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Abbreviations 

 

∆Ψm:    membrane potential 

2-BO:  2-bromooctanoate 

ACh:   acethylcholine 

ADP:   adenosine diphosphate 

ADPRCs:  ADP-ribosyl cyclase enzyme family 

AIF:   apoptosis-inducing factor 

ANT:  adenine nucleotide translocase 

AP5A:  P1,P5-di-(adenosine-5′)-pentaphosphate 

AT-II:  angiotensin II 

ATP:   adenosine tr iphosphate 

ATR:   atraciloside 

BCECF:  2’,7’-bis(carboxyethyl)-5,6-carboxyfluorescein 

BKA:  bongkrekic acid 

BSA:   bovine serum albumin 

cADPR(P):  cyclic adenosine dinucleotide-ribose (phosphate) 

CaGreen:  Calcium Green 5N 

cATR:  carboxyatractyloside 

CCK:  cholecystokinine 

CICR:  Ca2+-induced Ca2+ release 

CK:   creatine kinase 

CL:   cardiolipin 

CypD:  cyclophil in-D 

Cyt c:  cytochrome c 

CysA:  cyclosporine-A 

DAG:  diacyl-glycerol 

DMSO:  dimethyl-sulfoxide 

DTT:   dithiothreitole 

EC50:  50%-excitation concentration 

ER:   endoplasmic reticulum 

ETC:   electron transport chain 
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EDTA:  ethylenediamine-tetraacetic acid 

EGTA:  ethylene glycol-bis(2-aminoethylether)-N,N,N′ ,N′-tetraacetic 

acid 

Erev_ANT:  reversal potential of the ANT 

Erev_ATPase: reversal potential of the F0F1ATPase 

FCCP:  carbonyl cyanide 4-(tr if luoromethoxy)-phenylhydrazone 

FFA:   free fatty acid 

GPN:   glycyl-phenylalanyl-naphtylamide 

Hepes:  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HK:   hexokinase 

IC50:   50%-inhibit ion concentration 

IMM:  inner mitochondrial membrane 

InsP3:  D-myo-inositol-1,4,5-trisphosphate 

mBR:  peripheral mitochondrial benzodiazepine receptor 

MCF:  mitochondrial carrier family 

MgG:  magnesium green 

MOPS:  3-(N-morpholino)-propanesulfonic acid 

NAD(P)+:   nicotinamide-adenine dinucleotide (phosphate) 

NAADP:  nicotinic acid-adenine dinucleotide phosphate 

NCE:   Na+-Ca2+ exchanger 

NICE:  Na+-independent Ca2+ exchanger (H+-Ca2+ exchanger) 

OMM:  outer mitochondrial membrane 

pHi n :    mitochondrial matrix pH 

pHo:   extramitochondrial pH 

Pi :   inorganic phosphate 

PPi :    inorganic pyrophaosphate 

PiC:   phosphate carrier 

PLA2:  phospholipase A2  

pmf:    protonmotive force 

PMSF:  phenylmethylsulfonyl f luoride 

PN:   pyridine nucleotides 

PPIase:  peptidyl-prolyl cis- trans  isomerase 
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(m)PTP:  (mitochondrial) permeabil i ty transit ion pore 

RaM:   rapid (Ca2+) uptake mode 

ROS:   reactive oxygen species 

RuRed:  ruthenium-red 

RyR:   ryanodine receptor 

SCN- :  thiocyanate 

SERCA:  sarco(endo)plasmic reticulum Ca2+-ATPase 

SF 6847 (Tyrphostin 9, RG-50872, Malonaben):  

2-[[3,5-bis(1,1-dimethylethyl)-4-hydroxyphenyl]methylene]-

propanedinitr i le 

Sf-A:  Sanglifehrin-A 

SR:   sarcoplasmic reticulum 

TMPD:  N,N,N′ ,N′-tetramethyl-p-phenylenediamine 

TPCN2:  two-pore cation channel, type 2 

Tris:   tr is-(hydroxymethyl)-aminomethane 

TRP:   transient receptor potential channel 

VDAC:  voltage-dependent anion channel 

WT:   wild type 

DOI:10.14753/SE.2012.1675



Introduction 

6 

1. Introduction  

 

 

Calcium is one of the most versati le and important intracellular 

messengers in l iving cells and organisms. Ca2+ signall ing is involved in 

the control of numerous biological processes [1;2]. For example, Ca2+ is 

essential for oocyte ferti l ization, synaptic plasticity, muscle cell 

contraction, gene expression, enzyme / neurotransmitter secretion and 

cell proli feration, as well as cell death (both apoptosis and necrosis). 

Ca2+ signals are intracellular relays of tr iggering events, such as 

depolarization, hormone or neurotransmitter stimulations, in order to 

control cell functions [1;2]. Ca2+ signals are not all-or-none events; they 

vary greatly in amplitude, duration and localization. Cytosolic Ca2+ 

signals can be generated by activation of Ca2+ entry and/or by 

mobil ization of Ca2+ from intracellular stores. At the level of plasma 

membrane, Ca2+ influx occurs through several types of channels, such as 

voltage-gated channels, l igand-gated channels and transient receptor 

potential (TRP) ion channels [3-5]. Ca2+ is also stored in most 

organelles, including endoplasmic reticulum (ER), mitochondria, 

lysosomes, secretory granules, Golgi apparatus and nuclear envelope 

[6;7]. Thus, compartmentalization of Ca2+ to the extracellular matrix or 

to intracellular organelles is a crucial element of Ca2+ signall ing [8].  

Moreover, Ca2+ release from some of these stores can be tr iggered by 

intracellular second messengers. Ca2+ f luxes display complex spatial and 

temporal signatures, enabling more information to be encoded by Ca2+ 

signals. To meet the demands of this complexity, cells rely on precise 

regulation of Ca2+ channel activity [1]. 

The present thesis focuses on the role of cyclophilin-D in Ca2+-

tr iggered mitochondrial permeabil i ty transit ion and Ca2+ release from the 

cytosolic acidic Ca2+ stores.  
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1.1. Mitochondria as Ca2+ stores 

 

The importance of mitochondria in cellular Ca2+ homeostasis was 

questioned for a long period of t ime when the ER was identif ied as the 

main inositol-1,4,5-trisphosphate (InsP3)-dependent intracellular Ca2+ 

store [9;10]. Subsequently, the general consensus was that mitochondria 

would form a ‘Ca2+ sink’ [2;11;12], since it was hypothesized that the 

well-known low affinity but high capacity mitochondrial Ca2+ uptake 

mechanisms would only be signif icant under conditions of high-

amplitude or prolonged [Ca2+] c increases, i.e. in the Ca2+ overload. 

However, changes of [Ca2+] c in response to physiologically relevant 

stimuli were shown to coexist with rapid modulations of the [Ca2+] m 

[13;14], proving that mitochondria indeed play a more complex role in 

Ca2+ signall ing [15]. Moreover, three mitochondrial enzymes 

participating in key steps of the intermediate metabolism (the pyruvate-, 

α-ketoglutarate- and isocitrate-dehydrogenases) are also regulated by 

Ca2+, a notion that would imply that [Ca2+] m should be suited to fol low 

the physiological [Ca2+] c events of the cell [16;17]. Uptake and efflux of 

Ca2+ in mitochondria occur by different processes (see Figure 1). 
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Figure 1.   Pathways for Ca2 + uptake and release in mitochondr ia.  

DOI:10.14753/SE.2012.1675



Mitochondria as Ca2+ stores 

8 

1.1.1. Mechanisms for Ca2+ uptake into mitochondria 

 

Generally, the mitochondrial inner membrane potential (∆Ψm, that 

is usually between -150 and -180 mV) is the driving force of the two 

major mechanisms of Ca2+ entry to the mitochondria identif ied to date: 

the Ca2+ uniporter and the rapid uptake mode (RaM) [18]. The Ca2+ 

uniporter ‘ in vitro’ is a low-affinity and high capacity transporter that is 

non-competit ively blocked by ruthenium compounds (e.g. Ruthenium 

Red [RuRed] [19;20], Ru360 [21]) or inhibited in a mainly competit ive 

manner by divalent cations - that are themselves transported by the 

uniporter (e.g. Sr2+, Mn2+, Ba2+ and lanthanides), and activated by ATP, 

physiological concentrations of spermine and taurine [12;21-23]. In 

permeabil ized cells however, the half-maximal activation (K0 .5) for 

mitochondrial Ca2+ transport rate, presumably through the uniporter, was 

found to be 3-fold higher than ‘ in vitro’ [24;25]. Hence it is possible 

that the affinity of the uniporter is higher in a cellular environment 

(possibly due to the presence of spermine or taurine or other 

intracellular factors). Moreover, regarding the factors that modulate Ca2+ 

inf lux through the uniporter, the most important is the 

extramitochondrial [Ca2+]. Likewise, the rate of Ca2+ uptake through the 

uniporter shows a biphasic dependence on cytosolic Ca2+ in the presence 

of functional calmodulin [26;27] and physiological [Mg 2+] [28]. Thus, 

the uniporter may function indeed at physiological pCa. On the other 

hand, evidence has been presented for the formation of high Ca2+ 

microdomains [29-31], especially in the ER-mitochondrial junctions, in 

which the local Ca2+-load can be enough to activate the Ca2+ uniporter 

even if i ts aff inity for Ca2+ is as low as ‘ in vitro’ [29-31].   

In contrast, the other major pathway for mitochondrial Ca2+ 

uptake, RaM is a high aff inity and high init ial conductance Ca2+ 

transporter responding to small, but rapid Ca2+ transients of the 

cytoplasm [18;32]. RaM is inhibited by RuRed as well as Ca2+ i tself, 

which exerts rapid inactivation of RaM following its activation [33]. 
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Thus, RaM takes suff icient amounts of Ca2+ for the activation of the 

Ca2+-sensit ive dehydrogenases into the matrix [18] without causing Ca2+ 

overloading of mitochondria [34]. The molecular identity of both the 

Ca2+ uniporter and RaM has not yet been clarif ied and it is sti l l  uncertain 

whether RaM could be defined as a different ‘mode of transport’ through 

the uniporter or i t may be a molecularly distinct entity [35].  

On the other hand, a mitochondrial ryanodine receptor (mRyR1) 

has been identif ied in the inner membrane of rat heart mitochondria 

solely by Beutner et al. that shared pharmaco-kinetic properties with the 

skeletal type RyR (RyR1) [36-38]. It has been suggested that mRyR1 

may play an important role in the excitation-metabolism coupling in rat 

heart mitochondria, thus behaving as a Ca2+ uptake mechanism [37;38]. 

