by one too 

did not reveal presence of any tubular structures in the nucleus. A-c represents the 

nucleic acids staining by Syto-11. Contrary to what was seen in nuclei of intact cells, 

no blank indentations were found, which otherwise would indicate the negative image 

of nuclear tubular structures. 

In order to further investigate the disappearance of nuclear tubular structures 

from nuclei of cells, we also used nuclei isolated from human liver hepatocytes. 

Figure 23-B represents a sample from this series of experiments (n = 13). Similar to 

the results obtained in isolated aortic nuclei, in hepatic nuclei DiOC6 showed sorne 

fluorescence on the nuclear envelope, without any distinct labeling of nucleoplasmic 

structures, as can be observed in the 3D reconstruction Top-view image in B-a. The 

absence of nuclear tubular structures from hepatic isolated nuclei was confirmed 

when we examined the individual sections covering the entire volume of the nuclei 
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Figure 23. Absence of nuclear tubular structures in isolated 

nuclei. 

Nuclei, isolated from human aortas (A) and liver (B), were labeled 
with DiOC6 and Syto-11, to study the presence of nuclear tubular 
structures. As the Top-view 3D reconstruction images of aortic and 
hepatic nuclei in A-a and B-a respectively show, DiOC6 showed sorne 
fluorescence associated to the nuclear envelope in these samples, 
however, no nuclear tubular structures could be detected in the 
nucleoplasm. Images of the middle sections in A-b and B-b confrrm 
the absence of nuclear tubular structures. Syto-11 labeling of these 
nuclei (A-c and B-e) does not reveal the negative image of nuclear 
tubular structures. The pseudocolor scale represents the fluorescence 
intensity according to an arbitrary scale from 0 nm (black, absence of 
fluorescence) to 255 nm (white, maximum fluorescence). The scale of 
white bar is in flill. 
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(B-b shows the middle section of the entire series). Furthermore, the labeling of the 

nucleoplasm by the nucleic acids stain Syto-11 does not reveal any blank, unlabelled 

indentations, which would otherwise expose the negative image of the nuclear tubular 

structure. Hence, similar to the isolated aortic nuclei, hepatic nuclei too were devoid 

of any nuclear structures post isolation. The disappearance of the nuclear tubular 

structures detected by the ER/SR probe DiOC6 raised questions about the 

physiological roles ofthese structures and the necessity oftheir presence. 

3.3.5 Preservation of nuclear tubular structures after sarcolemma 

membrane perforation 

Our results obtained in the prev10us sections showed, that while intact 

h VSMCs contain tubular structures in their nuclei, these structures are absent in 

nuclei isolated from the same tissue as the cells. In order to better understand this 

intriguing phenomenon, we studied the retention of the nuclear tubular structures in 

conditions of sarcolemma membrane perforation, given the fact that disruption of the 

cell membrane is one of the first steps of nuclear isolation. The samples were 

prepared as described above, and were loaded with Fluo-3 as a reporter of successful 

perforation, which was achieved utilizing Ionomycin. After perforation, the cells were 

loaded with DiOC6 and eventually with Syto-11, in a triple label study along with 

Fluo-3. Figure 24 demonstrates an example of this series of experiments (n = 3). All 

the panels in this figure present the middle section of the sample. (A) shows the Fluo-

3 labeling of the free Ca2
+ in the cell, and is used as control and hence this image is 

registered before perforation. After perforation another image is registered (B) to 
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Figure 24. Retention of nuclear tubular structures after 

sarcolemma perforation. 

Presence of nuclear tubular structures was studied in Ionomycin
perforated h VSMCs. Intact h V SM Cs were loaded with free 
calcium probe Fluo-3, which served as a control and a reporter of 
perforation (A). After perforation and stabilization (B), the cell was 
loaded with the ER/SR probe DiOC6 (C), which could still detect 
the presence of nuclear tunnels (arrows), similar to the orres 
observed in intact h VSMCs. (D) shows the nucleoplasrnic staining 
with Syto-11. The pseudocolor scale represents the fluorescence 
intensity according to an arbitrary scale from 0 nm (black, absence 
of fluorescence) to 255 nm (white, maximum fluorescence). The 
sc ale of white bar is in Jlm. 
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insure that the perforation was successful (an increase in cytosolic Ca2
+ is noticed at 

first, followed by equilibration with the bathing medium, and return of cytosolic Ca2
+ 

fluorescence to basal levels) and to verify if the nuclear envelope remained intact, 

evidenced by the absence of fluorescence changes in the nucleoplasm, as can be 

seenin (B). Panel (C) represents the DiOC6 labeling after perforation. As can be 

noticed, the distribution of DiOC6 in the cytosol has lost its tubular feature and is 

diffuse, which is probably due to the Ionomycin intervention. However, two nuclear 

tubular structures could still be seen in the nucleoplasm (arrows). Panel (D), in 

grayscale, represents the Syto-11 labeling of the cell nucleic acids and helps to 

delineate the nucleus and reveal the cell size. 

Our results in this series of experiments confrrm that even in condition of at 

least partial disruption of the sarcolemma membrane and probably sorne of the 

cytosolic architecture, nuclear tubular structures are still retained. Therefore, the 

disappearance of these structures, as seen in isolated nuclei, seems to occur after the 

complete disruption and digestion of ali the sarcolemma and the cytosolic 

components. 

3.4 Discrimination between ER-like nuclear structures and nuclear 

tubular structures in h VSMCs 

In the previous sections, we used two ER/SR probes, and we demonstrated 

that ER-like structures and nuclear tubular structures exist in the nuclei of intact 

hVSMCs. The first probe, ER-Tracker, showed a diffuse fluorescence in the cytosol, 

with sorne concentration in the vicinity of the nucleus, which corresponds to the 
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ERJSR fluorescence. At the same time it detected the presence of a nuclear structure. 

On the other hand, the second probe, DiOC6, detected an extensively tubular structure 

in the cytoplasm and tubular extensions in the nucleus. ln the present series of 

experiments, we employed various experimental approaches to further characterize 

the two nuclear entities described above, to underline sorne of the common features 

that they may possess, and to highlight those which would differentiate them. 

3.4.1 Dete ction of nuclear ER-like structures and nuclear tubular 

structures in hVSMCs: co-localization and exclusion 

In a first series of experiments, we sought to address the question if the two 

ERJSR probes used ER-Tracker and DiOC6 were detecting the same or different 

structures, keeping in mind that while the cytosolic fluorescence distribution of the se 

two probes was obviously different, their nuclear fluorescence components displayed 

sorne similarity. Therefore we combined these two probes with the nucleic acid stain 

Syto-11, in a triple labeling study in h V SM Cs. Figure 25 presents an example of this 

line of experimentation (n = 4). Ali the panels represent the middle section from the 

seriai scan covering the entire volume of the cel!. Panel (a) shows the ER-Tracker 

labeling in this hVSMC. Similar to the results obtained in Chapter 3.3.1 (Figure 19), 

ER-Tracker fluorescence was distributed in a diffuse fashion in the cytoplasm, with a 

heavier concentration in the vicinity of the nucleus, where the ERJSR is classically 

situated. Furthermore, two nuclear structures were detected: a very long, vertical one, 

and a short one on the left (arrows). Panel (d) is the red monochromatic image of (a) 

and is to be used in merge. On the other hand, DiOC6, similar to the results in Chapter 
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Figure 25. Detection of the nuclear structures with ER Tracker, DiOC6 and 

Syto-11 in hVSMCs. 

Triple labeling with ER-Tracker, DiOC6 and Syto-11 was carried out in intact 
hVSMCs. Panels (a) and (d) represent the ER-Tracker labeling in pseudocolor 
and monochromatic red· respectively. The probe showed marked ER/SR 
fluorescence in the vicinity of the nucleus. Two ER-like nuclear structures can 
be observed in the nucleoplasm (red arrows). Panels (b) and (e) represent the 
labeling with DiOC6 in pseudocolor and monochromatic green respectively. This 
probe detects the cytosolic ER/SR network, in addition to a nuclear tubular 
structure (red arrow). Panel ( c) shows the Syto-11 labeling of the nucleoplasmic 
nucleic acids. Panel (f) represents the superposition (merge) of ER-Tracker (d) 
and DiOC6 (e). The resultant yellowish color represents regions of co
localization. Panel (g) represents the merge of the 3 probes. The yellow arrows 
in (a) and (b) pinpoint mark the stem of the nuclear structures. The pseudocolor 
scale represents the fluorescence intensity according to an arbitrary scale from 0 
nm (black, absence of fluorescence) to 255 nm (white, maximum fluorescence). 
The scale of white bar is in J..Lm. 
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3 .3 .3 (Figure 21 ), detected an extensive tubular network in the cytosol, and a tubular 

structure in the nucleus (red arrow). Panel (e), in green monochromatic image, is the 

same image as that of (b) and is to be used in merge. In its tum, Syto-11 as usual 

labeled the nucleoplasm (Panel c). The distributions of the probes' cytosolic 

fluorescence in (a) and (b) are quite different. On the level of the nucleus, both probes 

seem to label the nuclear envelope. In case of the nuclear structures detected in these 

figures, although both probes would seem to detect one vertical long structure in the 

nucleoplasm, a close examination would in fact reveal that each probe detects 

differently these structures. For example, the points of origin of the central nuclear 

structure in (a) and (b) are different (yellow arrows).While the structure in (b) starts 

from central point beneath the nuclear envelope on the top of the nucleoplasm, the 

point of origin of the ER-Tracker detected nuclear structure in (a) is tilted to the left. 

Furthermore, a second, smaller nuclear structure could be seen in (a) (red arrow on 

left). This contrast of the two observed structures in (a) and (b) even becomes clearer 

when we consider the merge (f) of the ER-Tracker (d) and DiOC6 (e) labelings. As 

can be seen, in the cytosol the co-localization of the two labels is quite important, and 

it appears in a yellowish color. However, the co-localization in the nucleus is limited 

to sorne parts of the nuclear structure, and individual red and green monochromatic 

colors are evid~nt. Panel (g) presents the double label image of (f), to which is 

juxtaposed the Syto-11 labeling in blue. Hence, the two nuclear structures detected 

by ER-Tracker and DiOC6 in the h V SM Cs seem to be dissimilar to sorne extent. 

However, these two structures can co-localize at a certain level, which means they 

can share sorne common characteristics. 
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Taking into consideration these observations, we also investigated to what 

extent the structures detected by ER-Tracker and DiOC6 are mutually inclusive in 

their cytosolic and nucleic portions of fluorescence. In order to achieve this goal, a 

double labeling study was done with ER-Tracker and DiOC6. Figure 26 shows an 

example of this series of experiments (n = 4). All6 panels present 3D reconstruction 

Top-view images of the studied samples. Panel (a) represents the ER-Tracker 

labeling of the h VSMC, where, in addition to the classic cytosolic labeling, two 

nuclear structures can be clearly observed. Panel (b) is the red monochromatic image 

of (a). The Di0C6 labeling is shown in panels (c) (pseudocolor) and (d) 

(monochromatic green), where detection of the cytosolic ER/SR network is obvious, 

in addition to several nuclear tubular structures. Panel (f) shows the merge of the two 

probes. As it is evident, the co-localization of the two probe's fluorescence in the 

cytoplasm is prominent, with most of the DiOC6 label contained in the ER-Tracker 

label. As the inset in panel (f) reveals, co-localization is limited at the level of nuclear 

structures. Panel (e) presents the resultant of subtraction of the DiOC6 labeling from 

the ER-Tracker labeling. Since the result of this deduction in the cytosol was not 

equivalent to black (zero fluorescence), the ER- Tracker fluorescence seems to 

comprise the DiOC6labeling, i.e. ER-Tracker labels structures that are detected by the 

DiQC6, but also sorne entities not detected by the latter. On the other hand, 

inspecting the nuclear portion of the subtraction, we can confmn that removing the 

DiOC6 from ER-Tracker had a similar affect on the nuclear ER-Tracker labeling, and 

that the ER-Tracker-detected ER-like structures can still be partially seen. In fact, the 

two nuclear structures seen by ER-Tracker in Panel (a) can still be seen in Panel (e). 

This confirms our above stated observation, that the nuclear structures detected 
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Figure 26. Differentiation between ER-like nuclear structures and 

nuclear tubular structures in hVSMCs: superposition and subtraction. 

Double labeling with ER/SR probes ER-Tracker and DiOC6 was performed, 
where co-localization and subtraction of fluorescence was carried out. Panels 
(a) and (b) represent the ER-Tracker labeling in pseudocolor and 
monochromatic red respectively. In addition to the cytosolic fluorescence, 
two nuclear structures can be observed in the nucleoplasm (red arrows). 
Panels (c) and (d) represent the labeling with DiOC6 in pseudocolor and 
monochromatic green respectively. In addition to the cytosolic ER/SR 
network, several nuclear tubular structures are evident (red arrows). Panel (f) 
represents the superposition (merge) of the two probes (b) and (d). The 
resultant yellowish color represents regions of co-localization in the cytosol 
and the nucleus. Panel (e) represents fluorescence subtraction of the DiOC6 
labeling (c) from the ER-Tracker labeling (a). In the nuclear portion of the 
deduction, the original ER-Tracker detected structures in (a) can still be 
partially seen (red arrows). The pseudocolor scale represents the fluorescence 
intensity according to an arbitrary scale from 0 nm (black, absence of 
fluorescence) to 255 nm (white, maximum flu<?rescence). The scale of white 
bar is in ~J.m. 
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by these two probes are different. Our double and triple labeling studies with ER

Tracker and DiOC6, with the assistance of the merges and the subtractions, lead us to 

suggest that in the cytosol and in the observed nuclear structures, the entities detected 

by these two probes share a common component, with ER-Tracker detecting almost 

ali ofthe DiOC6's detected structure, in addition to sorne additional structure(s). 

3.4.2 Discrimination between nuclear ER-like and tubular structures 

utilizing Ca2
+ -Orange 

In the prevwus section, we used an approach which consisted of triple 

labeling combined with merge and subtraction of fluorescence, in order to distinguish 

between two structures, which appear to partially co-localize, and which can be 

detected by fluorescence probes with similar features regarding their recognition of 

organelles. In the current section, we employ a Ca2+ probe, Ca2+- Orange, in order to 

further differentiate between the aforementioned structures in the nucleus of 

hVSMCs. 

3.4.2.1 Labeling of h VSMCs with Ca2
+- Orange 

Before embarking on utilization of this probe in combination with other 

probes, we tested its feasibility in our samples, and Figure 27 shows an example of 

single labeling of h VSMCs with Ca2+- Orange (n = 6). As can be seen in the middle 

Section image excerpted from the series of sections covering the entire volume of the 

ce li, Ca2
+- Orange seems to be distributed in the cell cytosol in a disorganized 

network fashion. The nucleoplasm does not seem to be labeled; however, severa! 
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Figure 27. 

Orange. 

Detection of cytosolic and nuclear structures by Ca2
+-

hVSMCs were labeled with the calcium probe Ca2
+- Orange and mounted 

for observation by the Confocal microscope. As can be seen in (a), a 
middle Section image of the cell, Ca2

+- Orange detects an unorganized 
network in the cell cytoplasm, with no fluorescence observed in the 
nucleoplasm. Several tubular structures are present in the nucleus (red 
arrows). The Syto-11 labeling (b) reveals the "negative image" of the 
nuclear structures in the nucleoplasm. The merge of (a) and (b) reveals, 
that the nuclear tubular structures detected by Ca2

+- 0 range and their 
"negative images" juxtapose precisely (c). The grayscale image in (d) 
helps to delineate the borders of the cell and illustrate its true dimensions. 
The pseudocolor scale represents the fluorescence intensity according to 
an arbitrary scale from 0 nm (black, absence of fluorescence) to 255 nrn 
(white, maximum fluorescence). The scale ofwhite bar is in !J.m. 
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tubular structures can be seen in the nucleus (red arrows). The nucleoplasmic labeling 

by the nucleic acids probe Syto 11 in (b) reveals the "negative" image of these 

structures, which appear as blank (zero fluorescence) indentations in the nucleoplasm 

(red arrows). The merge of (a) and (b) reveals, that the nuclear tubular structures 

detected by Ca2
+- Orange and their "negative images" from (b) juxtapose 

precisely,indicating that these structures in indeed occupy a certain volume and space 

in the nucleoplasm. The grayscale image in (d) reveals the total volume ofthis cell. 

Ca2+- Orange is a well known Ca2+ probe, which binds Ca2+ (SHARON

FRILING et al, 2006). However, in our samples, the distribution of this probe seemed 

to be quite different from other Ca2
+ probes we regularly and frequently use in our 

laboratory, such as Fluo-3 and Fluo-4. None of these two have ever showed tubular 

distribution in h V SM Cs and other cell types. Figure 28 shows a triple labeling study 

of Fluo-3, Ca2
+- Orange and Syto-11 (n = 3) and it helps to see the clear contrast 

between these two Ca2
+ probes' distribution in intact hVSMCs. Panel (a) shows the 

distribution of Fluo-3 ·in an h V SM Cs and it appears to be evenly dispersed in the 

cytosol, with elevated fluorescence observed in the nucleus. Ca2+- Orange (b) on the 

other hand, seems to be distributed in a disorganized network and patchy fashion, 

though in this sample this probe's network-like distribution seems less evident than 

the single labeled sample in the previous figure. This phenomenon is sometimes seen 

when more than one probe, each with unique requirements of loading, are combined 

in one study. However, in the nucleus of (b)~ Ca2
+- Orange still detects a tubular 

structure (red arrow). The first portion of this nuclear structure can be seen as 

negative image in the Syto-11 labeling ofthe nucleoplasm (c). Panels (d) and (e) 
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Figure 28. Triple labeling of h VSMCs with Ca2
+ -Orange, Fluo-3 

and Syto-11. 