 

1.1.2. Ca2+ eff lux pathways from mitochondria 

 

In the mitochondria of vertebrates, two different routes for Ca2+ 

eff lux have been characterized: one is Na+-dependent (Na+/Ca2+ 

exchanger, mNCX or NCE) that is coupled to Na+/H+ exchange, while the 

other is Na+-independent (H+/Ca2+ exchanger, mHCX or NICE) [39]. The 

stoichiometry of NCE is 3Na+:1Ca2+ [23;34;39], while NICE shows a 

stiochiometry of nH+:1Ca2+, where n is probably >2 [39], thus both are 

electrogenic. There are many established blockers of NCE including 

tetraphenyl phosphonium, tr i f luroperazine, di lt iazem, verapamil, 

clonazepam, amiloride, and CGP-37157, while there are only few known 

inhibitors of NICE such as tetraphenyl phosphonium, cyanide and low 

levels of uncouplers [34]. The dominant Ca2+ efflux mechanism in heart, 

brain, skeletal muscle, parotid gland, adrenal cortex, brown fat and 

endothelial mitochondria is NCE [25;34;40], while NICE is mainly 

expressed on mitochondria in non-excitable t issues e.g. l iver, lung, 

kidney and smooth muscle [23].  

A diacylglycerol (DAG)-activated cation channel has also been 

described as the first second-messenger induced Ca2+ release mechanism 
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in the inner membrane of different mammalian mitochondria [41]. DAG 

analogs have been shown to release Ca2+ from loaded mitochondria in a 

biphasic manner. A rapid and transient init ial Ca2+ release is observed, 

that is not accompanied by mitochondrial swell ing and l ikewise, it is 

insensit ive to permeabil i ty transit ion inhibitors. Following a relatively 

slow reuptake of Ca2+ into mitochondria, a secondary, progressive 

release of Ca2+ occurred, that was associated with swell ing and 

attenuated by permeabil i ty transit ion inhibitors [41]. The init ial peak of 

DAGs-induced Ca2+ eff lux is abolished by La3+ (1mM) and potentiated 

by protein kinase C inhibitors. The putative DAG sensit ive channel 

shows receptoric properties, since the 1,2-sn-DAG analogs induce 

mitochondrial Ca2+ eff lux exclusively, while other DAG analogs or 

substitutes, such as phorbol esters, 1,3-diacylglycerols and 1- or 2-

monoacylglycerols are inactive [41]. Moreover, the forementioned 

channel has been demonstrated to reside in the IMM since Ca2+-loaded 

mitoplasts devoid of outer mitochondrial membrane also exhibit DAGs-

induced Ca2+ release. Patch clamping of brain mitoplasts revealed that 

DAGs induced a slightly cation-selective channel activity which is 

insensit ive to bongkrekic acid and abolished by La3+ [41]. 

Finally, the multiprotein complex of the permeabil ity transit ion 

pore (PTP) could represent an alternative Ca2+ eff lux pathway from 

mitochondria. PTP is believed to have both a small and a large 

conductance state [23]. Opening of the large-conductance PTP, induced 

by Ca2+ overloading of mitochondria or by other pathophysiological 

conditions, leads to the collapse of the inner membrane potential (∆Ψm) 

and the release of proapoptotic factors (e.g. cytochrome c, 

Smac/DIABLO and apoptosis-inducting factor, AIF) [42;43] and 

substantial amount of Ca2+ is also l iberated. On the other hand, the 

small-conductance PTP might participate in physiological Ca2+ handling 

in the form of Ca2+-induced Ca2+ release [44]. 

 

DOI:10.14753/SE.2012.1675



Mitochondria as Ca2+ stores 

11 

1.1.3. Ca2+ storage in the mitochondrial matrix 

 

Mithochondria are capable of accumulating vast quantit ies of Ca2+ 

(up to 1M) while keeping the free Ca2+ concentration of the matrix in the 

low micromolar range (~1-5 µ M) [45]. This can be achieved by the 

formation of calcium- and phosphorus-rich precipitates in the matrix 

[46;47]. The relationship between the PO4
3- concentration and pH shows 

a dependency on the third-power and the matrix pH is elevated due to 

pumping of H+ by the electron transfer chain during oxidative 

phosphorylation [48], enabling mitochondria to maintain the low free 

Ca2+ concentration in the matrix as several folds more Ca2+ is stored. 

The precise composit ion of the precipitates remains uncertain, however 

recent studies indicate that they are composed mainly of tr ibasic calcium 

phosphate [Ca3(PO4)2] and/or dibasic calcium phosphate (CaHPO4) 

[47;49;50], as originally proposed nearly 40 years ago [46]. The maximal 

Ca2+ loading capacity of mitochondria is l imited usually by the opening 

of the PTP and the Ca/P ratio of the precipitates may vary between ~1 

(mainly CaHPO4) and ~1.5 (mainly [Ca3(PO4)2]) according to the Ca2+ 

load of mitochondria [50]. The acidic pH shift in the matrix upon the 

opening of the PTP and the dissipation of the mitochondrial membrane 

potential has been generally considered to play a crucial role in the 

mobil ization of Ca2+ from the precipitates. 

The author of the present thesis has contributed to the re-

evaluation of the role of matrix acidif ication in uncoupler-induced Ca2+  

release from mitochondria [51]. Our workgroup’s interest was raised by 

the fact that in the presence of abundant Pi ,  small ∆pH is observed across 

the inner mitochondrial membrane [52]. We also relied on the fact that 

the ∆pH remains relatively constant within a range of extramitochondrial 

pH (pHo) values [53]. We reasoned that, i f matrix acidif ication does 

indeed underly the dissociation of the Ca2+–phosphate complex and Ca2+ 

release by uncouplers, then at acidic pH (pHo 6.8), complete 

depolarization by combined inhibit ion of the respiratory chain and of the 
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reversal of the F0⁄F1-ATPase would produce the same effect. By the same 

token, at alkaline pH (pHo 7.8), complete depolarization by uncoupling 

would hinder the dissociation of this complex, and impair the release of 

sequestered Ca2+. Furthermore, at alkaline pH (pHo 7.8), complete 

depolarization by combined inhibit ion of the respiratory chain and of the 

reversal of the F0F1-ATPase should not induce release of sequestered 

Ca2+. The experimental f indings presented by our workgroup (Vajda et 

al., [51]) do not support the above expectations, implying that matrix 

acidif ication by uncouplers cannot be the only explanation for the 

release of sequestered Ca2+. 
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1.2. Mitochondrial permeability transition pore (PTP) 

 

1.2.1. Functions and consequences of the permeabil ity transit ion  

 

In normal aerobic condit ions, the IMM always remains highly 

impermeable to water, ions and metabolites in order to maintain the pmf 

that is driving the ATP synthesis via the F0-F1 ATPase; only selective 

and control led permeabil i ty via specif ic carriers and channels is 

preserved. The pmf  is a large electrochemical driving force for protons 

(~200-220mV) across the IMM comprising of both ∆Ψm (~150-180 mV) 

and H+ gradient (∆pH), generated by the functional respiratory chain 

complexes pumping H+ into the intermembrane space [54]. However, in 

response to ischaemic, oxidative or any other type of stress, the 

permeabil i ty of the IMM may increase dramatically with the formation of 

a voltage-dependent, non-specif ic pore known as the mitochondrial 

permeabil i ty transit ion pore (PTP). In it ’s open state, the PTP complex 

possesses a channel that is ~3nm vide in diameter, thus allowing the 

diffusion of al l molecules with a molecular mass of less than 1500 Da 

[55;56]. As a consequence of the opening of the PTP megachannel, the 

∆Ψm collapses and mitochondria start consuming ATP imported from the 

cytosol because of the reversal of the ANT and the F0-F1 ATPase. 

Moreover, the high protein concentration of the matrix exert a high 

colloid osmotic pressure whilst non-protein solutes equil ibrate with the 

cystosol, bringing vast quantit ies of water into the matrix, thus causing 

matrix swell ing (expansion), de-folding of the cristae of the IMM and 

the rupture of the OMM. With the breaking of the OMM, pro-apoptotic 

proteins from the intermembrane space (including cytochrome-c, 

Smac/DIABLO and apoptosis-inducing factor [AIF]) are released 

[42;43]. While the prolonged permeabil i ty transit ion (PT) is an all-or-

none event for an individual mitochondrion, transient PTP openings can 

be recorded electrophysiologically in the form of conductance 
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‘f l ickerings’ that do not lead to swell ing and are unrelated to death 

signals. These physiological PT-transients (also known as small 

conductance PTP) might encompass matrix volume and pH regulation, 

redox equil ibrium, protein import [57], bidirectional pyridine nucleotide 

funnell ing [58] and a fast Ca2+ release mechanism (see also Section 

1.1.2.). The small conductance PTP is most probably regulated by 

[Ca2+] m, leading to a dynamic steady-state distribution of mitochondrial 

population with closed and open pores [57;59;60]. 

 

1.2.2. Structure of the PTP 

 

The exact molecular composition of the PTP sti l l  remains 

uncertain and controversial, although numerous candidates have been 

investigated. Originally, based on biochemical and pharmacological 

studies, the PTP was proposed to consist of three major components: 

pore-forming voltage-dependent anionic channel (VDAC or porin) and 

ANT (ANT1) in the OMM and IMM respectively, moreover the 

regulatory cyclophil in-D (CypD) on the matrix side of the IMM [61;62].  

The primary structure of monomeric ANT, including altogether 6 

transmembrane domains joined by hydrophil ic regions grouped in 3 

repeat domains [63], is well-suited for pore-forming. The native 

structure of the ANT homodimer, functioning as adenine nucleotide 

carrier with a stoichiometry of 1:1 [64;65], is stabil ized by 6 tightly 

bound and non-detachable cardilopin (CL) molecules per dimer at the 

matrix side [66]. Since the determination of the ATP-ADP steady-state 

exchange rate mediated by ANT plays a central role in the understanding 

of how mitochondria can continually provide fresh ATP to the cytosol in 

different conditions, our workgroup has perfected and published a new 

method that is an on-l ine, high acquisit ion rate and quantitative 

measurement of changes in Magnesium Green (MgG) f luorescence based 

on the different aff inity of ADP3- and ATP4- for Mg2+ [53].  
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However, mitochondrial permeabil i ty transit ion sti ll  occurred in 

ANT1/2 double knock-out experiments [67] and VDAC1,2,3 tr iple 

knock-out experiments [68] suggesting that ANT and VDAC are not 

essential or replaceable in forming the PTP. A new candidate, notably an 

other member of the MCF/SLC25 family: the mitochondrial phosphate 

carrier (PiC) has been considered to be part of the PTP [61] and in the 

revised model, VDAC does not appear as a compulsory element 

(although in this case cytochrome-c release from the intermembrane 

space is not suff iciently elucidated).  

In addition, hexokinase (HK), creatine kinase (CK), members of 

the Bcl-2 family and the mitochondrial benzodiazepine receptor (mBR) 

have also been suggested to play addit ional regulatory role [56;69].  

 

1.2.3. Modulation of mitochondrial PT 

 

Various matrix and membrane factors modulate the PTP and it ’s 

sensit ivity to [Ca2+] m, the increase of which is the most important 

promoter of pore-

opening (see Table 

1). In the case of 

Ca2+ overload of 

mitochondria, Ca2+ 

occupies crit ical 

amino acid residues 

of the ANT 

interacting with the 

surrounding bound 

cardilopin (CL) 

molecules and 

facil i tating the 

conformational 

change of ANT from 

Table 1.  Factors inducing and inhibi t ing mitochondria l  

  permeabi l i ty  t ransi t ion (mPT).  
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ADP/ATP antiporter c state to unspecif ic pore-forming, tensed-open 

uniporter state (c’ ) [70]. The peptidyl-prolyl cis-trans  isomerase 

(PPIase) activity of the ANT-associated CypD may facil i tate the above 

mentioned conformational changes of the ANT triggered by high [Ca2+] m. 

Thus, inhibit ion of the association of CypD to ANT by cyclosporin-A 

(CysA) or inhibit ion of the PPIase activity of the ANT-associated CypD 

by sanglifehrin-A (Sf-A) hinders the aforementioned conformational 

changes of the ANT and reduces substantially the Ca2+ sensit ivity of the 

PTP [71;72]; both CysA and Sf-A are established inhibitors of PTP. 

Likewise, Mg2+ and other divalent cations (Mn2+, Sr2+) prevent pore-

opening by competit ively inhibit ing Ca2+-binding to ANT [73]. Protons 

(H+) also compete for the same binding sites and thus, PTP is inhibited 

by acidif ication of the matrix pH below 7.0 [74] and optimal matrix pH 

for pore-opening is 7.4 [75]. Oxidative stress, peroxide and increased 

ROS production promotes PTP by oxidizing crit ical residues on the ANT, 

now believed to be the Cys160 [76], strengthening the notion that ANT is 

indeed involved in PTP formation. Moreover, adenine nucleotide 

depletion ([ATP]↓ , [ADP]↓) and high phosphate (Pi ), pyrophosphate 

(PPi ) concentrations (arsenate and vanadate as well) in the matrix 

enhance PTP opening by preventing adenine nucleotide binding to the 

ANT [56] and accordingly, the specif icity and potency of different 

nucleotides as inhibitors of the PTP match their abil i ty to be translocated 

by the ANT [77]. Amphipatic anions, such as free fatty acids (FFAs) 

produced by PLA2 promote pore opening by affecting the l ipid structure 

of the IMM [78] around the ANT, on the other hand amphipathic cations 

(e.g. sphingozine, tr i f luoperazine or spermine) favour pore closure [79]. 

Also, PTP is sensit ive to the redox state of the cell: NADH is protective 

and substrates that increase the reduction of NAD+ l ike pyruvate, α-

ketoglutarate and glutamate are protective as well, while others that 

decrease the reduction l ike oxaloacetate or malonate are stimulators of 

pore opening [80]. Moreover, ful l-charged and resting membrane 

potential effectively prevents the pore-opening [81], parallel to the ∆Ψm-
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dependency of the antiporter state of ANT and a vide variety of 

pathophysiological effectors alters the threshold voltage at which 

opening occurs either closer to the resting potential (PTP inducers), or 

away from the resting potential (PTP inhibitors) [82].  

 

1.2.4. Contribution of Cyclophil in-D to PT 

 

Cyclophil in-D (CypD) is an 18 kDa matrix protein exhibit ing 

peptidyl-prolyl cis-trans  isomerase activity (PPIase) that is encoded by 

the nuclear gene Ppif [83]. CypD appears in both structural models of 

the PT pore mentioned in Section 1.2.2, being the target for the 

inhibitory effect of the immunosuppressant cyclosporine-A (CysA) on 

MPTP. Likewise, the PPIase activity of CypD appears to facil i tate the 

conformational changes of the ANT (or PiC) molecule when forming the 

non-selective megachannel of PT [71;84] tr iggered by high loads of 

Ca2+. The importance of the Ca2+- and ROS-dependent PPIase activity of 

CypD in the init iation of PTP has been further supported by the use of 

the non-immunosuppresive CypD antagonists Sanglifehrin A (Sf-A) and 

Debio-025 [71;85;86]. The contribution of CypD to PTP formation was 

confirmed by experiments in which the Ppif gene encoding CypD was 

knocked out [87-90]. These mice do not show a severe phenotype: 

enchanced anxiety, avoidance behaviour, occurance of adult onset 

obesity [91] and a defect in platelet activation and predisposit ion for 

thrombosis [92]. CypD knockout mice exhibited lower sensit ivity to 

focal cerebral and l iver ischaemia, or in myocardial 

ischaemia/reperfusion and muscular dystrophy models [87-89;93-96]. 

Mitochondria from Ppif  - / - mice were shown to be resistant to Ca2+ and 

oxidative stress-induced PTP and cell death, behaving identically to 

mitochondria from WT mice treated with CysA or Sf-A [87-90]. The loss 

of CypD did not prevent permeabil i ty transit ion, but increased 

substantially the load of stimuli necessary before pore opening occurred 

confirming the hypothesis, that MPTP opening involves a conformational 
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change in a membrane protein that is tr iggered by calcium and facil i tated 

by CypD, but can occur in the absence of CypD if suff icient stimulus is 

given [97].  

The physiological role of CypD remains unclear. However, apart 

from the high Ca2+-induced binding to ANT, CypD has been shown 

recently to bind to the lateral stalk of the F0F1-ATP synthase as well 

(Figure 2) in a phosphate-dependent manner [98]; and it has been 

proposed that ablation of CypD or CysA treatment unmasks an inhibitory 

Pi  binding site, rather than causing direct PTP inhibit ion [99] (reviewed 

in [100]). The absence of functional CypD leads to the disinhibit ion of 

the F0F1-ATP synthase result ing in accelerated ATP synthesis and 

hydrolysis rates [98;100]. Also, it has been postulated, that inorganic 

phosphate (Pi ) may in fact be the true inhibitor of PTP acting on a 

binding site on F1  masked by functional CypD [98-100]. The different 

factors that favour Pi  binding to this site (pmf  or preserved membrane 

potential, high [Pi ] ,  high [Mg2+], acidic pH) are strikingly similar to the 

inhibit ing factors of PTP (see Section 1.2.3 and Table 1). Altogether, 

IMM

OMMOMM

IMM

Ca2+

ROS

ß2

CypD

ADP + Pi ATP

H+

F0

F1

Pi

Inhibition of
ATP-hydrolase

activity

Facilitation of
conformational
changes of ANT

H+

+

F0F1 ATP synthasePermeability Transition pore

CypD

CypD

Ca2+

+

Figure 2. Direct and indirect promotion of PTP by cyclophilin-D (CypD).   
  Pi denotes the activating Pi-binding site 
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the activity of CypD leads to PTP in two converging ways: one is the 

direct binding of CypD to ANT triggered by Ca2+ overload, facil i tating 

it ’s conformational change to the pore-forming tensed open state and 

secondly, CypD inhibits the ATP hydrolase activity of the reversed ATP 

synthase by occupying a Pi  binding site on the F1 subunit, thus 

preventing the salvage of membrane potential, favoring PTP indirectly 

[100] (Figure 2). 

Furthermore, the studies with CypD KO mice also converged to the 

conclusion that CypD mediated MPTP regulates some forms of necrotic, 

but not apoptotic death, a notion originally suggested by the group of 

Crompton and colleagues [101]. The complex contribution of CypD to 

brain-specif ic mitochondrial permeabil i ty transit ion induced by Ca2+ is 

demonstrated in [102] and Section 4.1 of the present thesis.    
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1.3. NAADP and Ca2+ mobilization 

 

Mitochondrial functions are fundamentally affected by cytosolic 

signall ing events. At the ER-mitochondrial junctions, the formation of 

high Ca2+ microdomains has been detected [6;14;29-31], which 

constitutes a tangible l ink between cytosolic Ca2+ signalization and 

mitochondrial Ca2+ homeostasis, as described in Section 1.1.1. This 

section is devoted to one of the major pathways of Ca2+ mobil ization 

from intracellular organelles upstream from the Ca2+-related modulation 

of mitochondrial functions (e.g. regulation of matrix enzymes and 

init ial ization of PTP). 

Understanding of the regulation of intracellular Ca2+ release and 

its relationship to extracellular stimuli were greatly broadened by the 

discovery of the inositol-1,4,5-tr isphosphate (InsP3) signall ing pathway 

[1;2]. Although InsP3  appears to operate as a ubiquitous intracellular 

messenger for Ca2+ mobil ization, numerous studies indicate that 

addit ional Ca2+ release mechanisms operate in many cells and are 

regulated by a family of pyridine nucleotide metabolites [103-107]. The 

first indication for this concept came from the pioneering work of Lee 

and colleagues who showed that β-NAD + and β-NADP+ could trigger 

Ca2+ release from sea urchin egg microsomal fractions by a mechanism 

apparently independent of InsP3 [103]. Subsequently, the structure of the 

active metabolites has been determined, one of them being cyclic 

adenosine disphosphate ribose (cADPR) [108]. The Ca2+ mobil izing 

effect of β-NADP+ was shown to be due to a contaminant of 

commercially available β-NADP+ identif ied as nicotinic acid adenine 

dinucleotide phosphate (NAADP) [109]. Ca2+ release by both β-NAD + 

and β-NADP+ appeared to operate via separate Ca2+ release mechanisms 

which were distinct from those gated by InsP3, since InsP3 showed 

homologous desensit ization without affecting Ca2+ release by activators 

of the other two mechanism [108]. 
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1.3.1. Structure of NAADP 

 

NAADP is a simple derivative of NADP+, with the only 

modification being the 

conversion of the amide of the 

nicotinamide group to a 

carboxyl group (Figure 3). In 

fact, the only difference 

between NAADP and NADP+ 

is the substitution of an NH2 

of the amide moiety in NADP+ 

with an OH-  of the carboxyl 

group in NAADP. The two 

compounds differ by only one 

mass unit and have identical 

proton NMR and UV spectra 

[109]. 