A triple labeling of Fluo-3, Ca2+ Orange and Syto-11 was carried out in 

hVSMCs. As can be seen in these middle Section images, Fluo-3 (a) 
distributes fairly homogeneously and detects Ca2+ in the cell cytoplasm 
and nucleus. Ca2

+ Orange (b) detects a filamentous structure in the 
cytoplasm and a tubular structure in the nucleoplasm. The negative image 
of this nuclear structure is visible in ( c ), the Syto-11 labeling. U sing ( d) 
and (e), the monochromatic images (a) and (b), a merge of the two probes 
is generated and presented in (f). The pseudocolor scale represents the 
fluorescence intensity according to an arbitrary scale from 0 nm (black, 
absence of fluorescence) to 255 nm (white, maximum fluorescence). The 
scale of white bar is in ~J.m. 
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represent the monochromatic images of Panels (a) and (b), and are used to generate 

the merge of the Fluo-3 and Ca2+-0range labeling (f). As can be seen in this panel, 

although Fluo-3 and Ca2+- Orange co-localize to sorne extent (orange, yellowish 

color), their distribution in hVSMCs was different. Since we have used Fluo-3 in this 

and previous studies to study Ca2+ mobilization, it was legitimate to consider, that 

Fluo-3 detects free and mobilizable Ca2+. Ca2+ Orange on the other hand, seems to be 

more compartmentalized and detected in disorganized network structures in the cell 

cytosol and tubular structures in the nucleus, leading us to conclude that it likely 

detects Ca2+ ions associated with structures. The resemblance of the structures 

detected by Ca2+- Orange to those detected by DiOC6 and ER-Tracker led us to do 

triple and quadruple studies bringing together these probes. 

3.4.2.2 Detection of nuclear tubular structures in h VSMCs with Ca2
+-

Orange, DiOC6 and Syto-11 

Based on the results obtained in the previous section, and in order to verify if 

the Ca2+ detected in tubular fashion with Ca2+- Orange is associated with the tubular 

structures detected with DiOC6, a triple labeling was done in h VSMCs combining 

these two probes with Syto-11. Figure 29 shows an example of this series of studies 

(n = 4). As can be seen in Panel (a), DiOC6, as previously, detects a network in the 

cytosol corresponding to the ER/SR, in addition to nuclear tubular structures (red 

arrows). Ca2+-0range (b), detects a network structure in the cytosol, along with 

nuclear tubular structures in the nucleoplasm (red arrows). Panel (c) shows Syto-11 

labeling of the nucleoplasm, and as the red arrow points out, blank, near black 
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Figure 29. Triple labeling of h VSMCs with Ca2
+ -Orange, DiOC6 

and Syto-11 . 

In order to verify the association between DiOC6 and Ca2+-0range 
detected structures, a triple labeling of these two was performed along with 

Syto-11. Panel (a) shows detection of cytosolic and nuclear tubular (red 
arrows) structures by DiOC6. Similar structures are detected by the Ca2+-

0range probe too (b ). Panel ( c) shows the nucleoplasmic labeling with 

Syto-11, which also reveals indentations in the nucleoplasm (red arrow). 
Using the red (d) and blue (e) monochromatic images of (a) and (b) 

respectively, the merge of two probes is generated, shown in (f), which 

illustrates the co-localization (magenta/purple) between the two probes, at 
both cytosolic and nuclear levels. (g) combines the three probes, and 
shows that the detected nuclear tubular structures juxtapose with the 

indentations observed with Syto-11. The grayscale image in (g) serves to 

define the entire size of the cell. The pseudocolor scale represents the 
fluorescence intensity according to an arbitrary scale from 0 nm (black, 
absence of fluorescence) to 255 nm (white, maximum fluorescence). The 

scale of white bar is in ~-tm. 
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indentations can be seen, which seem to be "negative images" of the tubular 

structures in (a) and (b). Panels (d) and (e) are the monochromatic images of the ones 

in (a) and (b), and are utilized for generating the merge of DiOC6 and Ca2+-0range 

labeling shown in (f). It is obvious that the magenta/purple color, which results from 

the mix or co-localization of red (DiOC6) and blue (Ca2+-0range), predominates in 

Panel (f), both in the cytosolic, and nuclear structures. However, a close examination 

would show, that sorne blue, and certainly sorne red, still exist, which indicates that 

the co-localization of the two probes, although it is quite important in extent, it is not 

100 percent. In Panel (g), the Syto-11 labeling is added to (f), and it becomes clear, 

that the nuclear tubular structures juxtapose with the indentations of Syto-11. In its 

turn, Panel (h) in grayscale illustrates the entire cell, revealing its dimensions 

completely. 

What we observed in this series of experiments was the co-localization, to an 

important extent, of DiOC6, and hence ER/SR and nuclear tubular structures, with 

Ca2+-0range, hence Ca2+. It is a canonical fact that the ER/SR contains Ca2+. Our 

results suggest that the tubular structures seen in the nucleus can contain Ca2+ too. 

Obviously, if these nuclear structures do contain Ca2+, than that would raise the 

question about their role in the nucleus and in nuclear Ca2+homeostasis in particular. 

3.4.2.3 Detection of nuclear structures in b V SM Cs witb Ca2+- Orange, ER-

Tracker and Syto-11 

After establishing that cytosolic and nuclear tubular structures detected by 

DiOC6 and Ca2+- Orange co-localize, and stating that this might translate into 
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association of Ca2+ with the nuclear tubular structures, we embarked on studying 

whether a similar relationship could exist between the ER-Tracker detected ER-like 

structures and the Ca2+- Orange detected tubular structures. Figure 30 presents an 

example of a series of experiments (n = 3), where we combined the above 

aforementioned two probes with Syto-11, in a triple labeling study in h V SM Cs. As 

Panel (a) demonstrates, ER-Tracker, similar to our results reported in Section 3.1.1, 

detects a structure in the cytosol that corresponds to the ER/SR, and also detects an 

ER-like structure in the nucleoplasm (red arrow). In its turn, Ca2+- Orange (b) detects 

a tubular structure in the cytosol, in addition to a network structure on the nucloplasm 

(red arrow). Syto-11 in ( c) marks the nucleoplasm, however it shows sorne 

indentations which appear almost black, or at least darker than the rest of the 

nucleoplasm (red arrows). Using the blue (d) and red (e) monochromatic images of 

(a) and (b) respectively, the merge of ER-Tracker and Ca2+-0range is generated, 

shown in (f). As can be assessed from this image, a certain degree of co-localization 

exists between these two probes, and it cornes out as magenta/purple. However, the 

blue color, i.e. ER-Tracker labeling, is thoroughly evident especially in the cytosol, 

with lesser levels of un-colocalized label in the nuclear structure. Renee, only a 

partial co-localization exists between these two labels. Panel (g) is the triple labeling, 

where we can notice that the blank indentations juxtapose to the nuclear structures 

detected by both of the other two probes. Finally, the grayscale image in (h) helps to 

de fine the boundaries and the dimensions of the en tire cell. 

The conclusion that we draw from this series of experiments is that ER

Tracker and Ca2+-0range partially co-localize. This translates into partial co-
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Figure 30. Triple labeling of hVSMCs with ER-Tracker, Ca2+-

0range, and Syto-11. 

Triple labeling of cells was performed combining these two probes with 

Syto-11. All images present middle sections, except panel (h), which 
presents a 3D reconstruction. ER-Tracker in Panel (a) detected the 
ER/SR ofthe hVSMC, in addition to an ER-like structure in the nucleus 
(red arrows). Ca2

+ Orange in Panel (b) detected a structure in the 

cytoplasm, and a nuclear tubular structure (red arrow). Syto-11 labeling 
in Panel ( c) and reveals the presence of sorne black indentations 

penetrating into the nucleoplasm. Using the monochromatic images (d) 

and (e) of the 2 probes, a merge is generated and presented in Panel (f), 

which demonstrates the degree of co-localization (magenta/purple) 
between the two probes. The triple labeling (g) combines all the 3 
probes and confmns that the "negative image" indentations seen with 

Syto-11 belong to the nuclear structures revealed by the other two 

probes. I?e color merge guide of blue, green and red helps to 
differentiate between different colors' merges. The pseudocolor scale 

represents the fluorescence intensity according to an arbitrary scale 

from 0 mn (black, absence of fluorescence) to 255 mn (white, 
maximum fluorescence). The scale of white bar is in !J.ID. 
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localization of the ER/SR and the ER-like structure in the nucleus on one hand, and 

the Ca2+ detected by the Ca2+ probe on the other. Since ER-tracker is an ER specifie 

probe, it is expected that it contains Ca2+, which we detected in our experinients. On 

the other hand, co-localization of ER-Tracker and Ca2+- Orange at the nuclear level 

suggest that the ER-Tracker detected ER-like nuclear structure rnight contain Ca2
+. 

It is noteworthy that the ER-Tracker-Ca2+-0range co-localization was less 

than that seen between DiOC6 and Ca2+-0range, where there was near complete co

localization. This fact serves to strike another difference between the ER-Trac ker 

detected ER-like structures, and the DiOC6 detected cytosolic and nuclear tubular 

structures. In fact, the next series of experiments serve to verify this exact point. 

3.4.2.4 Quadruple labeling of h VSMC with ER-Tracker, Ca2
+- Orange and 

DiOC6, and Syto-11 

After elucidating the extent of association between the Ca2+ probe Ca2+-

0range and each of DiOC6 and ER-Tracker, bath being ER/SR probes, we brought 

together all these probes, along with Syto-11, in a quadruple label study. Figure 31 

shows one example of this series of experiments (n = 4). As Panel (a) shows, ER

Tracker, sirnilar to previous experiments, detected a structure in the cytosol 

corresponding to the ER/SR, in addition to a nuclear structure (red arro~). Ca2+-

0range (b) and DiOC6 (c) bath detected a tubular structure in the cytosol, and a 

nuclear tabular structure (red arrows). Syto-11 in (d) shows the labeling of the 

nucleoplasm, where the negative image of a nuclear structure seems to be present (d). 

Using the monochromatic images (e), (f) and (g) ofER-Tracker, Ca2+-0range and of 
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Figure 31. Quadruple labeling ofhVSMCs with ER-Tracker, Ca2
+-

0range, DiOC6 and Syto-11. 

ER-Tr~cker, Ca2
+ Orange, DiOC6 and Syto-11 were combined in a quadruple 

labeling study in h VSMCs. All images present middle sections, except panel 
(h), which presents a 3D reconstruction Top-view image. ER-Tracker detects 
a structure in the cytosol, corresponding to the ER/SR, and also an ER-like 
structure in the nucleus (red arrows)(Panel (a)). Ca2+ Orange (b) detected a 
structure in the cytoplasm, and a nuclear tubular structure (red arrow). DiOC6, 
also detected tubular structures both in the cytosol and the nucleus (red 
arrow) ( c ). Syto-11 labeling of the nucleoplasm is shown in Panel ( d), which 
reveals the negative image of a tubular structure in the nucleoplasm. Using 
the monochromatic blue (e), red (f) and green (g) images of (a), (b) and (c) 
respectively, the merge of the 3 probes is generated and presented in Panel 
(h). Based on the color merge guide, it is evident that a certain degree of co
localization (white, whitish colors) exists between the three probes. Co
localization in the nuclear structure seems to be limited. The grayscale image 
in (i) shows the entire size of the cell and defines its boundaries. The color 
merge guide of blue, green and red helps to differentiate between different 
colors' merges. The pseudocolor scale represents the fluorescence intensity 
according to an arbitrary scale from 0 nm (black, absence of fluorescence) to 
255 nm (white, maximum fluorescence). The scale of white bar is in !J.m. 
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DiOC6 respectively, a merge of the 3 probes was generated, presented in (h). By 

referring to the colors merge guide on the right, we can note that the white color 

indicates co-localization of the three probes, mostly in the cytosol, and to a small 

extent (red arrow) in the nuclear structure. In the cytosol, sorne areas of pure blue are 

noticed too. Panel (i) represents a grayscale image of the cell, and helps to delineate 

the limits of the cell. 

In the previous sections, we have shown that the ER-Tracker and DiOC6 

detected structures which co-localize mainly in the cytosol, and to a lesser extent in 

the nucleus (Section 3.4.1). We have also shown that the ER-Tracker and DiOC6 

detected that structures can be associated with Ca2
+, since they partially colocalized 

with Ca2+- Orange fluorescence. The results in the present section consolidated the se 

fmdings. As we saw, there proved to be a co-localization of the three probes in the 

cytosol (in addition to sorne singular blue-ER-Tracker label), which points to the 

ER/SR. However, there was very limited white color, i.e. co-localization of the 

fluorescence from the three probes, in the nucleus. 

Hence, in conclusion of these several lines of experimentation, it appears that 

two structures can be detected in the nucleus. Each of these structures can contain 

Ca2
+ and hence be involved in functions emanating from that possession. 

3.4.3 Pr esence of Ca2
+ -ATPase pumps on nuclear ER-like nuclear structure 

and nuclear tubular structures 

As the previous sections have demonstrated, ER-like nuclear structure and 

the tubular nuclear structures seem to share sorne common characteristics. One such 
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feature could be possession of Ca2+ -A TPase pumps, given the fact that the nuclear 

ER-like structure seems to resemble the ER/SR, and the nuclear tubular structures 

seem to be extensions of the nuclear envelope. As mentioned in the Literature 

Review, Ca2+ pumps are localized both on the ER/SR (EBASHI et al, 1962; 

EGGERMONT et al, 1988) of cells and the nuclear envelope (KULIKOV A et al, 

1982; NICOTERA et al, 1989), and work to pump Ca2
+ ions into the ER/SR lumen 

and the perinuclear space respectively. Hence, we investigated the presence of these 

pumps in hVSMCs, utilizing confocal microscopy and the compound Bodipy-TX

Thapsigargin, which ·is composed of the blocker of Ca2
+ pumps, Thapsigargin, and 

the fluorescent probe Bodipy. Figure 32 ill ustrates an example of this series of 

experiments (n = 7), where two samples (A and B) are shown. As can be seen in the 

middle Section image of sample A, Bodipy-Tx-Thapsigargin shows a prominent 

cytosolic fluorescence, with elevated levels concentrated next to the nucleus (which 

appears as black), where the ER/SR is conventionally located. This compound also 

detected two structures (red arrows) in the nucleoplasm of this hVSMC. The shape of 

these nuclear structures resembled that of the ER-like nuclear structures, detected 

previously with ER-Tracker. The 3D reconstructed Top-view image of the same 

sample provides a better appreciation about the total fluorescence associated with the 

Ca2
+ -ATPases of the ER/SR in the cytosol. Nevertheless, in h V SM Cs, Bodipy-Tx

Thapsigargin also detected nuclear structures that were identical in shape with the 

nuclear tubular structures detected with DiOC6, i.e. tubular structures extending from 

the nuclear envelope area into the nucleoplasm. Sample B in Figure 32 shows a 

h VSMC which happens to possess nuclear tubular structures directed perpendicularly 

.to the plane of growth of the cell. Hence, in the Top-view image in (a), these nuclear 
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Figure 32. Presence ofCa2+-ATPase pumps on nuclear ER-like and 

nuclear tubular structures in hVSMCs. 

Bodipy-TX-Thapsigargin was used to study the presence of Ca2+ -A TPases in 
h VSMCs. As can be seen in Sample A, in both the Section and the 3D 
reconstructed Top-view image, this probe presents a strong fluorescence in 
the cytoplasm, which corresponds to the ER/SR Ca2+-ATPase. (A) also shows 
fluorescence on an ER-like nuclear structure (red arrows). Panel B-a shows, 
in addition to the cytosolic labeling, Bodipy-Tx-Thapsigargin detected 
nuclear tubular structures, which appear as dots. Visualizing the cell in Panel 
B simultaneously from the xy, xz and yz vantage points (B-b) reveals, that the 
dots seen in xy were the cross-section cuts of nuclear tubular structures, 
clearly observed in the xz andyz images (B-e, green arrows). The pseudocolor 
scale represents the fluorescence intensity according to an arbitrary scale 
from 0 nm (black, absence of fluorescence) to 255 nm (white, maximum 
fluorescence). The scale of white bar is in ~J.m. 
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tubular structures appear as distinct dots in the nucleoplasm. Image (b) shows the 

magnification of the nuclear area of the cell in (a), visualized, in addition to the top 

view image (xy plane), from the xz and yz planes. The red crosses indicate the 

position at which the cross-sections were chosen to be generated. In order to reveal if 

these dots were indeed cross-sections of nuclear tubular structures, the cuts were 

chosen to cross on three of these dots. As can be seen in the xz and yz cross-sections 

in (b) and ( c ), the dots were indeed cross-sections of nuclear tubular structures. All of 

the nuclear tubular structures cross-sectioned happened to extend from one si de of the 

nuclear envel ope to the opposite side, as can be seen in the xz and yz images. 

This set of experiments shows, that the Ca2
+ -ATPase pump, in addition to its 

cytosolic presence, localizes also on the two kinds of nuclear structures, a ER-like 

nuclear structure and nuclear tubular structures. Hence, Ca2
+ -ATPase can be one of 

those features, which are shared between the two structures. 

3.4.4 Pr esence of nuclear pore complexes on nuclear tubular structures 

In the previous section, we studied features ( such as Ca2
+ ion, Ca2

+ -A TPase) 

which could be associated with both the ER-like nuclear structure and nuclear tubular 

structures. In the next sections, we will present our results regarding entities, which 

we think could be found either on the ER-like nuclear structure or the nuclear tubular 

structures, and would help us to differentiate between these two nuclear structures. 

Given the fact that nuclear tubular structures seemed to be extensions of the 

nuclear envelope membranes, we studied the distribution of nuclear pore complexes 
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(NPC) in intact cells and isolated nuclei, utilizing indirect immunofluorescence 

coup led to confocal microscopy. 

3.4.4.1 Control studies for the primary and secondary antibodies used in 

indirect immunofluorescence 

The primary antibody used in immunofluorescence for detection of NPCs 

was a monoclonal mouse anti-NPC antibody (Abcam Inc, Cambridge, MA, USA), 

while the secondary antibody was Alexa-fluor 488 Rabbit anti-mouse (Molecular 

probes, Oregon, USA). 

The chosen primary antibody, mAb414, is generated usmg mammalian 

nuclear pore pro teins' mixture as immunogen. It has been used to detect the presence 

of nuclear pores in various tissues and cell types. It has been utilized to detect NPCs 

by immunohistochemistry in liver, testis and exocrine pancreas (KIMURA et al, 

2003) by imunofluorescence in sperm cells (LOPEZ-SOLER et al, 2001), and by 

immunoelectron microscopy in rat liver nuclei (DAVIS, et al, 1987). Aris et al 

(1989) have performed immunoprecipitation studies for mAb414 in yeast extracts. It 

was shown, that in yeast nuclear extracts, the antibody precipitates with two proteins 

(p110 and p95) which are analogous to mammalian NPC proteins (Aris et al, 1989). 

For the purpose of our study, two types of negative control studies were 

carried out, and Figure 33 shows examples ofthese experiments (n = 3). In the frrst 

negative control, the primary anti-NPC monoclonal antibody was replaced by 

IgGs from murine serum, which is a serum originating from the same species as that 

of the primary antibody. Panel A shows an immunofluorescence sample, where 
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Figure 33. Control studies for the monoclonal mouse anti-NPC 

primary and rabbit anti-mouse secondary antibodies. 

Specificity of the antibodies used for NPC detection was tested in two 
negative control studies, presented respectively in (A) and (B). In (A), 
the mouse monoclonal anti-NPC antibody was replaced by serum from 
the same species. No fluorescence was observed, indicating that any 
florescence with the primary antibody would be specifie. In panel (B), 
the primary antibody was completely omitted and the preparation was 
incubated with the anti-mouse secondary antibody alone, and again no 
fluorescence was observed, underlining the specificity of the secondary 
antibody. The grayscale image in both panels reveals the entire volume 
of the cells which were used in the control studies, and helps to localize 
their nucleus. The pseudocolor scale represents the fluorescence intensity 
according to an arbitrary scale from 0 nm (black, absence of 
fluorescence) to 255 nm (white, maximum fluorescence). The scale of 
white bar is in J.lm. 
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murine IgG serum was used at the same concentration of as that of the primary 

antibody (1!-Lg/ml). As can be assessed from the figure, no fluorescence was observed 

with an anti-mouse secondary antibody. The Syto-11 of Panel Ais a label ofnucleic 

acids, and helps to delineate the nucleus and reveal the dimensions of the cell under 

investigation. 

In the second negative control, the primary monoclonal anti-NPC antibody 

was completely omitted from the experiment and the samples were incubated with the 

secondary antibody alone. As can be seen in Panel B, no fluorescence was observed, 

indictating that the secondary anti-body does not produce any background labelling. 

The Syto-11 of Panel B shows the dimensions of the cell used in this control and 

helps to delineate the nucleus. 

In conclusion, the monoclonal anti-NPC antibody and the secondary antibody 

were found to be suitable for detection ofNPC presence in hVSMCs. 

3.4.4.2 Presence of nuclear pores on nuclear tubular structures in intact 

hVSMCs 

We carried out a double labeling study by immunofluorescence, using anti

NPC antibody and Syto-11, based on the given ~hat if the nuclear tubular structures 

were extensions of the nuclear envelope towards the nucleoplasm, then they might 

·contain nuclear pores, just as the nuclear envelope does. Figure 34 shows two 

samples from this series of experiments (n = 22). As can be seen in the 3D 

reconstruction Top-view image of Sample A, Panel (a), NPCs were heavily localized 
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Figure 34. Presence of nuclear pores on nuclear tubular structures in 

intact h VSMCs. 

The presence of nuclear pores in intact hVSMCs was studied with 
immunofluorescence, using a monoclonal anti-NPC antibody. In Sample 
A, the 3D reconstruction Top-view image detected the nuclear pores, 
which appear as numerous dots all over the nuclear envelope, in addition 
to sorne fluorescence which appeared to be associated to two nuclear 
structures. A-b shows the middle section of the same cell, where the NPC 
fluorescence is clearly · associated with two nuclear tubular structures 
(arrows). A-c is the Syto-11 staining of the nucleoplasm, where the loci 
corresponding to the tubular structures in A-b appear as black or very 
dark red (as negative image). The merge of NPC and Syto-11 
fluorescences (A-d) shows juxtaposition of the tubular structures with 
their negative image. A-e is a grayscale presentation of the whole cell. 
(B) shows another sample ofNPC immun(')fluorescence; however, in this 
càse one of the tubular structures detected resembles the transverse 
nuclear tubular structures. The pseudocolor scale represents the 
fluorescence intensity according to an arbitrary scale from 0 nm (black, 
absence of fluorescence) to 255 nm (white, maximum fluorescence). The 
scale of white bar is in f.LID. 
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on the whole nuclear envelope, with complete absence from the cytosol and the 

sarcolemma membrane, which appear as black. Sorne structures can be seen labeled 

strongly in the nucleus. Panel (b) of this sample presents the middle section of the 

recorded series of sections encompassing the entire volume of this cell. As can be 

clearly assessed from this figure, the nuclear pore labeling is prominent on the 

nuclear envelope membranes, and absent from the nucleoplasm. However, two very 

clear nuclear tubular structures can be seen (red arrows), originating at the nuclear 

envelope and extending into the nucleoplasm. Panel ( c) represents the Syto-11 

labeling of the nucleoplasm of this cell, at the same middle section as that of (b). The 

negative image of the nuclear tubular structures is visible. Panel ( d) represents the 

merge of NPCs fluorescence from Panel (b ), in green, and the corresponding Syto-11 

from Panel (c). Obviously, the two labeling juxtapose completely, indicating that the 

dark areas of the Syto-11 labeling correspond to the nuclear structures detected by the 

anti-NPC antibody. The grayscale image in Panel (e) reveals the total size of this cell. 

These same features can also be observed in the cell of Sample B of Figure 

34, where, in the 3D reconstruction Top view image we see very strong presence of 

NPC associated fluorescence. In Panel B-b, which shows the middle section of the 

cell, we detect two nuclear· tubular structures (red arrows), one of which is of 

intermediate length, and the other transverse, bridging to the nuclear envelope from 

both sides. Panel B-e represents the grayscale image of the cell, which reveals the 

total dimension of the cell. 

Our results in this series of experiments provided further evidence that nuclear 

tubular structures exist in h V SM Cs, and that these structures possess nuclear pores. 
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This indicates that the observed nuclear tubular structures can be of nuclear envelope 

origin, or could even be extensions of the nuclear envelope membranes themselves, 

since these structures are rich in nuclear pores. Whether the nuclear tubular structures 

detected by the anti-nuclear pore antibody are the same ones detected by the DiOC6 

probe, will be addressed in a short while. But frrst, we verified if this anti-NPC 

antibody could detect the same tubular structures in isolated nuclei. 

3.4.4.3 Detection of nuclear pore presence in isolated nuclei 

In the previous section, using indirect immunofluorescence, we demonstrated 

the distribution of nuclear pores on the nuclear envelope of intact h VSMC, and we 

also revealed that this method can also be used to detect the presence of nuclear 

tubular structures, since NP Cs were detected on such structures in h V SM Cs. The se 

results led us to investigate, by immunofluorescence and 3D confocal microscopy, 

the distribution of NPCs in isolated nuclei and to verify if NPC-containing nuclear 

tubular structures are found in isolated nuclei. The results are summarized in the 

examples shawn in Figure 35. In a frrst series of experiments (n = 16), nuclei freshly 

isolated from donated human adult aortas were incubated ovemight with the 

monoclonal anti-NPC antibody (l!J.g/ml), followed by incubation with the secondary 

AF488 Rabbit anti-mouse antibody. As can be seen in the Sample A-a, the 3D 

reconstruction Top-view image clearly reveals the detection of NPCs, which appear 

as dots, distributed all over the nuclear envelope. In (b ), which presents only the 

middle section of the entire serial sections set, the fluorescence associated with the 

nuclear pore is evidently concentrated on the nuclear envelope membranes, with no 
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Figure 35. Distribution of nuclear pores in isolated aortic and hepatic 

nuclei. 

(A) Shows an example of nuclear pore complex (NPC) detection by 
immunofluorescence in isolated human aortic nuclei. As can be seen in A-a, 
the 3D-Top view image, NPC fluorescence is spread throughout the surface 
of the nuclear envelope. A-b, the middle section image of the sample, 
reveals that the NPC fluorescence seen in the 3D image is strictly restricted 
to the nuclear envelope. No nuclear tubular structures are detected with the 
anti-nuclear pore antibody. (B) Shows a similar study carried out in hepatic 
isolated nuclei. The 3D Top view image shows a typical, punctate 
distribution of the NPC fluorescence over the entire nuclear envelope. This 
fluorescence, as the middle section image (B-b) illustrates, is restricted to 
the nuclear envelope. In hepatic nuclei too, no detection of nuclear 
structures were observed. Syto-11 labeling in A-c and B-e presents the 
labeling of the nucleoplasm. The pseudocolor scale represents the 
fluorescence intensity according to an arbitrary scale from 0 nm (black, 
absence of fluorescence) to 255 nm (white, maximum fluorescence). The 
scale of white bar is in J.lm. 
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labeling rn the nucleoplasm. However, this image also revealed the absence of 

nuclear pore fluorescence from nuclear tubular structures, which were detected with 

the same protocol in intact hVSMCs in Section 3.4.4.2. Panel (c) in sample A 

represents the nucleoplasmic labeling with the nucleic ac ids stain Syto-11, and helps 

to delineate the nuclei and confirm their integrity. 

The same procedure was applied in nuclei isolated from human fetallivers (n= 

55), and the results obtained were similar. In B-a, the 3D reconstruction top-view 

image, the NPCs show a punctuate distribution all over the nuclear envelope. In (b ), 

the middle section of the sample, nuclear pores, characteristically, appear to be 

limited to the nuclear envelope membrane, with absence from nucleoplasm and any 

nuclear structures. The last panel in Sample B represents the nucleoplasrnic labeling 

of the se isolated nuclei with the nucleic ac ids probe Syto-11. 

Utilization of indirect immunofluorescence to detect the distribution of 

nuclear pores in intact cells and nuclei proved to be a valuable tool. As our results in 

this and the previous section illustrated, in intact h VSMCs NPC were detected on the 

entire nuclear envelope membranes and in nuclear tubular structures. On the other 

hand, our work in two types of isolated nuclei while it confirmed the presence of 

nuclear pores on the nuclear envelope membranes, it also showed that no nuclear 

tubular structures could be detected with anti-pore antibody in isolated nuclei. This 

last finding can be attributed to the absence of nuclear tubular structures from isolated 

nuclei. It should be recalled, that with the ER/SR probe DiOC6, nuclear tubular 

structures were detected in intact h V SM Cs, but not in isolated nuclei. 
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3.4.4.4 Presence of nuclear pore complexes on nuclear tubular structures 

In the preceding sections, we used the ER/SR probe DiOC6 and detected 

nuclear tubular structures in intact h V SM Cs, which were absent from isolated nuclei. 

We also detected, only in intact cells, nuclear tubular structures using an antibody 

detecting nuclear pores. In the current section, we combined these two approaches to 

valida te if the nuclear tubular structures detected by these two methods are in fact the 

same, or are different. A triple labeling study was carried out in intact h V SM Cs, 

using the ER/SR probe DiOC6, the anti-NPC monoclonal antibody, and the nucleic 

acids stain Syto-11. Figure 36 presents an example from this series of experiments (n 

= 7), with images taken from the same middle section for all the three labels. In the 

DiOC6 labeling (a), a change was observed in the cytosolic fluorescence, which was 

not confmed to tubular structures of the ER/SR, but was more diffuse. This is 

attributed to the fixation and other interventions which are carried out during the 

indirect immunofluorescence protocol. However, most importantly, the nuclear 

tubular distribution of Di0C6 was not altered, and two nuclear tubular structures were 

visibly seen (2 arrows). The nuclear pore fluorescence (b) was identical to those 

shown above in single labeling, i.e. were confined to the nuclear envelope 

membranes, in addition to detection of NPCs on nuclear tubular structures. The 

merge of DiOC6 and nuclear pore fluorescences is shown in ( d). As can be noticed, 

the two labels co-localized to an important extent, as evidenced by the resultant 

magenta/purple color. The Syto-11 labeling of the nucleoplasm is demonstrated in 

( c ), and as can be seen, blank invaginations can be noticed, which seem to be the 

negative images of the nuclear tubular structures seen in (a), and the nuclear tubular 
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Figure 36. Triple la be ling of nuclear tubular structures in h VSMCs 

with DiOC6, anti-NPC antibody and Syto-11. 

A triple labeling study was done with DiOC6, the anti-nuclear pore 
antibody and Syto-11 in hVSMCs. (a) presents the DiOC6 labeling of a 
hVSMC, where, in addition to cytosolic detection of the ER/SR, there is 
detection of nuclear tunnels. (b) shows the Nuclear pore labeling, which is 
restricted to the nuclear envelope, in addition to nuclear invaginations. ( c) 
shows the Syto-11 labeling of the nucleoplasm of the cell and gives the 
Syto-11 gives the negative images of the nuclear invaginations. ( d) is a 
juxtaposition ofDiOC6 (a) and Nuclear pore (b) labeling. As can be seen, 
there is a prominent percent co-localization ofthese two fluorescences. (e) 
shows the previous two labels combined with the nucleoplasmic label 
Syto-11 and illustrates that the detected tubular structures correspond to 
the black invaginations revealed by Syto-11. The scale of white bar is in 
Il ffi. 
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structures observed in (b ). Indeed, the merge of the three labels confirms this point, 

since the tubular structures in both labels juxtapose with the invaginations of the 

Syto-11 labeling. This triple labeling study allowed us conclude that nuclear tubular 

structures detected by the anti-NPC antibody are the same as those detected by the 

ER/SR probe DiOC6• Furthermore, these nuclear tubular structures seem to be 

invaginations of the nuclear envelope, along its two membranes, since nuclear pores 

could be identified on the nuclear tubular structures. 

3.4.5 Presence of GPCRs on nuclear tubular structures 

As detailed in the Literature Review, our laboratory has previously reported 

the presence of severa! types of GPCRs on the nuclear envelope membranes of cells 

of different tissues (BKAIL Y et al, 1997a; BKAIL Y et al, 1997c; BKAIL Y et al, 

2000; BKAILY et al, 2003a; BKAILY et al, 2005; JACQUES et al, 2007). Among 

the se GPCRs, the AT 2 receptor of Ang II was particularly found to be present on the 

nuclear envelope membranes (JACQUES et al, 2003a). We benefited from this 

feature of AT 2 to verify if this GPCR is also located on nuclear tubular structures of 

hVSMCs. 

3.4.5.1 Association of AT2 receptors with nuclear pore-detected nuclear 

tubular structures in h VSMCs 

As a frrst step for achieving the above mentioned goal, we carried out a triple 

labeling study with immunofluorescence coupled to 3D confocal microscopy, 
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following the proto cols depicted in the Materials and Methods section, for the AT 2 

receptors and the NPCs, to which was added the nucleic acids stain Syto-11. Figure 

37 presents an example ofthis series ofexperiments (n = 5). All ofthe nine panels in 

this figure represent the exact same middle section of the recorded section series of 

the hVSMC. Panel (a) shows the fluorescent labeling associated with the NPCs, 

which, as evident from this figure, are restricted to the nuclear envelope membranes, 

in addition to 2 nuclear tubular structures (red arrows), resembling nuclear tubular 

structures. The distribution of the AT 2 receptors is illustrated in Panel (b ). Evidently, 

this receptor is quite limited to the nuclear envelope membranes of the hVSMCs, with 

total absence of fluorescence from the cytosol and the sarcolemma membrane. 