 

1.3.2. Ca2+ release activity of NAADP in mammalian cell systems 

 

The first mammalian cell,  in which NAADP was shown to be 

potent in mobil izing Ca2+ from internal stores, was the mouse pancreatic 

acinar cell in whole-cell patch configuration and whole-cell Ca2+-

activated current-detection [110]. In pancreatic acinar cells, what was 

immediately striking is the potency of NAADP compared to other Ca2+ 

mobil izing messengers: nanomolar concentrations of NAADP were 

effective, whereas micromolar concentrations of InsP3 or cADPR are 

needed to evoke such responses. Curiously, higher concentrations of 

NAADP produced no discernible response. Generally, application of 

supra-threshold concentrations of NAADP in mammalian cells 

desensit izes the pathway to any further NAADP stimulation [111-115] 

Figure 3. Structure of NAADP. 
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and in contrast to the sea urchin egg model, the NAADP receptor 

desensit ization by sub-threshold doses of NAADP has only been reported 

in rat l iver microsomes [116]. Quite remarkably, the effects of NAADP 

in pancreatic acinar cells were blocked by heparin or 8-NH2-cADPR, 

specif ic antagonists of InsP3 and cADPR receptors, respectively [111]. 

An attractive hypothesis was put forward by Cancela, Charpentier & 

Petersen to explain this f inding. Namely, NAADP provides a trigger 

release of Ca2+ that is subsequently propagated by InsP3 and ryanodine 

receptors by Ca2+-induced Ca2+ release [111]. Inactivation of NAADP 

receptors by high concentrations of NAADP has l i tt le effect on responses 

to InsP3 and cADPR, adding further support to the idea that NAADP 

receptors activate upstream of InsP3 and ryanodine receptors [111]. 

Similar Ca2+ release activity was seen with different techniques 

from a variety of mammalian cell types, such as brain- [117], heart- 

[118], kidney- [119], l iver microsomes [116] (see also Section 4.2 of the 

present thesis), T-lymphocytes [120], skeletal muscle [121], microsomes 

derived from mammalian cell l ines [122] and plant cells [114]. The 

pattern of NAADP-mediated Ca2+ release appeared to be biphasic, with 

an init ial rapid release followed by a sustained but slower phase of 

release [116;118]. Similarly to the invertebrate systems, the NAADP-

induced Ca2+ release was Ca2+-independent in a wide range of pCa and 

pH-independent between pH 6.8 and 8.0 [116;118]. On the other hand, 

the activity of a lysosomal NAADP-reactive Ca2+ channel was highly 

potentiated by acidif ication of the medium in single-channel recordings 

[123]. 

 

1.3.3. The NAADP receptor 

 

 In sea urchin eggs, one big step towards the identif ication of the 

NAADP receptor has been made by solubil izing a protein that binds 

NAADP irreversibly and with high aff inity [124]. The molecular weight 
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of the solubil ized NAADP-binding protein (~471 kDa, presumably a 

tetramer of 120 ± 2 kDa subunits) was substantially lower than that of 

the InsP3R (~1000 kDa, tetramer of ~300 kDa subunits) and RyR (~2000 

kDa, tetramer of ~560 kDa subunits) [125]. 

Biochemical, pharmacological and physiological evidences support 

the existence of a novel intracellular receptor [126]. First of all , 

[ 32P]NAADP binding studies showed that NAADP binds to specif ic 

binding sites in sea urchin egg homogenates [127;128], as well as in 

microsomes preparated from heart [118] and brain [129], and also in 

MIN6 insulinoma cells [113]. In brain and heart microsomes and MIN6 

cells, [32P]NAADP binding was proven to be reversible [113;118;129], 

while in sea urchin eggs [32P]NAADP binding appears to be essentially 

irreversible [127]. The irreversible nature of NAADP receptor binding 

may contribute to the unusual, U-type self-desensitization of the 

NAADP-mediated pathway in sea urchin eggs [106;127;130] discussed 

previously. Neither Ca2+, nor changes of the pH can displace the receptor 

binding of NAADP [131]. On the other hand, NAADP displays a high 

apparent aff inity for the type 1 RyR in electrophysiological and 

biochemical experiments in some mammalian cells, e.g. Jurkat T-

lymphocytes [120;132;133], skeletal muscle HSR vesicles [121] and the 

nuclear envelope of pancreatic acinar cells [134]. The EC50 (~30nM) of 

NAADP is comparable to that described for Ca2+ release in these systems 

[120;121;132;134], and inhibit ion of RyRs by RuRed concentration-

dependently antagonized the Ca2+ mobil ization by NAADP [120;121]. 

Meanwhile, the type 2 RyR from dogs, which represents the cardiac 

isoform, was also found to respond to NAADP in single-channel 

recordings [135]. However, it  is important to underl ine that the 

interaction between NAADP and the RyRs (directly or via an accessory 

protein) does not rule out the existence of a genuine NAADP receptor 

but rather emphasizes the complexity of NAADP action [136]. 

Moreover, direct evidence has been provided with planar l ipid 

bilayer technique that an NAADP-sensit ive Ca2+ channel is present in rat 
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l iver lysosomes [123]. The NAADP-induced activation of these 

lysosomal Ca2+ channels was markedly attenuated by blockade of TRP-

ML1 (transient receptor potential-mucolipin 1) protein by anti-TRP-ML1 

antibody, which are different from RyR and InsP3R Ca2+ release channels 

on the ER/SR [123].  

The year 2009 has witnessed a major breakthrough in the search 

for the NAADP receptor: the two-pore cation channel 2 (TPCN) 

expressed on the acidic Ca2+ stores has fulf i l led the basic criteria for 

being the long sought native lysosomal receptor for NAADP [137;138]. 

Nanomolar concentrations of NAADP trigger robust Ca2+ release from 

HEK293 cells transfected with TPCN2 which can be desensit ized by the 

application of micromolar NAADP and abolished by pharmacologically 

blocking lysosomal Ca2+ storage capacity [137]. TPCN2 has been 

demonstrated to localize on lysosomes [137;138] and binding studies 

confirmed that TPCN2 enriched membranes have two affinit ies to 

NAADP with Kd~5nM and ~7µ M [138] comparable with other 

mammalian preparations [113;118;129]. 

 

1.3.4. The NAADP/Ca2+ signall ing pathway 

 

The Ca2+ stores activated by NAADP have been extensively 

studied and it appears that NAADP directly releases Ca2+ from a wider 

variety of intracellular organelles than InsP3 and cADPR. Alongside the 

ER/SR, which is the major target for InsP3 and cADPR, NAADP 

mobil izes Ca2+ from the nuclear envelope (alongside InsP3 and cADPR) 

[134] and from the acidic Ca2+ stores (e.g. lysosomes, reserve granules) 

in various cell types such as sea urchin eggs, smooth muscle cells, glial 

cells, mouse pancreatic acinar cells) [139-142] and insulin-containing 

vesicles in pancreatic beta cells [143]. The acidic Ca2+ stores sequester 

Ca2+ via a SERCA/thapsigargin-independent mechanism which is a 

combination of bafi lomycin-sensit ive V-type H+-ATPase and a Ca2+/H+-

exchanger (Figure 4 A) [139] and the acidic Ca2+ stores can be 

DOI:10.14753/SE.2012.1675



NAADP and Ca2+ mobilization 

25 

selectively disrupted with GPN (glycyl-phenylalanyl-naphtylamide) 

[144]. Moreover, the intraluminal pH of rat l iver lysosomes (pHL ) has 

recently been shown to rise in accordance with Ca2+ release by NAADP 

[145] that may be due to Ca2+ re-uptake into lysosomes via the Ca2+/H+-

exchanger [145].  

Likewise, bafi lomycin A1 and GPN are able to abolish selectively 

the NAADP-induced Ca2+ signall ing in the forementioned cell types 

[141;143;146;147]. In addit ion to acidic organelles, the NAADP-

mediated Ca2+ response incorporates Ca2+ release via direct activation of 

RyRs on the ER/SR in heart, skeletal muscle and T-cells [120;121;135] 

and/or Ca2+ entry described in both invertebrates (e.g. starfish oocytes) 

[148] and in mammalian T-lymphocytes [133]. Direct activation of RyRs 

by NAADP was confirmed on isolated RyRs reconstituted in l ipid 

bilayers from rabbit skeletal muscle (RyR1) [121] and dog cardiac 

microsomes (RyR2) [135]. 

Cells thus possess multiple Ca2+ stores and interaction between 

these pools is crucial for the adequate Ca2+ response to different 

extracellular signals. In a wide range of cells, the two pool model or 

tr igger hypothesis is best suited to depict the Ca2+ signall ing by NAADP, 

cADPR and InsP3. In this model, NAADP activates the acidic Ca2+ stores 

and evokes localized Ca2+ signals that act as a tr igger [149;150]. These 

Figure 4.   (A) Intracel lu lar  local izat ions of  ADPRC/CD38 act iv i ty  and NAADP 

synthesis and (B) models for  the synthesis of  NAADP extracel lu lar ly by the 

ectoenzyme, CD38 or in the lysosomal compartment by internal izat ion of  CD38.  
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localized Ca2+ signals are then amplif ied and propagated by InsP3Rs and 

RyRs on the ER by CICR [110;149-151]. This model accounts for the 

finding that in many cells, the localized NAADP-induced signals persist 

in the presence of InsP3Rs and RyR antagonists or thapsigargin, but are 

abolished by bafi lomycin A1 or GPN [139;141;143;146;147]. On the 

other hand InsP3Rs and RyR antagonists are able to abolish the NAADP-

induced Ca2+ oscil lations and global waves in these cells [141;146;147]. 

Alternatively, in those systems where NAADP was shown to interact 

directly with the RyRs expressed on the ER/SR (heart and skeletal 

muscle [121;135], T-lymphocytes [120] and nuclear envelope of 

pancreatic acinar cells [134]) a single-pool model can be applied. 

Likewise, the effects of NAADP are completely abolished by inhibitors 

of RyR in these systems [120;121;134;135]. 

An important step towards the classif ication of NAADP as second 

messenger, i .e. the measurement of the changes in NAADP levels in 

response to extracellular stimuli has been solved by using a 

radioreceptor assay with the NAADP binding protein from sea urchin 

eggs [113;142;147;152-154]. NAADP levels have been shown to rise in 

sea urchin sperm during activation before ferti l ization [152;154] and in 

sea urchin eggs, the synthesis of NAADP was potentiated by rising 

levels of cAMP, while production of cADPR was very sensit ive on rises 

of intracellular cGMP levels [155]. In mammalian smooth muscle cells, 

the application of endothelin-1 (ET-1) provoked considerable NAADP-

production [147] and pancreatic acinar cells responded to the gut-peptide 

cholecystokinin (CCK) with promptly elevated concentrations of NAADP 

[142]. Moreover, the intracellular NAADP concentration rises in 

response to glucose in pancreatic beta cells [113]. 