Interestingly, the anti-AT2 receptor seems to be also present on nuclear tubular 

structures (red arrows). Panels (d) in blue and (e) in red are the monochromatic 

images of panels (a) and (b), and their merge is presented in panel (f). Apparently, the 

fluorescence associated with the NP Cs and the AT 2 receptor co localize to a great 

extent, as evidenced by the magenta/purple colors (based on the provided colors' 

merge guide), and, furthermore, they are both found on the same nuclear tubular 

structures. Panel ( c) represents la be ling of the nucleoplasm with the nucleic ac ids 

stain the Syto-11. The white arrows indicate the presence of very low, almost no 

fluorescence nuclear invaginations, which appear to be negative images. The merge 

of the three labels is presented in Panel (g), where it becomes evident, that Syto-11 

labeling, along its negative images, juxtaposes precisely with the nuclear tubular 

structures detected with the anti-nuclear pore and anti-AT2 antibodies. Finally, Panel 

(h) represents the grayscale image of the cell and reveals the entire volume of this 

hVSMC. 
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Figure 37. Presence of AT2 receptors on nuclear pore carrying 
nuclear tubular structures. 

Triple labeling immunofluorescence study was carried out, using anti 
NPC and anti- AT2 receptor antibodies, in addition to the nucleoplasmic 
stain Syto-11. Panel (a) Shows the distribution of NPCs, which is 
confmed to the nuclear envelope membranes, in addition to a nuclear 
tubular structure extending in the nucleoplasm (red arrow). The AT2 
receptor, shown in Panel (b) appears to be limited to the nuclear 
envelope membranes, with no presence at all on the sarcolemma, 
cytosol or nucleoplasm. However AT 2 is present on a tubular nuclear 
structure. Panel ( c) demonstrates the labeling of the nucleoplasm with 
Syto-11, where the negative image of a nuclear tubular structure is 
evident. Using the monochromatic images of (a) and (b) respectively, 
the merge of NPC and AT2 labels is created, shown in (f). Using the 
colors merge guide on the left, it is observed, that there is an important 
co-localization of nuclear pore and AT 2 on the nuclear envelope 
membranes, and the nuclear tubular structure, as evidenced by the 
purple/magenta color. Addition of the Syto-11 to this double merge 
confirms that the negative image in Syto-11 is that of the tubular 
structure detected by the two other labels. The grayscale image in (h) 
serves to delineate the cell and reveal its total size. The color merge 
guide of blue, green and red helps to differentiate between different 
colors' merges. The pseudocolor scale represents the fluorescence 
intensity according to an arbitrary scale from 0 nm (black, absence of 
fluorescence) to 255 nm (white, maximum fluorescence). The scale of 
white bar is in Jlm. 
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The conclusion drawn from this line of experiments is that AT 2, which is a 

functional GPCR on the nuclear envelope membranes (BKAIL Y et al, 2003b ), is 

also located on nuclear tubular structures detected by anti-nuclear pore antibodies, 

which are considered to be extensions of the nuclear envelope membranes towards 

the nucleoplasm. 

3.4.5.2 Presence of AT 2 receptors on nuclear tubular structures in h VSMCs . 

As a further confirmation to our results just presented, and in order to validate 

if the nuclear tubular structures possessing AT 2 receptors are of the sort of structures 

detected by DiOC6, we carried out a quadruple labeling of DiOC6 and AT2, in 

addition to NPCs and Syto-11, and Figure 38 shows and example of this series of 

experiments (n = 3). The images presented in this figure are taken from the middle 

section of the section series of the cell under study. Panel (a) represents the DiOC6 

labeling of the hVSMC in pseudocolor. As can be noticed, in addition to the cytosolic 

labeling, the probe, as in previous experiments, detected the presence of nuclear 

tubular structures. In panel (b ), the distribution of nuclear pores, once again, is 

revealed on the nuclear envelope membranes and on invaginations towards the 

nucleoplasm. Panel ( c) shows the detection of AT 2. As in case of the previous 

section's results, AT2 was found to be heavily present on the nuclear envelope 

membranes, in addition to nuclear tubular structures. Finally, panel (d) shows the 

Syto-11 labeling of the nucleoplasm, where negative images of nuclear structures are 

evident. Panels (e), (f) and (g) are monochromatic images of panels (a), (b) and (c), 

and are used to generate the triple labeling merge shown in panel (h). Based on the 
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Figure 38. 

structures 

Presence of AT 2 receptors on nuclear tubular 

A quadruple labeling of DiOC6, AT 2, nuclear pores and Syto-11 was 
carried out in h V SM Cs. The DiOC6 labeling of this h VSMC is shown 
in Panel (a). The probe detects the ER/SR, in addition to a nuclear 
structure. Panel (b) shows the distribution of nuclear pore on the nuclear 
envelope membranes, in addition to several nuclear tubular structures 
extending in the nucleoplasm. The AT 2 receptor distribution is shown in 
Panel ( c ), and it is restricted to the nuclear envel ope membranes in 
addition to several nuclear tubular structures. Panel ( d) demonstrates the 
labeling of the nucleoplasm with Syto-11. The negative image of 
tubular structures is visible in the nucleoplasm. U sing monochromatic 
images, the triple merge of DiOC6, nuclear pore and AT 2 labels is 
created, shown in (h). It is noted, that an almost complete co
localization (whitish color) of the three labels occurs on the nuclear 
envelope membranes but only one part of the nuclear tubular structures. 
Addition of the Syto-11 to this triple merge demonstrates that the 
negative image in the nucleoplasmic labeling is that of the tubular 
structure detected by the other labels. The grayscale image in (j) serves 
to delineate the cell and reveal its total size. The color merge guide of 
blue, green and red helps to differentiate between different colors' 
merges. The pseudocolor scale represents the fluorescence intensity 
according to an arbitrary scale from 0 nm (black, absence of 
fluorescence) to 255 nm (white, maximum fluorescence). The scale of 
white bar is in ).!ID. 
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colors' merge guide, the blending of green, blue and red colors would produce the 

white color. As can be clearly observed in (h), AT2 receptors detected on nuclear 

tubular structures by the anti-AT2 antibody co-localize to a large extent with nuclear 

tubular structures detected by DiOC6, which also happen to possess NPCs. Co

localization of the three entities is also visible on the nuclear envelope membranes. 

Renee, here is a direct demonstration that the nuclear tubular structures carry not only 

nuclear pores, as was shown in previous sections, but also AT2, a functional GPCR 

(BKAIL Y et al, 2003b; JACQUES et al, 2003a). In panel (i), addition of the 

nucleoplasmic Syto-11 labeling to this triple label merge reveals that the nuclear 

tubular structures, along with the AT 2 receptors and the nuclear pores that they carry, 

juxtapose precisely to the negative image observed in the Syto-11 labeling. Finally, 

panel G) is a grayscale image of the cell, and helps to delineate the entire volume of 

the cell. 

The triple and quadruple label studies in this and the previous section lead us 

to conclude that the nuclear tubular structures detected by the probe DiOC6 possess 

nuclear pores, which suggests that they are extensions of the nuclear envelope 

membrane. We also validated that these same structures, in addition to nuclear pores, 

carry also the AT 2 receptor of Angiotensin IL 

3.4.6 Presence ofiP3R on nuclear ER-like structure in hVSMCs 

After establishing sorne of the characteristic features of the nuclear tubular 

structures, such as their possession of nuclear pores and AT 2 receptors, we embarked 

on investigating sorne of the characteristic features of the ER-like structure that we 

190 



detected with ER-Tracker in intact cells and isolated nuclei. Particularly, we were 

interested in verifying ifER-like nuclear structures possess sorne elements we usually 

fmd in the ER/SR, as detailed in the Literature review, such as IP3R, RyR, and G-6-

Phosphatase. 

In a first series of experiments, we studied the distribution of IP3 receptors in 

intact h V SM Cs by indirect immunofluorescence. At frrst, we tested the specificity of 

our chosen antibodies, which were the rabbit polyclonal antibody raised against 

human IP3R (Santa Cruz Biotechnology, Inc, CA, USA) as primary antibody, and 

Alexa-fluor 488 goat anti-rabbit (Molecular probes, Oregon, USA) as secondary 

antibody. 

The selected pnmary polyclonal antibody, IP3R-VII/III, detects the three 

isoforms of IP3R. It has been previously utilized to detect IP3Rs presence and 

distribution in mouse spermatocyte CG-2 cells (WANG et al, 2009) and stellate 

ganglion neurons (FERNANDEZ et al, 2005). 

Two types of negative control studies were carried out, and Figure 39 shows 

examples of these experiments (n = 3). In the frrst negative control, the primary anti

IP3R antibody was replaced by IgGs from rabbit serum, a serum originating from the 

same species as that of the primary antibody. Panel A-a shows an 

immunofluorescence sample, where the rabbit IgG serum was used at the same 

concentration of as that of the primary antibody ( 4flg/ml). As can be assessed from 

the figure, no fluorescence was observed with an anti-rabbit secondary antibody. The 

grayscale image in A-b helps to reveal the dimensions of the cell under investigation. 

In the second negative control, the primary polyclonal anti-IP3R antibody was 
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Figure 39. Control studies for the primary polyclonal rabbit anti-

IP3R and secondary goat anti-rabbit antibodies. 

Specificity of the utilized antibodies was tested, by immunofluorescence, 
in two negative control studies, presented respectively in (A) and (B). In 
(A), the rabbit anti-IP3R antibody was replaced by serum from the same 
species. No fluorescence was observed, indicating that any florescence 
with the primary antibody would be specifie. In panel (B), the primary 
antibody was completely omitted from the preparation, and again no 
fluorescence was observed with the secondary goat anti-rabbit antibody 
alone, underlining the specificity of the secondary antibody. The grayscale 
image in both panels reveals the cells which were used in the control 
studies, and helps to localize the nucleus of these cells. The pseudocolor 
scale represents the fluorescence intensity according to an arbitrary scale 
from 0 nm (black, absence of fluorescence) to 255 nm (white, maximum 
fluorescence). The scale ofwhite bar is in f.i.m. 
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completely omitted from the experiment and the samples were incubated with the 

secondary antibody alone. As can be seen in Panel B-a, no fluorescence was 

observed, indicating that the secondary antibody does not produce any background. 

The grayscale image in Panel B-b reveals the entire cell under investigation. 

In conclusion, both of the antibodies that we utilized were found to be sui table 

for detection of IP3R presence in our samples. 

We carried out indirect immunofluorescence for IP3R in intact hVSMCs, 

using 4!J.g/ml rabbit polyclonal anti- IP3R primary antibody, and 1 !J.g/ml Alexa-fluor 

488 goat anti-rabbit secondary antibody. Figure 40 presents an example of this series 

of experiments (n = 9). As can be observed in the 3D reconstruction Top-view image, 

the anti-IP3R antibody detects a strong presence of its target protein in the cytosol of 

these two h V SM Cs. The fluorescence associated with the IP3 receptor is mainly 

concentrated around the nucleus, a region where the ER/SR of a cell usually resides. 

Hence, the detected fluorescence corresponds to the ER/SR IP3Rs. Sorne florescence 

associated with the sarcolemma membrane. Furthermore, the presence of nuclear 

structures was also observed with this anti-IP3R antibody. These nuclear structures 

are visible both in the 3D and in the middle Section of the cell (red arrows), and 

resemble ER-like structure detected by ER- Tracker previously. The fluorescence 

associated with these nuclear structures can correspond to IP3 receptors present on the 

ER-like structure. 

Hence, IP3Rs distribution in h V SM Cs does not seem to be restricted to the 

ER/SR, but is also evident on ER-like nuclear structures. 
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Figure 40. Presence of IP3Rs on the ER-like structures in 

hVSMCs. 

Indirect immunofluorescence was carried out to study the presence of 
IP3Rs in intact hVSMCs. The 3D reconstruction Top-view image (a) 
of the cells showed strong fluorescence in the cytosol of the cells, 
which can correspond to the IP3 receptors found on the ER/SR of the 
h V SM Cs. Sorne fluorescence was associated with nuclear structures 
(red arrows), which can correspond to the IP3Rs on nuclear ER-like 
structures. The IP3R fluorescence on these structures can be clearly 
observed in the middle section of the cell (b ). The pseudocolor scale 
represents the fluorescence intensity according to an arbitrary scale 
from 0 nm (black, absence of fluorescence) to 255 nm (white, 
maximum fluorescence). The scale of white bar is in !lm. 
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3.4.7 Detection ofiP3 receptor distribution in isolated nuclei 

After studying the presence of IP3Rs in intact h V SM Cs, and localizing them 

on the ER/SR and on ER-like nuclear structures, we investigated the presence of 

IP3Rs on isolated nuclei. Indirect immunofluorescence was carried out using 4J..lg/ml 

rabbit polyclonal anti- IP3R primary antibody, and 1 J..lg/ml Alexa-fluor 488 goat anti 

rabbit secondary antibody, on nuclei freshly isolated from human aortic smooth 

muscle and human fetal li ver. Figure 41 demonstrates examples from these series of 

experiments. As can be seen in Sample A-a, 3D reconstruction Top-view image of 

aortic nuclei (n = 21), the anti-IP3R antibody showed a prominent fluorescence in 

these nuclei. A close observation would reveal, with the help of the nucleoplasmic 

Syto-11 labeling (A-c), that the fluorescence is restricted to the nucleoplasm, since no 

fluorescence could be detected on the nuclear envelope. It was noted also, observing 

both the 3D and the middle Section image (A-b), that this fluorescence was 

disorganized and patchy, with sorne regions with stronger fluorescence than others. A 

similar phenomenon was noticed in hepatic nuclei (n = 27), presented in (B). 

Observing both the 3D reconstruction Top-view (B-a) and the middle Section images 

(B-b ), a patchy and disorganized fluorescence can be seen, which seems to be 

restricted to the nucleoplasm. 

Our results of IP3R presence and distribution in isolated aortic smooth muscle 

and hepatic nuclei revealed that these receptors are present in these nuclei. The 

distribution of IP3Rs could not be assigned to a distinct nuclear structure; 

nevertheless, the fluorescence associated to these nuclei was strictly nucleoplasmic, 

with no presence at nuclear envelope membranes levels. 
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Figure 41. Presence of IP3R in isolated human aortic smooth 

muscle and hepatic nuclei. 

Presence of IP3 receptors was studied with indirect immunofluorescence 
in nuclei isolated from human aortic smooth muscle and fetal liver. As 
can be seen in the 3D reconstruction Top-view (A-a) and the middle 
section (A-b) images of the aortic nuclei, anti-IP3R antibody showed a 
diffuse fluorescence. A similar phenomenon was seen in the hepatic 
nuclei. In these samples too (3D: B-a, and middle Section: B-b), the 
fluorescence associated with IP3Rs was patchy and was not associated to 
any defmed nucleoplasmic structure. In both preparations, the 
fluorescence was nucleoplasmic, and this was deduced taking into 
consideration the Syto-11 labeling of the nucleoplasm (A-c and b-e). The 
pseudocolor scale represents the fluorescence intensity according to an 
arbitrary scale from 0 nm (black, absence of fluorescence) to 255 nm 
(white, maximum fluorescence). The scale of white bar is in ~m. 
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3.4.8 Detection of Ryanodine receptors in h VSMC and isolated nuclei 

As elaborated upon in the Literature Review, the RyRs of the ER/SR, like 

their counterpart IP3Rs, are involved in cellular Ca2
+ homeostasis. We studied the 

presence of RyRs in intact hVSMCs and isolated aortic nuclei by indirect 

immunofluorescence and confocal rnicroscopy, to verify if these receptor-channels 

could be found on ER-like nuclear structures. 

The chosen primary antibody was the mouse anti-ryanodine receptor 

monoclonal antibody, which recognizes all thre isoforms of the receptor in human, 

rat, mouse, canine, pig and bovine cells and tissues, as provided by the product data

sheet. The antibody was used to detect RyRs in Sarcoplasmic reticulum isolated from 

porcine Longissimus muscle with WB and rnicroarray assay (SCHULZ et al, 2006). 

The secondary antibody was AlexaFluor-488 rabbit anti-mouse IgG. 

For our study, two negative controls were carried out. Figure 42 presents 

examples from these studies. In the first negative control, the primary anti-RyR 

antibody was replaced by lgGs from murine serum, a serum originating from the 

same spec1es as that of the primary antibody. Panel A-a shows an 

immunofluorescence sample, where the mouse lgG serum was used at the same 

concentration of as that of the primary antibody (5!-lg/ml). As can be observed, no 

visible fluorescence was detected with an anti-mouse secondary antibody (1 1-lg/ml). 

The grayscale image in A-b helps to reveal the dimensions of the cell under 

investigation. 

In the second negative control, the primary monoclonal anti-RyR antibody 

was completely ornitted from the experiment and the samples were incubated with the 
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Figure 42. Control studies for the primary mouse anti-RyR and 

secondary rabbit anti-mouse antibodies. 

Specificity of the primary and secondary antibodies employed in this 

study was tested by immunofluorescence, in two negative control studies, 
presented respectively in (A) and (B). In (A), the monoclonal mouse anti
RyR antibody was replaced by serum from the same species. No visible 

fluorescence was observed, indicating that any florescence with the 
primary antibody would be specifie. In panel (B), the primary antibody 

was completely removed from the experiment and the samples were 

incubated with the secondary rabbit anti-mouse antibody alone. In this 
case too no fluorescence was observed, underlining the specificity of the 

secondary antibody. The grayscale image in both panels reveals the cells 
which were used in the control studies, and helps to localize their nuclei. 

The pseudocolor scale represents the fluorescence intensity according to 

an arbitrary scale from 0 nm (black, absence of fluorescence) to 255 nm 
(white, maximum fluorescence). The scale of white bar is in flm. 
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secondary AlexaFluor-488 rabbit anti mouse IgG alone (l!lg/ml). As can be seen in 

Panel B-a, no fluorescence was observed, indicating that the secondary antibody does 

not produce any fluorescence background. The grayscale image in Panel B-b reveals 

the entire cell under investigation. 

Hence, the antibodies at hand were found appropriate to be utilized for 

detection ofRyR presence in our samples. 

Indirect immunofluorescence was carried out on cultured intact h V SM Cs and 

nuclei isolated from human adult aortic smooth muscle. Figure 43 presents samples 

from the findings of this series of experiments, in hVSMCs (A)(n = 4) and isolated 

nuclei (B)(n = 1 0). As can be seen in the 3D reconstruction Top-view image in A-a, 

the anti-RyR antibody detected a very strong presence of RyRs in the cytosol. 

Remarkably, the nucleus (purple arrows) showed very high fluorescence associated 

with the RyRs. In the vicinity of the nucleus, one area in particular, pointed out by the 

white arrows, showed a strong detection of RyRs. This area probably corresponds to 

the ER/SR of the cell, which is rich in RyRs. A close observation of the nuclear 

fluorescence would reveal, both in the 3D (A-a) and the middle Section (B-a) image, 

that the fluorescence was high at the periphery of the nucleus, where it seemed to be 

distributed in a circular fashion. 

The presence and distribution of RyRs was also studied by indirect 

immunofluorescence and confocal microscopy in isolated aortic nuclei. As Panel B

b, a 3D reconstruction Top-view image of the nuclei shows, the monoclonal anti-RyR 

antibody showed prominent fluorescence, which was entirely nucleoplasmic, with no 

visible fluorescence on the nuclear envelope membranes, as can be deduced taking 
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Figure 43. Detection of RyRs distribution in intact h VSMCs and 

isolated aortic smooth muscle nuclei. 

Indirect immunofluorescence was used to study the presence of RyR in 
h V SM Cs (A) and isolated aortic nuclei (B). In the 3D reconstruction 
Top-view image of the cells (A-a), the anti-RyR antibody showed strong 
fluorescence in the cytosol, with particularly high fluorescence in one 
region of the cytosol (white arrows) and the nucleus (purple arrow). In 
isolated aortic nuclei (B-a), the 3D Top-view image of the nuclei showed 
a diffuse fluorescence which was restricted to the nucleoplasm, excluding 
the nuclear envelope. (B-b) represents the labeling of the nucleoplasm 
with the nucleic acids stain Syto-11. The pseudocolor scale represents the 
fluorescence intensity according to an arbitrary scale from 0 nm (black, 
absence of fluorescence) to 255 nm (white, maximum fluorescence). The 
scale of white bar is in IJ.m. 
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into consideration the nucleoplasmic labeling by Syto-11 (B-b ). Furthermore, no 

distinct fluorescence could be associated to a nuclear structure. It was noted that this 

nucleoplasmic labeling ofRyRs in isolated aortic nuclei was similar to the labeling of 

IP3Rs in the same preparation, where we also saw an entirely nucleoplasmic 

fluorescence. 

In conclusion, our results regarding the detection of RyRs in hVSMCs and 

isolated aortic nuclei allows us to conclude that in hVSMCs, RyR associated 

fluorescence is remarkable in the cytosol ( corresponding to the ER/SR) and the 

nucleus alike. However, no fluorescence associated to distinct nuclear structures 

could be observed, neither in intact cells, nor in isolated nuclei. 

3.4.9 Presence of Glucose-6-phosphatase on ER-Iike structure of h VSMCs 

Glucose-6-phosphatase (Glc-6-Pase), as detailed in the Literature Review, is 

an ER membrane protein (BROADWELL et al, 1983; NICHOLS et al, 1984) which 

catalyses formation of glucose in gluconeogenesis and glycogenolysis (V AN et al, 

2002). It is also known as an ER signature protein, since it is restricted to this 

organelle's membranes (NICHOLS et al, 1984). Benefiting from this characteristic 

of this enzyme, we performed transmission electron microscopy studies investigating 

the location of this enzyme, by detecting its activity in cultured h V SM Cs. The aim of 

this particular objective was to verify if ER-like structures harboring this enzyme 

could exist in the nucleus. Figures 44 and 45 present examples of this series of 

experiments. The TEM image in Figure 44 reveals a part of an h V SM Cs, where a 

host of organelles and cellular components can be seen, including the nucleus, the 
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Figure 44. Glc-6-Pase activity localization in hVSMCs by TEM. 

The localization of Glc-6-Pase cytochemical activity was studied in 
cultured h V SM Cs. As can be observed the activity of the enzyme was 
detected on the membranes of the ER/SR sacs in the cytosol. 
Additionally, prominent enzyme activity was seen beneath the nuclear 
envelope (red arrows and ER-like label). The structure carrying this 
activity appeared to be a mesh-like network. SR stands for 
Endoplasmic/Sarcoplasmic Reticulum, ONM and INM for outer and 
inner nuclear membranes of the nuclear envel ope respectively. The 
green arrows show nuclear pore complexes (NPC). The red arrows 
depict Glc-6-Pase activity in the nucleoplasm, in the underneath of the 
inner nuclear envelope membrane. This Glc-6-Pase activity could 
correspond to Glc-6-Pase activity of an ER-like nuclear structure. 
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Figure 45. Detection of Glc-6-Pase activity in ER/SR and ER-like 

nuclear structures in h VSMCs by TEM. 

This figure presents a higher magnification of one area of the cell in 

Figure 44. The activity of Glc-6-Pase was detected on the membranes 
of the ER/SR stacks (labeled as SR) in the cytosol. Prominent enzyme 
activity was also seen beneath the nuclear envelope (red arrows and 
ER-like label), at severallocations. The structure carrying this enzyme 
activity appeared to be a mesh-like network in contact with the nuclear 
envelope. This structure could correspond to the nuclear ER-like 
structure. SR stands for Endoplasmic/Sarcoplasmic Reticulum. The 
green arrow shows a nuclear pore (NPC). The red arrows depict Glc-6-
Pase activity in the nucleoplasm. 
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nuclear envelope (with its outer and inner membranes), the Golgi and sorne 

mitochondria. Of interest to our objective was the detection of Glc-6-Pase activity on 

the membranes of ER/SR sacs (labeled as SR, in white), in the vicinity of the nucleus. 

It was, however, interesting to detect activity of this enzyme just underneath the inner 

nuclear envelope membrane (red arrows and ER-like label). The structures carrying 

the Glc- 6-Pase activity appeared as an irregular meshwork, affixed beneath the inner 

nuclear membrane. Figure 45 is a higher magnification of a segment in Figure 44, and 

allows better appreciating the detection of Glc-6-Pase activity on the ER/SR sacs 

membranes' in the cytosol, while on the other hand clearly shows that the 

nucleoplasmic detection of this enzyme is associated to a mesh-like network, present 

at severallocations under the INM. This nucleoplasmic network harboring the Glc-6-

Pase activity could be the ER-like nuclear structure. Renee, our results in this section 

show that an ER signature protein Glc-6-Pase is found in h VSMCs not only .on the 

membranes of the cytosolic ER/SR, but also in the nucleoplasm, affixed on a network 

beneath the INM. This structure carrying the Glc-6-Pase could be the ER-like 

structure that we detected with the ER-Tracker. 
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IV. DISCUSSION 
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4.1 Detection of spontaneous cytosolic, perinuclear and nuclear Ca2
+ 

sparks and waves 

The frrst objective of this project was to investigate the nuclear Ca2
+ 

homeostasis and its regulation, in relation to its dependence on cytosolic Ca2
+. This 

was done by studying the occurrence of spontaneous and induced nuclear Ca2
+ 

signais, in presence 'of cytosolic Ca2+. 

Using spontaneously contracting ventricular cardiomyocytes, our results 

demonstrated the presence of spontaneous cytosolic Ca2+ sparks. In cases where these 

sparks were repetitive, eventually a cytosolic Ca2
+ wave was generated, presumably 

by a positive feedback mechanism among neighboring RyRs (LIPP et al, 1996), 

which are the generators of Ca2
+ sparks (GUATIMOSIM et al, 2002). Our results are 

in line with the knowledge in this domain and agree with reports documented 

previously using complementary techniques by our group (BKAILY et al, 1997c) 

and others (CHENG et al, 1996). By placing our Line-scan at the perinuclear area, 

we also succeeded to detect waves originating, or crossing, from the perinuclear 

region to the nucleoplasm. These results inay suggest that nuclear Ca2
+ sparks and/or 

waves may be generated by a mechanism that is cytosol-dependent. However, this 

cannot rule out the possibility that at least a part of the nuclear sparks can be 

generated in the nucleus, in a cytosol-independent fashion. 

Regardless of the mechanism responsible for generation of sparks and waves 

at the perinuclear region, or propagation of cytosolic sparks and waves through it 

towards the nucleus, we wanted to verify if spontaneous sparks and waves could exist 

in the interior of the nucleus itself. Our results utilizing isolated hepatic nuclei 
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showed that at a fixed, relatively high cytosolic ( extranuclear) Ca2
+ ( 400 nM), 

spontaneous Ca2
+ signais are generated and appear as transient increases in global 

nuclear Ca2
+. To the. best of our knowledge, this is the frrst report of presence of 

spontaneous, unstimulated Ca2
+ signais in isolated nuclei. It should be noted that 

since the bathing solution contains Ca2
+, this increase in Ca2

+ could be triggered by 

influx of Ca2+ through the nuclear envelope membranes' (NEM) R-type Ca2
+ 

channels, a phenomenon seen by stimulation in intact cells (BKAIL Y 1994d; 

BKAIL Y et al, 1997c; BKAIL Y et al, 2009) and in isolated nuclei (BKAIL Y et al, 

2006; NADER M, 2005). Altematively, the observed spontaneous nuclear Ca2
+ 

transient can be purely of nuclear origin, as it is suggested that the nucleus has its 

own Ca2
+ stores (BKAIL Y et al, 1996; PETERSEN et al, 1998). It can also be the 

result of the contributions of these two sources at the same time (BKAIL Y et al, 

2006). It has been reported previously in the A 7r5 smooth muscle cell-line intact 

cells, that nuclear and cytosolic Ca2
+ oscillations co-exist, but are asynchronous 

(FEDOR YAK et al, 2004), and hence the nuclear oscillations seem to be 

independent of the cytosolic ·ones (FEDOR YAK et al, 2004). However, before the 

results we presented here, no group had reported, in isolated nuclei, presence of 

spontaneous nuclear Ca2
+ waves generated independently of cytosolic Ca2

+ waves. 

As the Literature Review highlighted, the nuclear pore is believed by sorne to 

be passively permeable to ions (STEHNO-BITTEL et al, 1995b ). Our results showed 

that, in isolated nuclei, blockade of nuclear pores with WGA does not affect steady

state resting nuclear Ca2
+ levels. Furthermore, in pore-blocked conditions, the 

generation of spontaneous nuclear Ca2
+ transients in these isolated nuclei was not 
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affected either. In general, the presence of spontaneous Ca2
+ transient signais in 

isolated nuclei suggests that the nucleus can generate its own Ca2
+ signais. Therefore, 

the nuclear spark-like Ca2+ signais and waves that we detected in intact 

cardiomyocytes indeed could have been generated at the nuclear level and were 

not mere propagation of cytosolic Ca2+ signais to the nucleus through the nuclear 

pore. This phenomenon of spontaneous nuclear Ca2+ waves can be explained based 

on three scenarios, reported in the literature, all being studies carried out in intact 

cells: 

In the frrst case, this spontaneous Ca2+ increase in isolated nuclei could be due 

to activation of nuclear RyRs. In a study published by Remillard et al, the authors 

report, in rat intrapulmonary artery smooth muscle cells, the presence of spontaneous 

Ca2+ sparks (REMILLARD et al, 2002), which, by definition are generated by RyRs 

activation due to Ca2+ binding on the RyR itself (the Ca2+-induced Ca2+ release 

process, CICR)(FABIATO 1983; FILL et al, 2002; liNO 1989). These Ca2+ signais 

however were independent of Ca2
+ influx from the plasma membrane, and were not 

due to IP3R activation either (REMILLARD et al, 2002). Renee, it was suggested 

that the observed Ca2+ sparks were generated by a spontaneous stochastic activation 

of RyRs (REMILLARD et al, 2002). Similar results and conclusions were reached 

also by Mironneau et al, in rat portal vein smooth muscle cells (MIRONNEAU et al, 

1996). Given the fact that RyRs also exist at the level of inner nuclear membrane 

(INM) of the nuclear envelope (ADEBANJO et al, 2000; GERASI_MENKO et al, 

1996) and reportedly on a reticular nuclear structure (MARIUS et al, 2006), and 
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since we detected RyRs presence in isolated nuclei, a stochastic activation of these 

RyRs can explain our spontaneous Ca2
+ waves in isolated hepatic nuclei. 

In the study of Remillard et al, it was also reported that although the cytosolic 

spontaneous Ca2
+ sparks were independent of extracellular Ca2

+ influx, the frequency 

of sparks was augmented when the plasma membrane (PM) L-type Ca2
+ channels' 

current was enhanced (REMILLARD et al, 2002). This suggests a second possible 

mechanism for the presence of spontaneous nuclear Ca2
+ waves we detected in 

isolated nuclei: cooperation between NE R-type Ca2
+ channels and nuclear RyRs. The 

spontaneous nuclear Ca2
+ waves that we detected could be triggered by influx of Ca2

+ 

from the only known nuclear envelope Ca2
+ channel, the R-type Ca2

+ channel 

(BKAILY et al, 1992; BKAILY G, 1994d). Ca2
+ entering via this channel would 

initiate, by CICR, release of more Ca2
+ from the nuclear RyRs, whose presence we 

detected in isolated nuclei. Renee, the R-type channel-RyRs coupling could be 

another possible scenario to explain the presence of spontaneous Ca2+ transients we 

detected in isolated nuclei. 

Finally, as a third possibility, the spontaneous Ca2
+ waves that we detected in 

isolated nuclei could be in part due to Ca2
+ release from intranuclear Ca2

+ release 

channels, mainly nuclear IP3Rs, without the assistance of Ca2
+ influx from R-type 

Ca2
+ channels. It is documented that the nucleus contains several nuclear PLC 

isoforms (MANZOLI et al, 2004; MARTELLI et al, 1992), in addition to the 

precursors for generation of nuclear IP3 (MAL VIY A et al, 2006; MAZZOTTI et al, 

1995). Several reports have suggested that PLCs can have a basal activity 

(GORDIENKO et al, 2002; LIU et al, 2007; ZHANG et al, 2003), which would 
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lead to IP3 production without agonist stimulation at the plasma membrane. If such a 

case, i.e. a PLC basal activity exists also in our isolated nuclei preparations, then 

generation of nuclear IP3 would lead to binding of this 2nd messenger to the nuclear 

IP3Rs that we detected in our isolated nuclei, followed by release of Ca2+ in the form 

of nuclear Ca2
+ puffs. Nuclear IP3Rs are known to be present on the INM (LEITE et 

al, 2003; MALVIYA et al, 2006) and on nuclear reticular structures 

(ECHEV ARRIA et al, 2003),. Summation of many Ca2
+ puffs alone 

(MACMILLAN et al, 2005), or recruitment of neighboring nuclear RyRs 

(MCCARRON et al, 2003; ZHANG et al, 2003) and subsequent Ca2+ release, would 

result in a the spontaneous global Ca2
+ transient that we observed in our samples. 