The debate is now strong on the issue of the localization of 

NAADP-production inside or outside the cells. In one model, 

translocation (endocytosis) of CD38 and compartmentalization of 

nicotinic acid and NADP+ into the acidic calcium-stores could provide an 

appropriate environment for the synthesis of NAADP in vivo [156]. An 
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other tentative model to resolve the paradox on the synthesis of an 

intracellular messenger on the cell surface by an ectoenzyme has been 

elaborated in the case of cADPR [157;158]. In this model, NAD+ (and 

related pyridine dinucleotides, maybe NADP+ as well) can leave the cell 

via connexin 43 hemichannels [157] and then converted to cADPR by 

CD38 extracellularly. cADPR is able to re-enter the cells via either a 

transporter formed by the CD38-dimer or by nucleoside transporters 

[158]. A similar influx of NAADP from the extracellular space into 

astocytes has been revealed through connexin hemichannels and gap 

junctions (and addit ionally by pinocytosis) [140;159] indicating that 

NAADP may also act as a paracrine signall ing molecule [140] (Figure 4 

B). Nonetheless, we can not exclude the possibil i ty of intracellular 

NAADP synthesis by CD38, that has been shown to exist in intracellular 

localizations, such as mitochondria [160], ER and the nuclear envelope 

[161], or even by a novel intracellular CD38-independent NADP+-

converting enzyme as demonstrated in CD38 -/- mice [162] (Figure 4 A). 

Finally, we are going to put together the pieces of the 

NAADP/Ca2+ signall ing pathway. In sea urchin sperm, NAADP-

production bursts during activation by contact with egg jel ly and the 

cortical reaction in the oocyte (zygote) after ferti l ization is mediated by 

NAADP [154]. One way of coupling the extracellular signals to NAADP 

synthesis by ADPRCs may be via the cAMP-pathway in sea urchin 

oocytes [155]. In pancreatic acinar cells, CCK-receptors recruit both the 

cADPR- and NAADP-mediated Ca2+ signall ing pathway, while bombesin 

activates RyRs/cADPR and acetylcholine (ACh) induces the InsP3Rs 

enabling the cell to differentiate between different extracellular stimuli 

[110;149;163-165]. A recent study showed that bile acids may induce 

complex intracellular Ca2+ signall ing in pancreatic acinar cells via the 

NAADP-mediated pathway, which acts as a triggering signal [166]. This 

may be an important l ink between bil iary reflux and pancreatic acinar 

cell necrosis [166]. In MIN6 insulinoma cells and pancreatic beta cells, 

NAADP plays a central role in the glucose-induced insulin secretion and 
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ATP, cAMP or glucose itself might up-regulate NAADP synthesis [113]. 

In arterial smooth muscle cells, endothelin-1 (ET-1), but not PGF2α is 

coupled with NAADP-dependent Ca2+ signall ing [147] giving an other 

good example for differentiation between extracellular stimuli. In T-

lymphocytes, T-cell receptor/CD3 activation and subsequent Ca2+ 

signall ing is medited by NAADP [120] and in the nervous system 

NAADP potentiates neurit outgrowth [146] and neurotransmitter release 

[167]. Thus, the NAADP-responsive cells are as widespread among the 

l iving beings as the NAADP-mediated functions in the l iving cells [168]. 
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2. Aims and objectives 

 

The primary aim of the present thesis was to clarify the 

modulatory role of cyclophil in-D in the Ca2+-induced permeabil i ty 

transit ion and it ’s relation to the bioenergetic state of mitochodria. We 

first verif ied that substrate-starved mitochondria are indeed more 

susceptible to Ca2+-induced permeabil i ty transit ion in our experimental 

settings using a 3-step Ca2+-addition protocoll,  and that genetic deletion 

of CypD provides similar, overridable protection to that of cyclosporin-

A in wild-type, substrate-starved mitochondria. Also, we performed 

paralell recordings of swell ing and Ca2+ uptake into mitochondria in the 

presence of Ru360 or an uncoupler. These results rose the question 

whether high Ca2+ acts on the surface of mitochondria or is entering 

mitochondria by a RuRed/Ru360-independent pathway. To decide 

between these possibi l i t ies, we challanged in situ mitochondria with 

Ru360 and Ruthenium Red and recorded Ca2+ uptake capabil i t ies. Next, 

we clarif ied the contribution of the different complexes of the electrone 

transport chain to Ca2+-induced swell ing by using inhibitors of Complex 

I, I II  and IV. Finally, we demonstrated the diverse effect of the ablation 

of cyclophil in-D on the swell ing of in situ mitochondria of neurons and 

astrocytes. Moreover, we showed that the deletion of cyclophil in-D not 

only delays init ial swell ing of neuronal mitochondria induced by 

excitotoxicity (glutamate-glycine), but it also renders neurons less 

susceptible to delayed calcium deregulation. 

         On the other hand, in regard to cytosolic Ca2+ signalization, the 

main objective of our work was to establish NAADP as a distinct 

pathway for Ca2+ release in heart microsomes. Firstly, we defined the 

actively loaded microsomal Ca2+ store to be thapsigargin-, but not 

bafi lomycin A1-sensit ive. In the next step, we verif ied that NAADP was 

indeed active in mobil izing Ca2+ from rat heart microsomes and we 

compared the Ca2+ releasing potential of NAADP to those of InsP3  and 

cADPR. Also, we showed the lack of cross-desensit ization between 
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NAADP, cADPR and InsP3  as an evidence for separate receptors for each 

Ca2+-mobil izing second messengers. Focusing on the properties of the 

NAADP-dependent Ca2+ release, we provided a dose-dependence curve, 

as well as pH- and pCa-dependence curves for the NAADP-induced Ca2+ 

efflux from heart microsomes. We showed for the f irst t ime in vertebrate 

tissues the unique inactivation pattern of the NAADP-mediated Ca2+  

release, where ‘per se’ non-Ca2+-mobil izing doses of NAADP are able to 

abolish the effect of a saturating quanta of NAADP. Furthermore, we 

incubated pre-loaded microsomes with thapsigargin and bafi lomycin A1 

to support the notion that the one-pool model is applicable for the Ca2+ 

release from the microsomal Ca2+ stores. Finally, by demonstrating the 

pharmacological properties of the NAADP-induced Ca2+ efflux, we 

provided strong evidence for NAADP being an independent mediator 

from InsP3  and cADPR in heart microsomes.    
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3. Materials and methods 

 

3.1. Mitochondrial and microsomal preparations 

 

3.1.1. Isolation of brain mitochondria from WT and CypD KO mice 

- C57Bl/6  

WT and KO for cyclophil in-D l i t termate mice were a kind gift 

from Drs. Nika Danial and Anna Schinzel, from Howard Hughes Medical 

Institute and Dana-Farber Cancer Institute, Harvard Medical School. 

Mice were cross-bread for 8 generations prior to harvesting brain t issues 

from WT and KO age-matched animals for the purpose of mitochondrial 

isolation and culturing of neurons and astrocytes. Non-synaptic brain 

mitochondria from adult male WT and KO for CypD mice (aged 87-115 

days) were isolated on a Percoll gradient as described previously [169] 

with minor modif ications detailed in [170]. All animal procedures were 

carried out according to the local animal care and use committee 

(Egyetemi Állatkísérleti Bizottság) guidelines. 

 

3.1.2. Preparation of rat liver microsomes 

Liver microsomes were prepared as described previously by 

Fleishner and Kraus-Friedmann [171]. Briefly, Sprague-Dawley rat l iver 

was homogenised in an ice-cold medium of 0.32 M sucrose, 20 mM 

MOPS-buffer (pH 7.2), 0.5 mM EGTA also containing 1 mM 

dithiothreitole (DTT) and 0.2 mM phenylmethylsulfonyl f luoride (PMSF) 

as protease inhibitors and centrifuged at 2000xg for 15 minutes at 4 °C. 

The supernatant was centrifuged at 15,000xg for 45 minutes, and the 

result ing supernatant was collected and further centrifuged at 100,000xg 

for 90 minutes. Finally the pellet was resuspended in a solution 

containing 0.32 M sucrose, 20 mM MOPS (pH=7.2), 1 mM DTT and 0.2 

mM PMSF. Protein concentration was set for ∼20 mg/ml which was 

measured by the Lowry assay using bovine serum albumine as standard. 
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The samples were frozen in l iquid nitrogen and stored at -80 °C unti l  

required. 

 

3.2. Mitochondrial membrane potential (∆Ψm) determination 

 

∆Ψm was estimated using fluorescence quenching of the cationic 

dye safranine O, because of its accumulation inside energized 

mitochondria [172]. Mitochondria (1 mg) were added to 2 ml of an 

incubation medium containing 120 mM KCl, 20 mM Hepes (acid), 10 

mM potassium phosphate, 1 mM MgCl2,  0.005 mM EGTA, 5 mM 

potassium glutamate, 5 mM potassium malate, 0.001 mM cyclosporine A, 

0.05 mM AP5A, 0.5 mg/ml BSA and 5 µ M safranine O (pH 6.8 or pH 

7.8). Fluorescence was recorded in a Hitachi F-4500 spectrofluorimeter 

(Hitachi High Technologies, Maidenhead, UK) at a 5 Hz acquisit ion rate, 

using 495 and 585 nm excitation and emission wavelengths, respectively. 

Experiments were performed at 37 °C. To convert safranine O 

fluorescence into mil l ivolts (mV), a voltage–fluorescence calibration 

curve was constructed. To this end, safranine O fluorescence was 

recorded in the presence of 2 nM valinomycin and stepwise increasing 

[K +]  ( in the 0.2–120 mM range), which allowed calculation of ∆Ψm by 

the Nernst equation, assuming a matrix [K+] of 120 mM [172].  

 

3.3. Ca2+ uptake of isolated mitochondria 

 

Mitochondrial-dependent removal of medium Ca2+ was fol lowed 

using the impermeant hexapotassium salt of the fluorescent dye Calcium 

Green 5N (CaGr) (Molecular Probes, Portland, OR, USA). CaGr (500 

nM) was added to a 2 ml medium containing mitochondria (0.125 mg/ml) 

and 120 mM KCl, 10 mM Tris, 5 mM KH2PO4, 1 mM MgCl2,  pH 7.6. 

Substrates were added where indicated. All experiments were performed 
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at 37 °C. Fluorescence intensity was measured in a Hitachi F-4500 

fluorescence spectrophotometer (Tokyo, Japan) using 517 nm excitation 

and 535 nm emission wavelengths. 

 

3.4. Measurement of mitochondrial swell ing 

 

Swell ing of isolated mitochondria was assessed by measuring l ight 

scatter at 520 nm in a GBC UV/VIS 920 spectrophotometer. 

Mitochondria were added at a f inal concentration of 0.125 mg/ml to 2 ml 

of medium containing 120 mM KCl, 10 mM Tris, 5 mM KH2PO4,  1 mM 

MgCl2, pH 7.6. Substrates were added where indicated. At the end of 

each experiment, the non-selective pore-forming peptide alamethicin (40 

µ g) was added as a calibration standard to cause maximal swell ing. All 

experiments were performed at 37 °C. 

 

3.5. Matrix Ca2+ imaging of isolated mitochondria 

 

Visualization of isolated mitochondria under epif luorescence 

imaging (100x1.3 NA) was achieved by loading mitochondria with Fura 

2 AM (8 µ M for 20 min at 30 °C). Mitochondria were diluted to 1 mg/ml, 

and 5 µ l was dropped on a coverslip, allowed to stand for 4 minutes prior 

to starting the perfusion. Image sequences (10 s/ratio frame, 50 ms 

exposure time, 2 × 2 binning) were acquired using a Micromax cooled 

digital CCD camera (Princeton Instruments) mounted on a Nikon Diaphot 

200 inverted microscope (Nikon Corp., Tokyo, Japan). Image acquisit ion 

was control led by Metafluor 3.5 (Universal Imaging Corp., West 

Chester, PA, USA). The perfusate (50 ml/h f low rate) was temperature 

controlled at 37 °C at the side of the recording. The composit ion of the 

perfusate was 120 mM KCl, 10 mM Tris, 5 mM KH2PO4, 1 mM MgCl2,  

pH 7.6. 
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3.6. Determination of ANT content of mitochondria 

 

The ANT content of mitochondria was estimated from titration 

curves obtained by stepwise addit ion of cATR to isolated mitochondria 

during state three respiration, as described by Schonfeld [173].  

 

3.7. Active loading of microsomes with Ca2+ and Ca2+ release 

assay 

 

Ca2+ uptake and release were measured using 45Ca2+ isotope to 

detect Ca2+ movements. The microsomes were diluted in a solution of 

150 mM KCl, 20 mM MOPS (pH 7.2), 0.5 mM MgCl2,  10 µ M Ca2+. In 

each experiment, 20-40 nCi 45CaCl2 was used per assay point. The Ca2+ 

uptake was started by injecting 1 mM of ATP in the solution at room 

temperature. Ca2+ release was preformed by adding 100 µ M EGTA in the 

presence or absence of the Ca2+ releasing agents (10 µ M InsP3, 10 µ M 

cADPR and 10 µ M NAADP). The 45Ca2+ remaining in the vesicles was 

determined by fi l tration of 0.5 ml microsomes through a nitrocellulose 

Mil l ipore fi l ter (HAWP, 0.45 µm pore size) under vacuum. The fi l ters 

were washed with 5 ml of quench solution (150 mM KCl, 20 mM MOPS 

(pH 7.2), 10 mM MgCl2 and 1 mM LaCl3) in order to lower the rate of 

unspecif ically bound radioactivity. The radioactivity retained on the 

fi l ter was measured by standard scinti l lation counting. 

 

3.8. Passive loading of microsomes and Ca2+ release 

 

Liver microsomes were passively loaded with 5mM 45CaCl2 (20-40 

nCi per assay point) by incubation for at least 5 hours in an ice-cold 

medium containing 150 mM KCl, 20 mM MOPS (pH 7.2), 45Ca2+ and 5 

mM Ca2+. Passive loaded vesicles were diluted 10-fold into a Ca2+ 

releasing medium containing 150 mM KCl, 20 mM MOPS (pH 7.2) and 
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500 µ M of EGTA to adjust pCa to 6 at room temperature and Ca2+ 

releasing agonists. The Ca2+ release was stopped by 5-fold di lution with 

the same quench solution described above, then the samples were 

fi l trated through Mil l ipore fi l ters and washed by 5 ml of quench 

solution. The retained radioactivity was measured by standard 

scinti l lation counting. 

 

3.9. Reagents and statist ics 

 

Standard laboratory chemicals, oligomycin, stigmatell in, AP5A, 

ADP, safranine O, cyclosporin A, nigericin, potassium acetate (prepared 

from acetic acid and KOH titrated to pH 7.2), methylamine and 

valinomycin were from Sigma (St Louis, MO, USA). CaGreen-5N was 

from Invitrogen (Carlsbad, CA, USA). Ru360 was from Calbiochem (San 

Diego, CA, USA). SF 6847 was from Biomol (catalog number EI-215; 

BIOMOL GmbH, Hamburg, Germany). All mitochondrial substrate stock 

solutions were dissolved in double disti l led water and ti trated to pH 7.0 

with KOH. ADP was purchased as a potassium salt of the highest purity 

available, and titrated to pH 6.9.  

Data are presented as mean ± standard error of the mean; 

signif icant differences between two sets of data were evaluated by t-test, 

with P < 0.05 considered to be signif icant, and if there were more than 

two groups of data, a one-way ANOVA followed by Tukey’s post hoc 

analysis was performed, with P < 0.05 considered to be signif icant. 

Wherever single graphs are presented, they are representative of at least 

three independent experiments. 
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4. Results and discussion 

 

4.1. Complex contribution of cyclophilin-D in brain-

specific mitochondrial permeability transition induced 

by Ca2+ 

 

4.1.1. Effect of substrate availabil i ty on Ca2+-induced PTP and 

modulation by cyclosporin A or genetic deletion of cyclophil in-D 

 

Electrophoretic Ca2+ uptake for induction of PTP is allowed either 

in the presence of respiratory substrates or in a substrate-free medium 

containing KSCN; diffusion of the l ipophil ic SCN- anion provides the 

driving force for electrophoretic Ca2+ accumulation [174;175]. However, 

in the original studies by Hunter and Haworth it was shown that PTP can 

be induced by Ca2+ in the absence of respiratory substrates [73;73], a 

phenomenon that has been subsequently reproduced [176-178], reviewed 

in [179]. Furthermore, it was also shown that substrates delay Ca2+-

induced PTP [176;177], in accordance to the Bernardi scheme elaborated 

above. To reproduce these findings for our studies, isolated brain 

mitochondria were challenged by CaCl2, in the presence and absence of 

glutamate and malate, and l ight scattering was recorded 

spectrophotometrically at 520 nm. A three-pulse CaCl 2 protocol was used 

for this, and all subsequent similar experiments: 20 µ M CaCl2 was given 

at 100 sec, followed by 200 µ M CaCl2 at 300 sec and again at 500 sec. 

Orange l ines appearing in Figures 5, 6, and 8 represent traces obtained 

from WT mitochondria incubated in such condit ions that reproduced the 

most pronounced swell ing induced by CaC2 (respective for each panel), 

but these mitochondria were not challenged by CaCl2.  
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Figure 5.   Ef fect  of  substrate avai labi l i ty  on Ca2 +- induced PTP and modulat ion by 
cyclospor in A or genet ic delet ion of  cyclophi l in-D. A ,  B ,  D ,  E :  Traces of  l ight  scat ter 
recorded spectrophotometr ical ly  in mitochondr ial  suspensions at  520 nm dur ing CaCl2

addi t ions at  the concentrat ions indicated in the f igures. Condi t ions are given in the panels.  
C :  Western blot  (upper panel)  of  brain and l iver mitochondr ia f rom WT vs KO CypD mice 
probed for  CypD immunoreact iv i ty.  Lower panel :  Ponceau S stain ing of  the same blot  
shown in the upper panel .  MWM: Molecular  Weight Marker.  Panels D  and E  are al igned on 
the y-axis.  Panels A ,  D ,  E  and F  are al igned on the x-axis.  F :  Mi tochondr ial  Ca2 + uptake 
fo l lowed by Calcium Green 5N hexapotassium sal t  f luorescence (non-cal ibrated).  The black 
str ipped region is expanded on the y-axis,  for  the sake of  c lar i ty;  a :  WT, plus glutamate 
plus malate;  b :  WT, plus glutamate plus malate p lus CysA; c :  WT, no substrates;  d :  WT, no 
substrates plus CysA; e :  WT, no substrates plus Ru360. Resul ts are representat ive of at  
least  4 independent exper iments.  Panel  G  depicts the maximum swel l ing rates pooled from 
al l  indiv idual  exper iments (expressed as percentage of  swel l ing rate per minute and 
account ing for the condi t ion producing the highest swel l ing rate as ‘maximum’) for  each 
condi t ion and af ter  each Ca2 + pulse. Error bars represent S.E.M.;  a is stat ist ical ly 
s igni f icant f rom b, c,  d,  and e,  p<0.001; d is statist ical ly  s igni f icant f rom e,  p<0.05, one-
way ANOVA on Ranks. 
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As shown in Figure 5 A, addit ion of 20 µ M CaCl2 to substrate-

supplemented or substrate-starved brain mitochondria of wild type mice 

did not cause a decrease in l ight scatter; instead, a cessation in the 

baseline decrease in l ight scatter was observed. However, the subsequent 

200 µ M CaCl2 pulse induced a large decrease in l ight scatter in 

substrate-starved but not substrate-supplemented mitochondria. The next 

200 µ M CaCl2 pulse given at 500 sec did not induce any further changes 

in l ight scatter for the substrate-starved mitochondria, but i t caused a 

minor change in substrate-supplemented mitochondria. As shown in Fig. 

5, panel B, the effect of the first 200 µ M CaCl2 pulse was Cyclosporin 

A-sensit ive, however, the second addition of 200 µ M CaCl2 overrode the 

protective effect of Cys A, consistent with the f indings by Brustovetsky 

and Dubinsky [180]. In panel B the effect of the pore-forming peptide 

alamethicin is also shown, so that the extent of changes in l ight scatter 

induced by CaCl2 can be better appreciated as compared to maximum 

changes. Subsequent experiments benefited from the availabil i ty of 

cyclophil in-D knock-out mice. We isolated mitochondria from the brains 

of WT and CypD-KO mice (see Figure 5, panel C). As shown in panel 

D , results obtained from substrate-starved mitochondria from CypD-KO 

mice were strikingly similar to those obtained from CysA-treated WT 

mice (panel B). The presence of substrates, however, did not provide 

addit ional protection in the CypD-KO mitochondria (panel E). Maximum 

swell ing rates pooled from all experiments (expressed as percentage of 

swell ing rate per minute and accounting for the condition producing the 

highest swell ing rate as ‘maximum’) for each condition and after each 

Ca2+ pulse is shown in Fig. 5, panel G . These results are in accord to 

earl ier reports on various types of mitochondria and conditions, showing 

that high-Ca2+ loads can induce PTP in the absence of substrates.  In our 

hands, absence of substrates prevented isolated mitochondria from 

building a membrane potential of higher than -10 mV (not shown). At 

this ∆Ψm value, mitochondrial Ca2+ uptake is unfavorable [51]. Indeed, 

recordings of extramitochondrial Ca2+ by Calcium Geeen 5N revealed 
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that in the absence of substrates (Figure 5, panel F, traces c , d,  and e) 

mitochondria were unable to perform Ca2+ sequestration, yet exhibited 

large changes in l ight scatter. Electron microscopy imaging of 

mitochondria that exhibited large changes in l ight scatter confirmed that 

this was due to swell ing (not shown). We therefore considered the 

possibil i t ies that Ca2+ was either inducing CypD-sensit ive swell ing by 

acting on an extramitochondrial site, or since high amounts of CaCl2 

were required, Ca2+ was entering mitochondria simply by a chemical 

gradient.      