Finally it is important to address the transient nature of the spontaneous 

nuclear Ca2
+ signais. A consensus seems to exist regarding the decay of Ca2

+ signais 

occurring in the nucleus (ROGUE et al, 1999). Several reports suggest that the Ca2
+ 

influxed or released to the nucleoplasm would fade away by exiting the nucleus 

through the nuclear pore (BADMINTON et al, 1998; CARDENAS et al, 2005; 

GERASIMENKO et al, 1995; GERASIMENKO et al, 1996; MALVIYA et al, 

1998; ROGUE et al, 1999). One group has reported the existence ofiP4 receptors on 

both membranes of the nuclear envelope (KOPPLER et al, 1993; KOPPLER et al, 

1996) and confmned that the outer nuclear membrane (ONM) IP ~s, when stimulated 

by IP 4, mediate uptake of Ca2
+ to the perinuclear space, even in absence of ATP 

(MAL VIY A et al, 2006). However, no work has been done regarding the INM 

IP4Rs. Additionally, sorne reports suggest that a Ca2
+ pump may exist on the INM, 

and help retake the released Ca2
+ to the perinuclear space (BKAIL Y et al, 2006). 

217 



Renee, the decay of the spontaneous Ca2+ signais in isolated nuclei can be either due 

to extrusion from the nucleus, or the re-uptake of the ion to the nuclear envelope 

space. 

In conclusion of our results regarding isolated nuclei Ca2
+ signais, we can 

con:firm, for the frrst time, that in presence of cytosolic Ca2
+ and a nuclear pore 

blocker, spontaneous nuclear Ca2
+ sparks and waves indeed exist in isolated nuclei, 

and can be generated either with the assistance of "ignition" Ca2
+ entering from the 

R-type Ca2
+ channel, or relying only on nuclear Ca2

+ and release of the latter from 

nuclear RyRs and IP3Rs. 

4.2 Induction of nuclear Ca2+ signais in isolated nuclei 

Our group has previously demonstrated the presence of several types of 

GPCRs in the nucleus and on the nuclear membranes of several cell types, including 

ET-1 receptors (BKAILY et al, 2006; BKAILY et al, 2009; JACQUES et al, 2007). 

In experiments performed in sarcolemma perforated cells, it was found that nuclear 

envelope ET~1 receptors have an EC50 in the arder of 10-II M (BKAIL Y et al, 2002; 

BKAIL Y et al, 2003a). Renee, we used this concentration of ET -1 to verify if ET -1 

can induce generation of Ca2+ signais and waves in isolated nuclei. Our results 

showed that ET -1 can induce an increase in nuclear Ca2
+ in isolated aortic nuclei 

loaded with the Ca2
+ probe Ca2

+ Orange. This increase in nuclear Ca2
+ by ET -1 can 

be due to activation of nuclear envelope Ca2
+ channels, namely the R-type Ca2

+ 

channel (BKAIL Y 1994d; BKAIL Y et al, 1997a; BKAIL Y et al, 2003a). It could 
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also be due to release of Ca2+ from nuclear stores (BADMINTON et al, 1998; 

PETERSEN et al, 1998), under the influence of the ET-1-generated IP3 (LITTLE et 

al, 1992; ZHANG et al, 2004), followed by Ca2
+ puffs and eventually waves 

generation. This scenario is plausible since functional IP3Rs have been documented to 

be present in the nucleus (ADEBANJO et al, 2000; HENNAGER et al, 1995; 

MAL VIY A et al, 2006) and since in our own results we detected presence of IP3Rs 

in isolated nuclei. These results agree with previous reports from our laboratory 

re garding activation of nuclear ET -1 receptors and increase of nuclear Ca2
+ in 

sarcolemma perforated hVSMCs (BKAILY et al, 2000). Our fmdings are also 

similar to results obtained in hepatic isolated nuclei, where stimulation with ET-1 

caused an increase in nucl~ar Ca2
+ (NA DER M, 2005). Hence, functional ET-1 

receptors, found on the nuclear envelope membranes, can mediate, upon stimulation, 

the generation of nuclear Ca2+ waves. 

As was shown in the results section, after confmning the generation of 

nuclear Ca2
+ signais by stimulation of NE ET -1 receptors, we proceeded to verify if 

the observed increase in nucleoplasmic Ca2
+ is due to influx of the ion via the nuclear 

pore. In nuclear pore blocked conditions we could still detect generation of Ca2
+ 

waves upon ET -1 receptor stimulation, which appeared as a transient increase in 

nucleoplasmic Ca2+. Having ruled out the contribution of the nuclear pore in the se 

Ca2
+ signais, two explanations can account for the observed phenomenon. In the fust, 

the increase in the nuclear Ca2+ could be due to ET -1 induced influx of Ca2
+ via the 

only Ca2
+ channel reported on the nuclear envelope membranes, the R-type Ca2

+ 

channel. This channel is documented to reside on the nuclear envelope membranes of 
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se veral cell types (BKAIL Y 1994d) and ET -1 was reported to enhance the open 

probability of the this Ca2
+ channel (BKAIL Y et al, 1995; BKAIL Y et al, 1998). In 

a second possibility, as was presented in detail in the Literature Review and cited in 

the previous section of the discussion, a phosphoinositide cycle exists in the nucleus 

with ali the components necessary for generation of IP3 (COCCO et al, 1994; 

SANTELLA et al, 1997). Hence, as G PCRs, the nuclear ET -1 receptors can genera te 

IP3 (AMBAR et al, 1993; LITTLE et al, 1992) and induce Ca2
+ signais. 

Furthermore, ET 8 , a receptor subtype of ET -1 heavily present in the nucleus 

(BKAIL Y et al, 2003a), is known to activate the DAG cascade (KNOTEK et al, 

1996), which itself can assist in IP3 generation (MARTELLI et al, 1992). Therefore, 

the Ca2
+ wave observed in our results upon stimulation of pore blocked nuclei with 

ET -1 can be the result of Ca2
+ release from intranuclear Ca2

+ stores (BADMINTON 

et al, 1998; PETERSEN et al, 1998), via the action of the messenger IP3 on nuclear 

IP3Rs, whose presence we detected in our isolated nuclei preparations. 

Using isolated hepatic nuclei bathed in a medium containing Ca2
+, our results 

showed that when stimulated with IP3 (10-6M) (CARDENAS et al, 2005; 

GERASIMENKO et al, 1996), the nuclei elicited increases in nucleoplasmic Ca2
+, in 

the form of Ca2
+ waves. In certain instances, a second stimulation, following the frrst, 

could also induce a Ca2
+ response, however, a smaller one, probably due the rate of 

emptying and refilling state of the nuclear Ca2
+ store. Our results, using lower IP3 

concentration than those described in the literature, are in line with results reported in 

hepatic (GERASIMENKO et al, 1996), osteoclastic (ADEBANJO et al, 2000) and 

skeletal myotube (CARDENAS et al, 2005) isolated nuclei. Our fmdings also agree 
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with IP3 induced nuclear Ca2
+ release in isolated nuclei detected by utilization of Ca2

+ 

radioisotopes (KLEIN et al, 2008) and by photorelease of caged IP3 injected into 

nuclei of Xenopus oocytes (HENNAGER et al, 1995). Generation of Ca2
+ increases 

in our isolated nuclei samples by IP3 is explained by its binding to INM (KLEIN et al, 

2008; MALVIYA et al, 2006) and/or reticular structure's IP3Rs (ECHEVARRIA et 

al, 2003). This would frrst lead to generation of elementary Ca2
+ puffs which 

eventually are summated and form a transient global Ca2
+ wave. 

Similarly, stimulation of isolated hepatic nuclei with Ryanodine (10"6M) lead 

to generation of transient nuclear Ca2
+ waves. It was remarkable that each peak was 

immediately followed by a secondary, 'attached' peak of smaller amplitude. This may 

be due to the further recruitment of neighboring RyRs by Ca2+ released from the 

initially activated RyRs, by the process of CICR (FABIATO 1983; liNO 1989), a 

phenomenon well documented to occur upon RyR activation (FILL et al, 1988; FILL 

et al, 2002). Our results in this section are supported by sirnilar fmdings by other 

groups in hepatic isolated nuclei (GERASIMENKO et al, 1995) and nuclei isolated 

from osteoclasts (ADEBANJO et al, 2000). In both of these studies though, 10 fold 

higher concentration of Ryanodine was used as stimulant. Release of intranuclear 

Ca2
+ by Ryanodine is explained by liberation of small Ca2+ signais, Ca2+ sparks, as a 

consequence of binding of Ryanodine to its receptors on the INM (GERASIMENKO 

et al, 1995) and/or on nuclear reticular structures (GUA TIMO SIM et al, 2008). The 

initial Ca2
+ sparks can activate more RyRs by a positive feedback mechanism (LIPP 

et al, 1996), and the eventual Ca2
+ signal is perceived as a global Ca2

+ transient 

wave. 
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In summarizing this series of observations we can confrrm that in presence of 

cytosolic Ca2
+, activation of a GPCR, such as Et-1 receptor, can generate transient 

miclear Ca2
+ signais, in the form of sparks, puffs and waves. The generated Ca2

+ 

transient does not seem to involve passive diffusion of ions from the nuclear pore. 

Furthermore, nuclear Ca2+ signais are also generated by direct stimulation of IP3 and 

Ryanodine Ca2+ release channels in the nucleus. Renee, nuclear Ca2
+ signais can be 

generated inside the nucleus, depending on either influx of Ca2
+ from the R-type Ca2

+ 

channel of the NE, or by liberation of Ca2+ from the nuclear stores by 2nd messengers, 

in presence of cytosolic Ca2+. 

4.3 Generation of nuclear Ca2
+ signais also occurs independently of 

cytosolic Ca2
+ 

Our next objective aimed to verify if nuclear Ca2+ signais can be generated 

independently of the cytosolic Ca2
+ contribution. Stimulation of hepatic nuclei, 

bathed in a Ca2
+ free medium, with ET -1 led to generation of a Ca2+ transient. In the 

previous section, a similar outcome was explained by either entry of Ca2+ via the R

type Ca2
+ channel, or by release of Ca2+ from nuclear stores. In the present setting, 

the observed increase cannot be due to influx from the R-type Ca2+ channel, since the 

nuclei are bathed in a zero Ca2
+ solution. Renee, the ET -1 effect is very probably due 

to nuclear G-protein activation and generation of nuclear IP3, who se precursors, ·as we 

saw previously, are present in the nucleus. This nuclear IP3 would then release Ca2
+ 

puffs by binding to nuclear IP3Rs. As already mentioned, our immunofluorescence 

studies showed presence· of IP3Rs in nuclei. This finding is supported by studies in 
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the literature. IP3Rs have been reported to be present on the INM of the nuclear 

envelope (KLEIN et al, 2008), and on nuclear reticular structures (ECHEV ARRIA et 

al, 2003). The nuclear Ca2+ puffs generated by nuclear IP3 can either summate to 

form Ca2+ waves, by the IP3-induced Ca2+ release (IICR)(LAPORTE et al, 2004), or 

by activating neighboring RyRs, by the CICR process (ZHANG et al, 2003). The 

eventual product of any of these two processes is the transient Ca2
+ increase that we 

detected in our rapid scan studies. 

In the same series of studies, we also detected the presence of high 

fluorescence spots in sorne of the investigated nuclei, after these retumed to basal 

levels of Ca2+. Rapid and Line scans revealed repetitive fluctuations at these 

locations, which appeared to undergo oscillations of Ca2+ release. In fact, such a 

phenomenon has been documented in the cytosol of intact cells, but never before in 

nuclei. Gordienko et al, in studies carried out in visceral and vascular myocytes 

(BOL TON et al, 1998; GORDIENKO et al, 1999), have reported that Ca2
+ sparks 

occur more frequently at certain sites, which they termed frequent discharge sites 

(FDS). In portal vein myocytes, most of the studied cells possessed one FDS, at 

which sparks and waves initiated. These FDS were correlated to the ER/SR of the ce li 

and the ER/SR was suggested to be particularly enriched in RyRs at these spots 

(GORDIENKO et al, 2001). The FDS were detected to be near the nucleus, but no 

report, before our results, have localized any FDS inside isolated nuclei. Another 

group, Pucovsky et al (2006), reported a sirnilar phenomenon in mesenteric artery 

smooth muscle cells; however, this time the spots were called Ca2
+ discharge region 

(CDR). The latter were found to be enriched in both RyRs and IP3Rs, and were 
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involved in initiating Ca2+ sparks, puffs and waves (PUCOVSKY et al, 2006). 

Taking these reports into account, we can suggest that what we detected in our 

isolated nuclei could be a phenomenon similar to these cytosolic "hot-spots". The 

oscillations we detected could correspond to repetitive cycle~ of Ca2+ puffs and /or 

sparks, given the fact that our nuclei, suspended in a Ca2+-free medium, were initially 

stimulated by ET -1. The se "hot spots" could co-localize to a structure ( discussed 

shortly) which would be endowed with Ca2+ release channels, such as IP3Rs and 

RyRs. 

In summary, our results confrrm, based on our studies in Ca2+ free 

environment, that Ca2+ signais can be also generated in nucleo, using only nuclear 

Ca2+ resources,' independently of the cytosolic Ca2+. Furthermore, in the nucleoplasm 

of certain nuclei, there seems to exist a locus, which is involved in initiating Ca2+ 

sparks and puffs, and probably Ca2+ waves. 

4.4 Presence ofnuclear structures in hVSMCs 

It is suggested that the nuclear envelope membranes are of ER/SR origin 

(GERACE et al, 1988; NEWPORT et al, 1987), and several groups have reported 

previously that reticular structures exist in nuclei of certain cell-lines 

(ECHEVARRIA et al, 2003; GUATIMOSIM et al, 2008; MARIUS et al, 2006). 

Using the ER/SR probe ER-Tracker permitted us to detect in iiitact hVSMCs, in 

addition to the cytosolic ER/SR, a structure in the nucleus. By observing seriai optical 

sections of the cell nucleus, we can confrrm that this structure resides in the interior 
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of the nucleus. Renee, our results showed for the first time that a reticular nuclear 

structure is also present in normal human VSMCs. Furthermore, by utilizing the 

nucleoplasmic stain Syto-11 we were able to reveal the negative image of these 

nuclear structures, and confrrm that they occupy a volume in the nucleoplasm. 

As mentioned in the Literature Review, the reticular, ER-like structure is 

suggested to con tain Ca2+. If that is indeed the case, we expect that the se structures 

which we identified in normal intact cells participate in sorne of the unique nuclear 

Ca2
+ homeostasis and signaling phenomena. These structures may contribute to 

nuclear Ca2
+ signais, including the nuclear Ca2

+ oscillations at the "hot-spots", and 

the spontaneous nuclear Ca2
+ waves. 

To further investigate the nature of this nuclear structure, we utilized a second 

ER probe, the DiOC6, a probe commonly used for ER/SR detection (BKAIL Y et al, 

1997c; SHMYGOL et al, 2004). We detected in the cytoplasm of intact hVSMCs the 

network of ER/SR. As in the case of the probe ER-Tracker, we observed the presence 

of nuclear tubular structures, which in this case seemed to stem from the nuclear 

envelope. The negative image of these nuclear tubular structures was attained by the 

double labeling study with Syto-11. Previous reports, using the same DiOC6 probe, 

have identified similar nuclear structures in immortalized HeLa (FRICKER et al, 

1997; LUI et al, 2003) and C6 Glioma (LUI et al, 1998b) cells. The nuclear tubular 

structures we detected are also similar to "tubular channels" described in several 

immortalized cell lines by Fricker et al, using Con-A, a lectin which detects 

oligosaccharadie side chains (FRICKER et al, 1997). 
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On the functional level, in sorne of these studies, these nuclear structures were 

considered to be continuations of the nuclear envelope and to possess nuclear pores 

(LEE et al, 2006). If indeed the nuclear tubular structures we detected in normal, 

intact h VSMCs are invaginations of the nuclear envelope, than it is safe to say, that 

they ·serve to increase the nucleo-cytoplasmic interface, and hence increase the 

exchange rate between these two compartments and help deliver cargo and signais to 

the deep interior of the nucleus, as was suggested recently by our group (BKAIL Y et 

al, 2009). Sorne groups also suggest that these invaginations contain releasable Ca2
+ 

(LUI et al, 1998a; LUI et al, 1998b) 

4.5 DiOC6 reveals the absence of tubular structures and ER-Tracker 

reveals the presence of reticular structure in isolated nuclei 

We studied also the presence of these nuclear structures in isolated nuclei. 

Interestingly, Di0C6 did not detect any tubular structures in isolated human aortic 

VSM and liver nuclei. Hence, the -tubular structures we and others detected in intact 

cells seem to be absent from isolated nuclei. In our samples, the labeling of DiOC6 

was limited to the nuclear envelope of the isolated aortic and liver nuclei, and one 

report corroborates this result in hepatic nuclei (GERASIMENKO et al, 1995). 

The disappearance of the nuclear tubular structures in isolated nuclei is very 

intriguing. It suggests that these nuclear structures are maintained by cytosolic 

factors, the removal of which would affect their existence. The first candidate that 

cornes to mind is the cytosolic cytoskeleton, which is known to support the proper 
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localization, -distribution and motility of cellular components. Hence, during nuclear 

isolation, the removal of this support system seems to alter the nuclear tubular 

structures to an extent, that they are no longer detectable, or that they simply "de

invaginate" or unfold. This hypothesis is supported by the fact that sorne of the 

tubular structures we detected were transverse, i.e. crossed the nucleus from one side 

to the other, and hence seem to be open on both sides to the cytosol, in addition to 

suggestions in the literature that these nuclear tubular structures are like tunnels that 

sometimes even contain organelles such as mitochondria (CHAMERO et al, 2008; 

LEE et al, 2006). Such architecture will surely have to rely on a support system, 

most likely the cytoskeleton. 