 

4.1.2. Effect of an uncoupler and/or inhibitors of the Ca2+ 

uniporter on mitochondrial Ca2+ uptake and l ight scatter 

 

To address the site of action of Ca2+ on the l ight scatter, we 

pretreated mitochondria with the Ca2+ uniporter inhibitor, Ru360 [21]. 

As shown in Figure 6 A, WT mitochondria sti l l  exhibited high-Ca2+-

induced changes in l ight scatter in the presence of Ru360, at a 

concentration that was found to prevent the uptake of extramitochondrial 

Ca2+ (Figure 5, panel F, trace e). The lack of effect of Ru360 was also 

observed in the presence of Cys A (Figure 5, panel A), or when the 

effect of Ca2+ was compared in WT versus CypD-KO mitochondria 

(Figure 6, panel B). In order to depolarize mitochondria completely, 1 

µ M SF 6847 was added to the medium, and the effects of Ca2+ and Ru360 

were recorded. As shown in Fig. 6, panel C ,  the presence of the 

uncoupler failed to afford extra protection against high-Ca2+ induced 

swell ing. Furthermore, the presence of the uncoupler negated the 

protective effects of substrates in WT mitochondria (panel D). Maximum 

swell ing rates pooled from all experiments (expressed as in Figure 5) for 

each condit ion and after each Ca2+ pulse is shown in panel E of Figure 

6.     
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Figure 6.  Effect  of  SF 6847 and/or inhibi tors of  the Ca2 + uniporter on mitochondr ia l  
Ca2 + uptake; modulat ion by Cyclospor in-A or  genet ic delet ion of  Cyclophi l in-D. 
Traces of  l ight  scat ter recorded spectrophotometr ical ly  at  520 nm dur ing CaCl2

addi t ions at  the concentrat ions indicated in the f igures, to mitochondr ial  suspensions.  
Condi t ions of  the suspensions are given in the panels.  Al l  panels are al igned on the x-
axis.  Resul ts are representat ive of  at  least  4 independent exper iments.  Panel  E  depicts 
the maximum swel l ing rates pooled from al l  indiv idual  exper iments (expressed as in 
Figure 5)  for  each condi t ion and af ter each Ca2 + pulse. Error bars represent S.E.M.;  a is  
stat ist ical ly  s igni f icant  f rom b, c,  d,  e,  f ,  and g,  p<0.001; d is stat ist ical ly  s igni f icant  
f rom e,  p<0.05,  one-way ANOVA on Ranks.   

DOI:10.14753/SE.2012.1675



Complex contribution of Cyclophilin-D in brain-specific 
 mitochondrial permeability transition induced by Ca2+ 

41 

4.1.3. Effect of Ca2+ uniporter inhibitors on mitochondrial matrix 

Ca2+ accumulation of isolated mitochondria imaged under wide-

field epif luorescence   

 

The failure of Ru360 to protect against the Ca2+-induced large 

changes in l ight scatter shown in Figures 6 A and 6 B could be 

explained by assuming that Ca2+ acted on the extramitochondrial side. To 

Figure 7.   Ef fect  of  the Ca2 + uniporter inhibi tors Ru360 and Ruthenium Red on 
mitochondr ia l  matr ix Ca 2 + accumulat ion of  isolated WT brain mi tochondr ia imaged 
under wide-f ie ld epi f luorescence. A:  Wide-f ie ld epi f luorescence image of  isolated brain 
mitochondr ia f rom WT mice,  loaded with fura 2 AM. B :  Time recordings of  
mitochondr ial - t rapped fura 2 f luorescence of  immobi l ized mitochondr ia,  perfused by 0.1 
mM CaCl2 in the presence of  absence of  Ca2 + uniporter inhibi tors as indicated in the 
panel ,  in the absence of  exogenous substrates. Resul ts are representat ive of  at  least  4 
independent exper iments. 
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provide further evidence for this, we loaded isolated mitochondria with 

Fura 2, and imaged them under wide-field epif luorescence (Figure 7, 

panel A). This experimental setup benefits from i) the spatial resolution 

in Fura 2 imaging, avoiding a “contaminant” signal of leaked Fura 2 in 

the extramitochondrial space and i i)  provides a valid quantitative signal 

of matrix [Ca2+] in the submicromolar range. Surprisingly, isolated 

mitochondria perfused with a buffer containing 0.1 mM CaCl2 showed 

robust increases in matrix-entrapped Fura 2 fluorescence that exhibited 

only a partial sensit ivity to Ru360 (10 µ M) and ruthenium red (10 µ M), 

panel B, arguing against the assumption that Ca2+ was acting exclusively 

on an extramitochondrial site when inducing changes in l ight scatter. 

 

4.1.4. Effect of respiratory chain inhibit ion on Ca2+-induced PTP 

 

To address the contribution of respiratory chain components to the 

protective effect of substrates on Ca2+-induced changes in l ight scatter, 

we pretreated mitochondria with complex I (rotenone or piericidin A), 

complex III (myxothiazol or stigmatell in), and complex IV (KCN) 

inhibitors. The emerging picture depicted from Figure 8 was that 

rotenone or piericidin A (traces c , d of panel A and traces b , c  of panel 

B) afforded protection from Ca2+-induced changes in l ight scatter, 

irrespective of the presence or abscence of substrates, while 

myxothiazol, stigmatell in and KCN not only falied to confer protection, 

they also negated the protective effect of substrates (traces e , f of panel 

A and traces b, c , d, e ,  f of panel C of  Fig. 8;  see also Figure 8, panel 

D). High concentrations of myxothiazol and stigmatell in (10 µ M and 2 

µ M, respectively) that also block complex I [181], fai led to afford 

protection, as opposed to rotenone and piericidin A. However, rotenone 

and piericidin A (as well as rol l iniastatin used in [80]), bind to a 

different site than myxothiazol and stigmatell in [181]. Maximum 

swell ing rates pooled from all experiments (expressed as in Figures 5 

and 6) for each condition and after each Ca2+ pulse is shown in panel D  
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of Figure 8. Inhibit ion of PTP by rotenone has been previously reported 

Figure 8.   Ef fect  of  respiratory chain inhibi t ion on Ca2 +- induced PTP. Traces of  
l ight  scat ter recorded spectrophotometr ical ly  at  520 nm dur ing CaCl2 addi t ions at  
the concentrat ions indicated in the f igures, to mitochondr ial  suspensions.  Al l  
exper iments were performed on WT mice.  A :  a :  no substrates;  b :  p lus glu+mal;  c :  
p lus glu+mal + 1 µ M Rotenone; d :  no substrates + 1 µ M Rotenone; e :  no substrates 
+ 1 mM KCN; f :  p lus glu+mal + 1 mM KCN. B :  a :  no substrates;  b :  no substrates + 
1 µ M Pier ic id in A; c :  no substrates + 1 µ M Rotenone. C :  a :  no substrates;  b :  no 
substrates + 0.2 µ M st igmatel l in;  c :  no substrates + 2 µ M st igmatel l in;  d :  no 
substrates + 0.5 µ M myxothiazol ;  e :  no substrates + 10 µ M myxothiazol ;  f :  no 
substrates + 1 mM KCN. Resul ts are representat ive of  at  least  4 independent 
exper iments.  Panel  D  depicts the maximum swel l ing rates pooled from al l indiv idual  
exper iments (expressed as in Figures 5 and 6)  for  each condi t ion and af ter each 
Ca2 + pulse.  Error  bars represent S.E.M.;  a is stat ist ical ly  s igni f icant f rom c,  p<0.05;  
b is stat ist ical ly  s igni f icant f rom d, <0.05, one-way ANOVA on Ranks. 
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[73;80;177;182]. Since the protective effect of substrates was negated by 

cyanide, we decided to use this regimen for testing mitochondrial 

swell ing within neurons and astrocytes, since the in situ availabil i ty of 

substrates is much less amenable to manipulation. 

 On Table 2, the effect of complex I, I II and IV inhibitors on Ca2+-

induced PTP depicted in Figure 8 is summarized, highlighting the fact 

that only Rotenone and Piericidin A binding to complex I on a specif ic 

binding site are protective, while inhibit ion of the respiratory chain 

elsewhere even negates the protective effect of substrates. 

 

 

 

Table 2.  Ef fect  of  respiratory chain inhibi t ors on Ca2 +- induced PTP. 
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4.1.5 Effect of CypD ablation on Ca2+-induced mitochondrial 

swell ing within neurons and astrocytes  

 

To address the role of CypD in the opening of brain-specif ic PTP 

in situ, swell ing of CypD-deficient versus wild type mitochondria within 

neurons or astrocytes of the same culture were compared during Ca2+ 

overload, induced by addition of calcimycin (1 µ M 4Br-A23187). 

Mitochondria were visualized by wide field epif luorescence imaging of 

mitochondrial ly targeted DsRed2. Astrocytes grew as a monolayer on the 

bottom of the chamber, while neurons grew as a monolayer above them. 