On the other hand, we nevertheless observed the presence of nuclear 

structures in isolated nuclei with ER-Tracker. In contrast to DiOC6, the use of ER

Tracker permitted the identification of an ER-like structure in two types of isolated 

nuclei. Hence, unlike the DiOC6-detected structure, when nuclei were isolated, this 

structure was retained in the nucleus. This structure could be a new structure, similar 

to the ER/SR of the cytosol. We will refer to this structure as ER-like nuclear 

structure. On the other hand, taking into consideration the tubular nature of the 

DiOC6-detected structures in intact h V SM Cs, we will refer to them as nuclear 

tubular structures. 

In summary, we detected, using two different ER/SR probes, two nuclear 

structures; nuclear ER-like structure and nuclear tubular structures. Although, in 

form, these two structures thus far seem to be alike, one important differeu'ce we 
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established was that while the first is maintained in isolated nuclei, the second 

disappear in isolated nuclei. 

4.6 Characterization of the nuclear ER-like and tubular structures in 

cells and nuclei 

Regardless of the important differentiation we already made re garding the two 

nuclear structures' presence in isolated nuclei, we utilized a host of ionie probes, 

organelle markers and antibodies combined to double, triple and quadruple labeling 

confocal microscopy and electron microscopy techniques in an attempt to 

discriminate between these two structures and try to address the inconsistency in the 

literature. 

4.6.1 Discrimination between nuclear ER-like and tubular structures 

Our results, obtained from double and triple labeling of intact h V SM Cs with 

ER-Tracker, DiOC6 and Syto-11 allow us to paint a better picture ofthese structures 

detected by the two ER/SR probes. Close examination of the degree of co-localization 

of the two probes suggests, a common cytosolic entity is detected by both, with ER

Tracker containing most of the DiOC6 label. On the other hand, in the nucleus of 

intact single cells, even though both probes detect similar structures, ther~ was 

absence of complete co-localization. The fluorescence subtraction, where the DiOC6 

nuclear label was removed from that of the ER-Tracker proved that in fact both 
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probes labeled the nuclear envelope membranes (including the nuclear tubular 

structures), however, since nuclear tubular structures disappeared in isolated nuclei, 

we can underline, that unlike the DiOC6, the ER-Tracker also labeled the nuclear ER

like structure membranes. The reason of absence of nuclear ER -like structure labeling 

by DiOC6 and presence ofnuclear ER-like structure labeling by ER-Tracker could be 

due to higher specificity of DiOC6 to ER/SR membranes when compared to ER

Tracker, which seems to label both ER/SR and nuclear ER-like structure membranes. 

4.6.2 Ca2
+ - Orange as a tool to discern between nuclear ER-like and 

nuclear tubular structures 

Another tool that we used to even more clearly differentiate between nuclear 

ER-like and tubular structures, was the Ca2+ probe, Ca2+- Orange. Loading of intact 

h V SM Cs with this probe seemed to detect the Ca2
+ associated to a cytosolic tubular 

network, with absence from the nucleoplasm. This finding is consistent with sorne 

previous results in the literature utilizing Ca2
+- Orange (SHARON-FRILING et al, 

2006), though the ion distribution detected with this probe differed considerably from 

other Ca2
+ fluorescent indicators, such as Fluo-3, Fluo-4, used routinely in our 

(BKAILY et al, 1997c; BKAILY et al, 2009) and other laboratories (ABRENICA et 

al, 2000; GORDIENKO et al, 2001; LEE et al, 2006). The triple labeling of intact 

hVSMCs combining the two Ca2+ indicators, Ca2+- Orange and Fluo-3, with the 

nucleic acid stain Syto-11, clearly demonstrated that while Fluo-3 seems to be 

distributed throughout the cell, including organelles, Ca2+- Orange was distributed 

only in the cytosol including the nuclear tubular network. These results suggest that 
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nuclear tubular structures are extensions of the cytoplasm to the interior of the 

nucleus. This, and the observation that Ca2+- Orange, in addition to the cytosol, also 

detected the cytosolic portion of the nuclear tubular structures (along with their 

negative images), led us to carry out a triple labeling study of Ca2
+- Orange, the 

ER/SR probe DiOC6, and the nucleoplasmic stain Syto-11. As was expected, there 

was near complete co-localization between DiOC6 and Ca2
+- Orange, with a negative 

image detected by Syto-11. By this series of experiments we established Ca2
+

Orange, in intact single cells, as a means of detecting the cytoplasmic area of nuclear 

tubular structures. Furthermore, we thus also confmned, that the nuclear tubular 

structures detected by DiOC6 can contain Ca2
+. 

Along the same line of thinking we also compared and contrasted in intact 

single h V SM Cs, the cytosolic and nuclear structures detected by Ca2
+- Orange with 

the orres detected with ER-Tracker. The intermediate degree of co-localization of the 

two labels allows us to state that the Ca2+- Orange label is contained in the ER

Tracker's label, in the cytosolic and the nuclear structures, however, ER-Tracker 

detects entities undetected by the Ca2+ indicator. This indicates that Ca2+ detected by 

Ca2
+- Orange is associated only with sorne parts of the structure detected by ER

Tracker. This phenomenon of "compartmentalization" is a known feature of sorne 

organelles, such as the ER/SR. 

Finally, our quadruple labeling study in intact single hVSMCs, combining 

ER-Tracker, DiOC6, Ca2
+- Orange and Syto-11, confmned what we had deduced in 

double and triple studies matching in between these probes. There was sorne degree 

of co-localization between the ER-Tracker, DiOC6 and Ca2
+- Orange, with certain 

230 



parts of ER-Tracker's label not co-localizing with any of the other two probes. This 

un-colocalized part can correspond to the part of the ER-Tracker structure which is 

undetected by DiOC6. 

Furthermore, our results using isolated nuclei showed that Ca2+- Orange can 

be loaded into this preparation. The fact that the Ca2+ probe Ca2+- Orange loads only 

into the cytosol of intact cells but can also be loaded into isolated nuclei suggests that 

this probe in our loading conditions had limited access; a characteristic that can be 

used to study free Ca2+ limited to the cytosol of intact cells and free Ca2+ of isolated 

nuclei. 

4. 7 Co mm on characteristics of the nuclear ER-like and nuclear tubular 

structures: possession of Ca2
+ pumps 

One common feature of the nuclear ER-Iike and the nuclear tubular structures 

would be possession of Ca2+ -A TPase pumps. As was presented in the Literature 

Review, a Ca2+ pump, the NCA was detected on the outer membrane of the nuclear 

envelope (KULIKOV A et al, 1982; NI COTERA et al, 1989). The nuclear tubular 

structures, presumed to be invaginations of the NE, are supposed to possess NCAs. 

On the other hand, if the nuclear ER-like structure and its membranes within the 

nucleus indeed have ER/SR characteristics, they too should possess a Ca2+ pump, just 

like the ER/SR Ca2+-ATPase, the SERCA pump (WU et al, 2001). Our results, using 

a fluorescent probe tagged to the Ca2+ -ATPases blocker Thapsigargin settled this 

231 



question. This compound, Bodipy-TX-Thapsigargin, detected a diffuse structure in 

the cytosol of intact h V SM Cs, with considerable presence around the nucleus. This 

distribution is in concert with repor.ts from other groups, in the same type of cells 

(ABRENICA et al, 2003; SHMYGOL et al, 2004). Furthermore, this compound 

also detected the presence of Ca2
+ pumps on nuclear ER-like structure in the nucleus 

of hVSMCs. However, as expected, Ca2
+ pumps were also detected on nuclear 

tubular structures, which were resolved in 3 dimensions with the confocal 

microscope, and appeared to cross the nucleus from one si de to the other. On the 

functionallevel, similar to the ER/SR SERCA pump, the nuclear ER-like structure's 

pumps would function to build-up Ca2+ in this structure, while the nuclear tubular 

structures' pumps, just like the nuclear envelope pump, would work to pump out 

nucleoplasmic and perinucleoplasmic free Ca2
+. 

4.8 Presence of nuclear pores on the nuclear tubular structures 

A very solid proof about the nuclear tubular structures being tubular 

invaginations of the nuclear envelope, along its two membranes, towards the nucleus, 

would be the presence of nuclear pores on these invaginations. Our 

immunofluorescence studies, detecting the presence and distribution of nuclear pore 

complexes (NPC) established that pro of in h V SM Cs. The presence of the NPC was 

investigated with specifie antibodies, whose suitability was verified by the control 

studies. Detection of medium length and transverse tubular structures by this anti

pore antibody indeed confrrms that these invaginations are double membrane 
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protrusions of the nuclear envelope towards the nucleoplasm. Our results are in line 

with previous observations, based upon electron microscopy studies (FRICKER et al, 

1997; LEE et al, 2006), suggesting the presence ofNPCs on nuclear invaginations. 

Furthermore, the same immunofluorescence protocol, applied in isolated aortic and 

hepatic nuclei, detected the presence of nuclear pores only on the nuclear envelope, 

without revealing any nuclear tubular invaginations. This result in fact agrees with 

our previous fmding (section 3.3.4, DiOC6 labelling of isolated nuclei) that nuclear 

tubular structures disappear when nuclei are completely isolated from the cell. 

After establishing that in h VSMCs double membrane invaginations of nuclear 

envelope possess NPCs, a further confirmation that these invaginations are in fact the 

nuclear tubular structures, came form the triple labeling study, combining the anti

NPC antibody with the nuclear tubular structures-detecting probe DiOC6, and the 

nucleoplasmic stain Syto-11. 

The monoclonal anti-NPC antibody we utilized in this study has been used 

extensively in the literature to detect nuclear pores. It has been demonstrated, that the 

antibody immunoprecipitates with NPC proteins (Aris et al, 1989) and no cross

reactivity with other targets has been reported (Aris et al, 1989). Our own control 

studies demonstrated no background or non specifie binding with non-immune serum 

and secondary antibody. Renee, the chosen anti-NPC antibody was considered 

suitable for detecting nuclear pores in our samples. 

A frrst in its kind, the high degree of co-localization between the nuclear pore 

fluorescence and the nuclear tubular structures fluorescence indicates that the nuclear 

tubular structures are tubular invaginations of the NE to the nucleoplasm and possess 
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nuclear pores. Functionally, such a situation would have an important effect on many 

cellular processes. It was already mentioned, that nuclear tubular structures increase 

the nucleo-cytoplasmic interface surface-area (BKAIL Y et al, 2009). Now, the 

presence of nuclear pores on the nuclear tubular structures is an indication, that the 

nucleo-cytoplasmic transport of cargo would also be enhanced. Many nuclear events, 

such as activation of genes, depend on the import of transcription activators from the 

cytosol, and on the other hand, many cytosolic processes depend on material 

delivered from the nucleus (GORLICH et al, 1999). The existence of nuclear tubular 

structures penetrating deep into the nucleoplasm, and possessing nuclear pores, would 

considerably enhance the efficiency of such transport processes. 

4.9 Presence of Ang TI receptors on nuclear tubular structures 

As mentioned previously, receptors, particularly GPCRs have been known to 

reside on the imclear envelope membranes. Our laboratory has localized several 

functional receptors, including those of ET-1 (BKAILY et al, 2000; BKAIL Y et al, 

2003a), Ang-II (BKAIL Y et al, 2003b) and NPY (JACQUES et al, 2003b) on the 

nuclear envelope membrane of several cell types. The AT2 receptor of Ang-II was 

particularly found to have a prominent presence at the nuclear envelope level 

(JACQUES et al, 2003a). The antibody we used to verify the presence of AT2 

receptors on nuclear tubular invaginations has been utilized previously in the 

literature, and is considered to be specifie, based on control peptide studies and 

replacement of primary antibody with non-immune serum (JACQUES et al, 2003a). 

Although, to the best of our knowledge, immunoprecipitation assays were not 
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performed with this antibody, the reports in the literature re garding the utilization of 

this antibody and the thus performed control studies lead us to consider the antibody 

sui table for detection of AT 2 receptors in our samples. 

Our indirect immunofluorescence triple labeling studies, combining AT 2 and 

nuclear pore detection with Syto-11 staining revealed, that this receptor sub-type of 

Ang-II is not only found on the nuclear envelope, but on pore-possessing nuclear 

envelope invaginations too. This was assessed by the near complete co-localisation of 

the nuclear pore and AT 2 associated fluorescence and the juxtaposition of both with 

the negative image revealed by the Syto-11. In a subsequent, separate quadruple 

labeling study, DiOC6 was incorporated as a fourth label to the already mentioned 

three labels. Taking into consideration the degree of co-localization of the different 

probes utilized, we can safely state that the pore bearing nuclear invaginations, on 

which the AT2 receptor was localized in the previous protocol, are none other than the 

DiOC6-detected nuclear tubular structures. Hence, we can confirm, for the first time, 

that nuclear tubular structures possess AT 2 receptors and may possess GPCRs in 

general. 

The presence of GPCRs on nuclear tubular structures further sophisticates the 

possible physiological role of these entities in the cell. With this latest finding, if the 

nuclear tubular structures' GPCRs prove to be functional, for example in the context 

of nuclear Ca2
+ homeostasis modulation (as is the case with the nuclear envelope 

GPCRs), then yet another novel assignment can be ascribed to the nuclear tubular 

structuress: delivering pharmacological signais to the deep interior of the 
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nucleoplasm, and possibly participating in sub-nucleoplasmic modulation of nuclear 

Ca2+ homeostasis. 

4.10 Presence of IP3 and Ryanodine receptors on the nuclear ER-like 

structure 

For the ER-like nuclear structure to be considered an entity similar to the 

cytoplasmic ER/SR, it has to possess at least sorne of the characteristics of the 

aforementioned organelle. Hence we studied the presence of IP3Rs and RyRs in 

nuclei hVSMCs. The chosen polyclonal anti-IP3R and monoclonal anti-RyR 

antibodies have been broadly used to detect their target proteins in various tissues and 

experimental approaches. Although, to the best of our knowledge, the absolute 

specificity of these antibodies has not been reported by immunoprecipitation studies 

in the literature, taking into consideration the multitude of reports utilizing these 

antibodies, the quality of the results reported, and also our own control studies, we 

considered these antibodies suitable for detection ofiP3Rs and RyRs in our samples. 

Based on our fmdings in intact cells, we can conclude that the IP3Rs in 

h V SM Cs are prominently concentrated in an area around the nucleus which 

corresponds to the ER/SR, with sorne IP3Rs fluorescence observed on the 

sarcolemma membrane. These fmdings are supported by reports in the literature, 

which suggest that in VSMCs, IP3R isoform 1 has a predominantly central location 

(NIXON et al, 1994), IP3R2 is expressed near the plasma membrane and in the 

perinuclear area (SUGIY AMA et al, 2000; ZHANG et al, 2003), while IP3R3 only 
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in the latter localization (TASKER et al, 2000). In addition to this classic distribution 

of the IP3Rs in our samples, we also detected the receptor on the ER-like nuclear 

structure. Several groups have documented the presence of IP3Rs in reticular 

structures of immortalized cell lines, such as in human hepatoma SK.Hep 1 

(ECHEV ARRIA et al, 2003) in addition to rat primary culture cardiomyocytes 

(GUA TIMOSIM et al, 2008). Our fmding, to the best of our knowledge, is a frrst in 

normal human VSMCs. Since nuclear tubular structures disappear in isolated nuclei, 

thus, the fluorescence associated to IP3Rs in our nuclear preparation could be due to 

the presence of a particular nucleoplasmic structure, such as the ER-like nuclear 

structure. 

On the other hand, indirect immunofluorescence utilizing anti-RyR antibodies 

revealed a heavy presence of this receptor in the cytosol (ER/SR) and the nucleus 

(NE and ER-like nuclear structure) of intact hVSMCs. The perinuclear region also 

showed high RyR fluorescence. Our fmdings regarding the RyRs distribution in 

h V SM Cs are similar to the results reported by Pucovsky et al, who reported an 

intense labeling of RyRs in guinea-pig mesentery artery smooth muscle cells 

(PUCOVSKY et al, 2006). Other groups documented a strong cytoplasmic and 

perinuclear RyR-associated labeling in rabbit VSMCs (ABRENICA et al, 2003) and 

rat uterine smooth muscle cells (SHMYGOL et al, 2004). Nevertheless, unlike in 

sorne immortalized celllines (GUATIMOSIM et al, 2008; MARIUS et al, 2006), in 

our samples, high density the RyR labeling did not permit us to correlate the 

localization of these receptors to a particular nuclear structure. In case of isolated 

nuclei, RyR immunofluorescent signal was patchy and disorganized and completely 
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nucleoplasmic, a distribution previously documented in skeletal myotubes isolated 

nuclei (MARIUS et al, 2006). The large patchy distribution of the fluorescence 

suggests that the ER-like nuclear structure network is well developed in the nucleus 

ofhVSMCs. 

In conclusion, IP3Rs and RyRs seem to be present in intact h V SM Cs and 

isolated nuclei. Furthermore, these receptors seem to be associated to the NR 

structure. 

4.11 Presence of Glucose-6-phosphatase activity in ER-like nuclear 

structure in the nuclei of intact h VSMCs 

In the last part of this project, we benefited from the characteristics of a 

certain ER-signature protein, Glucose-6-phosphatase, which is an enzyme operating 

in the membrane of the ER (BENCHIMOL 2008; KAMISHOHARA et al, 2000; 

NICHOLS et al, 1984), in order to study its possible presence in the ER-like nuclear 

structure. The cytochemical activity of this enzyme is usually used to mark the ER in 

severa! experimental procedures, including electron microscopy (NICHOLS et al, 

1984). Our electron microscopy results revealed a strong presence of the active 

enzyme beneath the inner nuclear envelope membrane, where it constituted an 

irregular, mesh-like network. Our fmdings in this regard are supported by reports in 

the literature regarding the detection of cellular ER/SR, where the enzyme activity 

marks the membranes of the ER/SR sheets (NICHOLS, B. 1984). Renee, the mesh 
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like network detected in our samples could correspond to the Glucose-6-phosphatase 

activity in ER-like nuclear structure. 

4.12 Nucleoplasmic reticulum versus nuclear t-tubules! 

The multitude of results presented thus far allows us to summarize: 

1. The ER/SR specifie probe ER-Tracker detects in hVSMCs a cytosolic 

structure which corresponds to the ER/SR of the cell. The probe also detects 

an ER-like nuclear structure, which can have ER-like characteristics, and is in 

contact with the inner nuclear membrane. The ER-like nuclear structure is 

retained in isolated nuclei. Since ER-Tracker recognized both the ER/SR and 

the ER-like nuclear structure, it is logical to postulate, that these two reticula 

possess similar membrane compositions. 

2. The ER/SR probe DiOC6detects a tubular network in the èytosol ofhVSMCs, 

which is characteristic of the VSMCs reticulum. Furthermore, in addition to 

labeling the nuclear envelope membranes, this probe also reveals the presence 

of nuclear tubular structures which are extensions of the nuclear envelope 

membranes. On the other hand, nuclear tubular structures disappear when 

nuclei are extracted from cells. Since DiOC6 recognized only the ER/SR 

membrane and the nuclear envelope membranes, but not the membranes of 

the ER-like nuclear structure, it is possible to postulate in this case, that the 

ER-like nuclear structure's membrane composition is not completely the same 

as those of ER/SR and nuclear envelope membranes. These results highly 
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support the suggestion, that ER-lilœ nuclear structure is a completely different 

structure than the ER/SR and the nuclear envelope. 

3. Double and triple labeling studies showed, that in the cytosol, the structures 

detected by these two probes can partially co-localize, with ER-Tracker 

always appearing to contain most of the DiOC6 labeling. Therefore, it is 

possible thaf each probe is detecting sorne parts of an entity, and there is a 

common area detected by both, which is the ER/SR and the nuclear envelope 

membranes. However, in the nucleus, ER-Tracker probes seems to detect the 

part of the nuclear entity which is undetected by DiOC6, as evidenced by the 

fluorescence co-localization but especially by fluorescence deduction studies, 

and supported by the fact that nuclear tubular structures are absent in the 

isolated nuclei. 

4. The nuclear tubular structures, as evidenced by the double and triple labeling 

studies, possess nuclear pores, Ca2+-ATPases, and can possess GPCRs, such 

as AT2 receptor of Ang-II. These results further support the idea that the 

nuclear tubular structures are extensions of the nuclear envelope toward the 

nucleoplasm interior. 

5. The ER-like nuclear structure detected in intact cells possesses IP3Rs, RyRs 

and Glucose-6-phosphatase activity. These components are essential parts of a 

reticulum 

Based on these observations, we see fit to refe.r to the nuclear structures 

detected by ER-Tracker but not DiOC6 as Nucleoplasmic Reticulum (NR), taking into 

consideration their retention in isolated nuclei, in addition to theif possession of a 
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Ca2+-ATPases, IP3Rs, RyRs and Glucose-6-phosphatase activity, all these being 

characteristics of a reticulum. Hence, the NR seems to be a resident, permanent 

organelle structure inside the nucleus, possessing ER/SR characteristics. 

On the other hand, we term the nuclear tubular structures detected by DiOC6 

and ER-Tracker_ as Nuclear t-tubules (NITs), due to their physical shape and 

resemblance to cardiomyocyte and skeletal muscle cell sarcolemma t-tubules. Just 

like the latter, the NTTs also seem to be invaginations of membranes, in this case the 

nuclear envelope membranes, as evidenced by the presence of nuclear pores on the 

NTTs. Furthermore, NTTs seem to possess GPCRs. Therefore, similar to t-tubules, 

which serve to deliver signais to the deep cytoplasm, NTTs might serve to deliver 

signais to the deep nucleoplasm. It is noteworthy that the disappearance of NITs 

from the isolated nuclei suggest that NTTs are dynamic nuclear entities, unlike the 

NR, which seems to be permanently resident in the nucleus. 

The exact role of the NR in physiology and pathology are y et to be identified. 

Since the NR has ER/SR characteristics (possession of IP3Rs, RyRs, Ca2+ -ATPase 

and glucose-6-phosphatase activity), it is highly probable that it participates in 

nuclear Ca2+ signaling, particularly in instances when this signaling is independent of 

the cytosol. The nucleoplasmic localized Ca2+ signais we report in this thesis could be 

nuclear Ca2+ sparks and puffs generated from the NR. Hence, the NR can contribute 

to regulation of nuclear Ca2+ homeostasis independent of the cytosol, and can assist in 

regulation of many Ca2
+ sensitive pro cesses that exist in the nucleus. 
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The role(s) that NITs plays in physiology and pathology also remains to be 

elucidated. Since nuclear tubular structures were identified mainly in cancerous cell 

lines, and since we report here the presence of NTTs in normal cells, the NITs 

therefore seem to be involved in both physiological and pathological phenomena. 

Since NTTs increase the nucleus-cytosol exchange interface and bring the nuclear 

envelope membranes (and hence the nuclear pores, the nuclear membranes GPCRs 

and ion transorters) to the proximity of intra-nuclear entities (ex. nucleoli, where 

ribosome biogenesis occurs), NTTs seem to be involved in dynamically increasing 

the efficiency of the nucleocytosolic transport and nuclear signaling. This notion is 

supported by prelirninary studies in our laboratory; the numbers of NITs seem to 

vary with the metabolic state of the cell. We have observed both increases and 

decreases of NTT numbers in both spontaneously induced and inherited cellular 

pathology models. Our on-going work in this domain will surely shed light on the 

role ofNTTs in pathophysiology. 

4.13 Summary and general conclusion 

In this thesis, we addressed the issue of regulation of the nuclear Ca2
+ 

homeostasis, namely whether it is accomplished dependent! y or independently of the 

cytosolic Ca2
+ homeostasis. In other words, can the nucleus generate its own Ca2

+ 

signais, or does it rely on cytosolic Ca2+ signais' propagation to the nucleus, bearing 

in mind that many Ca2
+ sensitive processes reside in the nucleus. Figure 46 presents 

the major findings we obtained in our results and presents different pathways of 

nuclear Ca2
+ homeostasis regulation. 
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Figure 46. Cytosol dependent and independent nuclear Ca2
+ 

signalling. 

In presence of cytosolic Ca2
+, Ca2

+ can enter the nucleus via the NE R
type Ca2+ channel and produce nuclear Ca2+ waves. This influxed Ca2

+ 

can also induce further release of Ca2
+ in the form of nuclear Ca2

+ sparks 

from RyRs of the inner nuclear membrane (INM) and/or nucleoplasmic 
reticulum (NR). When stimulated, NE or NTT GPCRs can act on NE R
type Ca2+ channel and promote Ca2

+ influx. These nuclear GPCRs can 
also induce release of Ca2

+ from perinuclear space (PNS) and /or NR by 
acting via nuclear IP3 on the IP3Rs of the latter. This last pathway 
particluarly accounts for the generation of nuclear Ca2

+ signais in absence 
of extranuclear Ca2+; in absence of cytosolic Ca2+, stimulation of NE or 
NTT GPCRs generates nuclear IP3, which induces generation of Ca2

+ 

puffs from the INM and/or NR IP3Rs. The nuclear t-tubules (NTTs), in 
addition to GPCRs, are endowed with nuclear pores (NPC) and Ca2

+

ATPases (NCA). In absence or presence of cytosolic Ca2
+, basal activity 

of PLCIIP3Rs and stochastic activity of RyRs account for spontaneous 
Ca2

+ sparks and puffs. Induced and spontaneous Ca2
+ sparks and puffs 

summation generates nuclear Ca2
+ waves. ONM, outer nuclear 

membrane; AT2, Ang II type 2 receptor; ET1R, endothelin-1 receptor; 
PLC/PI, phospholipase/phosphoinositide; ER/SR, 
endoplasmic/sarcoplasmic reticulum; Nue, nucleus. The presented 
entities are not to scale. 
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Through our results, we demonstrated that cytosolic Ca2
+ signais, sparks and 

waves, in fact can propagate to the interior of the nucleus. Additionally, sorne Ca2
+ 

signais can be born at the boundary, i.e. at the perinuclear region, and propagate to 

the nucleus. Bence, we can conclude that signais generated outside the nucleus can be 

transmitted to the nucleus. 

On the other hand, we also showed for the first time the existence of 

spontaneous, unstimulated Ca2
+ signais in isolated nuclei, bathed in a Ca2

+ 

containing environment. These spontaneous Ca2
+ signais are either generated as a 

consequence of R-type channel opening followed by influx of Ca2
+ and further 

release of Ca2
+ from nuclear stores, including the NR, or are generated due to intra

nuclear processes (stochastic activation of RyR, or basal activity of PLC). Therefore, 

our second conclusion is that spontaneous Ca2
+ signais can be generated inside the 

nucleus, with the assistance of cytosolic Ca2
+. 

Furthermore, we provided evidence that in presence of cytosolic Ca2
+, nuclear 

Ca2+ transients, including Ca2+ puffs, sparks and waves, can be induced upon various 

pharmacological interventions, by activation ofnuclear GPCRs (ET-1 receptor) or by 

direct stimulation of isolated nuclei with 2nd messengers acting on nuclear IP3R and 

RyR (which could be present on the NR). Bence, our third conclusion confmns, that 

nuclear Ca2
+ signais can be produced by stimulation, in presence of cytosolic Ca2

+. 

Y et, in addition to all that was just mentioned, which would otherwise de fine 

the nuclear Ca2+ homeostasis as absolutely dependent on cytosolic Ca2
+ signais or at 

least on cytosolic Ca2
+ presence, we also demonstrated through our experiments the 

opposite, i.e. independent regulation of nuclear Ca2+ homeostasis. We provided 
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evidence, that in absence of cytosolic Ca2+, agonist stimulation can generate Ca2
+ 

signais in nucleo, utilizing only nuclear Ca2+ resources, probably from the perinuclear 

space and/or the NR, and/or bound nuclear calcium. Furthermore, in certain cases, we 

demonstrated existence of an oscillatory phenomenon of Ca2+ sparks, puffs and 

probably waves inside the nucleus, sustained solely by nuclear Ca2+ resources. These 

"hot-spots" could be functional, cooperative units of Ca2+ influx (R-type Ca2
+ 

channel), Ca2+ release (IP3R, RyR) and re-uptake (Ca2+-ATPase) mechanisms on NR 

and/or NTTs. 

The experiments that we designed, and in which we utilized severa! original 

approaches in ion and organelle probes' incorporation, led us to identify and 

characterize two new nuclear structures: the nucleoplasmic reticulum (NR) and the 

nuclear t-tubules (NTT). The NR is an ER/SR-like organelle that resides inside the 

nucleus. It seems to possess sorne ER/SR features (Ca2+ content, Ca2+-ATPase pump, 

IP3R, RyR, Glucose-6-phosphatase). In its tum, the NTT is a tubular invagination of 

the nuclear envelope, into the nucleoplasm. It is endowed with nuclear pores, Ca2+

ATPase and also carries the AT2 receptor of Ang-II. 

Taking into consideration ali of the above and the traditional cellular model, 

where cytosolic Ca2+ homeostasis can be moduiated dependentiy and independently 

of extracelluiar Ca2+, we can conclude that nuclear Ca2+ homeostasis in its tum can 

be reguiated both dependently and independentiy of the cytosoiic Ca2+ homeostasis. 

While cytosoiic Ca2
+ signais can propagate into the'nucleus, or ignite generation of 

nuclear Ca2+ signais, sorne Ca2+ signais can be generated without any cytosolic 

contribution. The NR and the NTT, with their thus far defrned characteristics 

246 



potentially play important roles in nuclear Ca2
+ homeostasis. The NR has the 

potential to be the intranuclear Ca2
+ store, which would generate Ca2

+ sparks, puffs, 

waves and oscillations upon agonist stimulation at nuclear envelope GPCRs, or upon 

activation of nuclear envelope membranes Ca2
+ channel. The NTT, with its long 

reach inside the nucleoplasm, would potentially enhance the delivery of cytosolic 

signais, electrical and pharmacological, to the deep nucleus, and assist in' 

development of intranuclear functional or signaling microdomains. Furthermore, by 

the virtue of the nu~lear pores decora ting the NTT, the nucleus-cytoplasm traffic 

promises to be more efficient, with both sides benefiting from the rapid delivery of 

needed signais and material. 

Hence, the NR and NTT add a further degree of sophistication to cellular 

processes, including nuclear Ca2
+ homeostasis, which, apparently, can be regulated 

dependent! y and independently of cytosolic Ca2+ homeostasis. 

4.14 Perspectives 

The physiological role of nuclear Ca2
+ signaling is a gold mine in a process of 

excavation. Thus far it is known, th~t nuclear Ca2
+, by the virtue of its concentration, 

or its signais, can control specifie nuclear processes such as gene transcription 

(HARDINGHAM et al, 1998), development (BOOTMAN et al, 2000), nucleo

cytoplasmic protein transport (PEREZ-TERZIC et al, 1996), DNA fragmentation 

(ORRENIUS et al, 1994), apoptosis (MARIN et al, 1996), cell cycle (HEIST et al, 

1998), etc. Many Ca2
+ sensitive enzymes and effectors reside in the nucleus,such as 

nuclear PKC (ECHEV ARRIA et al, 2003) and CAMK-IV (CHA WLA et al, 1998). 
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Nuclear Ca2+ even participates in regulation of cytosolic Ca2+ homeostasis (BKAIL Y 

et al, 2006; BKAIL Y et al, 2009). Hence, nuclear Ca2+, its signais and homeostasis 

participate in many of the major cellular processes affecting the life and death of the 

cell. 

In this thesis, we tackled the possible pathways of regulation of nuclear Ca2+ 

homeostasis and signaling, by exploring both cytosolic Ca2+ dependent and 

independent paths of that regulation. Further work would expand the knowledge we 

attained through this thesis. Having established a basic understanding about the 

participation of the nuclear pore in nuclear Ca2+ signais, it would be beneficiai to 

further investigate the degree of involvement and the ionie conditions under which 

the R-type Ca2+ channel would assist in Ca2+ influx to the nucleus. Utilization of a 

blocker for this channel, with or without blocking the nuclear pore, would certainly 

help to better appreciate the delicate details of intra-nuclear Ca2+ signais generation, 

those that are spontaneous, and those that are induced by nuclear envelope GPCR 

stimulation. Furthermore, utilization of blockers of. the nuclear IP3 and Ryanodine 

receptor-channels would prove helpful in mapping the participation of each of these 

in the observed spontaneous and induced Ca2+ signais in isolated nuclei. Additionally, 

the possible role and participation of the nuclear Na+-Ca2+ exchanger, known to be 

present on the NE of certain cell-types, should be verified in relation to the nuclear 

Ca2+ homeostasis studies carried out in the thesis. 

Furthermore, the studies addressing the presence of IP3Rs and RyRs on the 

NR should be further advanced. Direct visualization of Ca2+ release from these 

channels would serve to differentiate between generation of Ca2+ sparks and puffs by 

248 



the NR IP3Rs and RyRs versus those generated by INM IP3Rs and RyRs. Similarly, 

the presence of AT 2 receptor on the NTTs opens the do or for presence of many other 

GPCRs on the NTTs. Certainly, the presence of ligands in the NTTs is worth 

considering. Furthermore, to complete the profiling of the NTTs, it should be 

investigated whether in addition to the nuclear pores, GPCRs and the pumps, the 

NTTs also possession exchangers and ion channels. 

One of the controversies that should be addressed in the future is the absence 

of NTTs from isolated nuclei. The conditions which allow the formation of NTTs, 

and the mechanisms of their disappearance should be elucidated. The possible 

involvement of the .cytoplasmic and nuclear cytoskeletons should be investigated. 

Eventually, the roles of the NR and the NTTs in physiology and pathology must be 

addressed, by using cellular models of pathological conditions, such as hypertrophy 

and apoptosis. 
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