Cultures were prepared at the same age from the WT and KO mouse pups 

(P0 or 1) and measurements were performed in the same range of days in 

vitro ; accordingly, the neurons/astrocytes ratio deviated minimally from 

one culture to another (2-2.6), deduced from counting cells from images 

of fura-loaded cultures. Neurons and astrocytes were distinguished by 

their different mitochondrial morphology [183]. Neuronal mitochondria 

are typically more densely packed in the soma, therefore dendrit ic 

mitochondria were chosen for analysis. Astrocytes are flatter than 

neurons in culture, and they exhibited elongated, branched mitochondria 

of even thickness. Mitochondrial swell ing was monitored by evaluating 

DsRed2-visualized mitochondrial morphology by calculation of changes 

in mean mitochondrial diameters using the thinness ratio technique. In 

these assays the onset of swell ing was defined by the sudden decrease in 

the thinness ratio. As shown in Figure 9 A,  both WT and CypD-KO 

mitochondria within neurons swelled and fragmented in response to Ca2+ 

overload induced by the addition of calcimycin within 600-800 sec.  
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Figure 9.  Effect  of  CypD ablat ion on Ca2 +- induced mitochondr ia l  swel l ing wi thin 
neurons and astrocytes.  A-B:  Time elapsed between calc imycin appl icat ion and 
mitochondr ial  swel l ing was detected by wide f ie ld imaging of  mito-DsRed2 expressing 
neurons (A )  and astrocytes (B)  in  mixed cort ical  cul tures f rom wi ld type (black bars) 
or CypD-KO (gray bars) mice. The onset of  swel l ing was determined by detect ion of  
an increase of  mean diameter of  mitochondr ia in the microscopic v iew f ie ld by 
calculat ion of  the th inness rat io.  Co-appl icat ion of  5 mM NaCN and calc imycin was 
performed in a medium without g lucose supplemented wi th 2 mM 2-deoxyglucose. Bars 
indicate means ± S.E.M. of  4-12 cel ls  (* ,  p<0.05 s igni f icance by Kruskal-Wal l is 
ANOVA on Ranks).  
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When NaCN was co-applied with calcimycin in a glucose-free 

media in the presence of 2 mM 2-deoxyglucose, swelling of mitochondria 

was almost immediate in both wild type and CypD-KO neurons. 

However, Ca2+ overload of uncoupled mitochondria (by co-application of 

1 µ M SF 6847) tr iggered swell ing at a signif icantly earl ier t ime in 

CypD-KO than in wild type neurons. In contrast to the neurons, Ca2+ 

overload of uncoupled mitochondria triggered swell ing at a signif icantly 

earl ier t ime in wild type than in CypD-KO astrocytes (Figure 9 B). In 

the absence of glucose and concomitant presence of 2-deoxyglucose and 

NaCN, in situ mitochondria are almost certainly completely depolarized. 

We used calcimycin at 1 µ M concentration that l ikely affects only the 

Ca2+-permeabil i ty of the plasma membrane. Experiments on cultured 

neurons and astrocytes loaded with fura 2 (Kd=225 nM, [184]) versus 

fura 6F (Kd=2.47 µ M, [170]) revealed that the increase in cytosolic Ca2+ 

by 1 µ M calcimycin was in the 1-2 µ M range in contrast to the 1.3 mM 

in the medium (not shown); thus the amount of calcimycin distributed in 

the plasma membrane was very small and unlikely for it to distribute in 

the inner mitochondrial membrane.   
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4.1.6. Effect of CypD ablation on in situ mitochondrial swell ing of 

neurons challenged by glutamate 

 

In order to expose neuronal in situ mitochondria to high-Ca2+ 

challenge by an alternative mechanism, neurons were exposed to 

excitotoxic levels of glutamate and glycine, in the absence of Mg2+. 

Mitochondrial swell ing was monitored by thinness ratio values 

calculated from wide field f luorescence images of mitochondrially 

targeted DsRed2. Glutamate exposure triggered a biphasic mitochondrial 

swell ing response (shown for a WT neuron) indicated by the decrease of 

the thinness ratio (Figure 10 A, black circles). Swell ing comprised of an 

init ial, 1s t and a well separated, delayed 2nd drop. The 1s t drop of 

thinness ratio invariably coincided with the init ial [Ca2+] i -response to 

glutamate and the 2nd drop to the secondary, irreversible rise of [Ca2+] i ,  

termed delayed calcium deregulation, DCD [185-187] (Figure 10 A and 

B , black bars). In cultures prepared from CypD-KO mice (Figure 10 B,  

gray bars) the first phase of mitochondrial swell ing was detected only in 

60% of the neurons. Furthermore, only 40 % of CypD-KO neurons 

exhibited the secondary swell ing of mitochondria during DCD (Fig. 10 

B). Finally, the init ial swell ing of mitochondria was signif icantly 

delayed in CypD-KO neurons compared to wild type, while the time of 

onset of the secondary mitochondrial swell ing was not statistically 

different (Figure 10 C). 
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Figure 10.   Ef fect  of  CypD ablat ion on glutamate-evoked biphasic mitochondr ia l  
swel l ing in cort ical  neurons. A:  Wide f ie ld f luorescence t ime lapse recording in Fura-
FF-AM loaded wi ld type cort ical  neuron expressing mito-DsRed. Glutamate (300 µM) 
plus glycine (10 µ M) in the absence of  [Mg2 +] e evoked a r ise of  [Ca2 +] i  indicated by the 
increasing rat io of  Fura-FF 340/380nm f luorescence intensi t ies ( t r iangles).  Mitochondr ial  
swel l ing was measured by calculat ing th inness rat io (TR) of  mito-DsRed f luorescence 
images (c i rc les) ,  where swel l ing is marked by the decreasing th inness rat io (arrows).  The 
1s t and 2n d drops of  the th inness rat io always coincided with the in i t ia l  response to 
glutamate and to the DCD, respect ively.  Representative t races of  10 recordings.  
B :  Quant i f icat ion of  the observat ion of  1s t and 2n d drops in neurons from wi ld type (black 
bars) and CypD-KO mice (grey bars) using Fisher exact test .  Total  (n)  corresponds to the 
number of  cel ls observed and 1s t and 2n d drops to the observat ion of  the drops in the 
th inness rat io in recordings s imi lar  to (A ) .  C :  The onset of  mitochondr ial  swel l ing was 
def ined as the t ime elapsed between the appl icat ion of  g lutamate and the sudden decrease 
of  the th inness rat io,  bars show mean ± S.E.M. 10 cel ls (* ,  p<0.05 s igni f icance by 
Kruskal-Wal l is  ANOVA on Ranks).  
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4.1.7. Discussion 

 

 There are hundreds of publications addressing permeabil i ty 

transit ion with relation to various aspects of bioenergetics; hereby we 

attempted to shed l ight on the phenomenon where CypD-dependent PTP 

precedes necrotic events during which there is energy crisis, but not 

apoptosis, a mechanism that is dependent on energy provision. We have 

narrowed our investigations to brain mitochondria in isolation, and 

within their natural environment (both neurons and astrocytes).   

 The most important f inding of this study is the dramatic hastening 

of the swell ing of in situ neuronal and astrocytic mitochondria by 

glucose deprivation and NaCN co-application, upon calcimycin exposure. 

This extends the previous findings on isolated mitochondria 

[81;185;188-191] and the results of this study, showing that a diminished 

electrochemical gradient primes mitochondria within their natural 

environment to undergo Ca2+-induced PTP. We created depolarizing 

conditions by three different means: i) substrate deprivation (no electron 

flow), ii)  ETC inhibitors (no electron flow), and ii i)  presence of an 

uncoupler (high electron f low). Results were not entirely congruent 

between isolated versus in situ mitochondria (i.e. compare presence 

versus absence of substrates or uncoupler), but in both experimental 

models the presence of cyanide prompted pore opening. Our f indings 

support the notion that the lack of an electrochemical gradient 

unfavoring electrophoretic Ca2+ uptake not only fai ls to protect in situ 

mitochondria from PTP, but it also subserves the purpose of decreasing a 

threshold to the point that either an increase in matrix Ca2+ concentration 

due to a mere diffusion and/or an extramitochondrial site with low 

affinity for Ca2+, induces pore opening. However, our f indings are 

partial ly at odds with those obtained in [192], in which the effect of 

cyanide was found to disfavor PTP opening. The difference may stem 

from the fact that in that study isolated skeletal muscle mitochondria 

were investigated. 
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The swell ing induced by high-Ca2+ in energized in situ neuronal 

and astrocytic mitochondria was not CypD-dependent. To this we must 

stress that our results on isolated mitochondria point to the possibil i ty of 

an Ru360/Ruthenium-Red-insensit ive route for Ca2+ entry. Furthermore, 

our results also show that there are cell-specif ic differences of the same 

tissue regarding the bioenergetic contribution to Ca2+-induced PTP. For 

example, it is striking that the elapsed time upon calcimycin exposure 

unti l  the onset of swell ing of uncoupler-treated neuronal WT 

mitochondria was smaller than that recorded for CypD-KO mitochondria, 

and the exact opposite was observed in astrocytes.  

There are ~1500 proteins in mitochondria and less than 3% of 

those are mitochondrially encoded [193], while the rest are nuclear-

encoded. It is at least prudent to consider that the composit ion and/or 

regulation of the mitochondrial permeabil i ty transit ion pore exhibits 

t issue or even cell-specif ic differences, as it has been suggested 

elsewhere [194;195]. 
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4.2. Ca2+ release triggered by NAADP in hepatocyte 

microsomes 

 

4.2.1. NAADP induces Ca2+ release from hepatocyte microsomes 

 

 Hepatic microsomal vesicles rapidly sequestered 45Ca2+ in the 

presence of ATP (Figure 11 A), with an uptake of 4.0 ±  0.2 nmol/mg 

protein (n=13). The maximum of Ca2+ uptake was found within 5-10 

minutes, which is slower than that observed in experiments with intact or 

permeabil ized cells but consistent with earl ier reports [196]. About 90%  

of the specif ically retained microsomal Ca2+ was rapidly released by 

ionomycin (5 µ M) (Figure 11 A). This rate of decline of microsomal 

Ca2+ content defined the magnitude of the microsomal Ca2+ stores 

available for release. We found it important to identify of the main Ca2+ 

transporter through which the microsomes are loaded. We determined the 

Ca2+ uptake of l iver microsomes in the presence of 1 µ M thapsigargin, a 

selective inhibitor of the sarco(endo)plasmic reticulum Ca2+-ATPase 

(SERCA) and 1 µ M bafi lomycin A1, an established blocker of the V-type 

ATP-ase [197]. The Ca2+ accumulation of microsomes was nearly 

abolished by thapsigargin, while bafi lomycin does not affect 

substantially the Ca2+ uptake mechanisms of l iver microsomes. In the 

l ight of these results, i t  is the SERCA that represents the main 

mechanism responsible for the active loading of l iver microsomes. In the 

next step, we investigated whether NAADP could induce Ca2+ release 

from rat l iver microsomes loaded actively with 45Ca2+ and compared it to 

InsP3 and cADPR-induced Ca2+ release. In this assay, NAADP (10 µ M), 

InsP3  (10 µ M) and cADPR (10 µ M) induced a fast Ca2+ eff lux, which 

differed signif icantly from control microsomes (CICR) (Figure 11 B). 

The pattern of NAADP mediated Ca2+ release appeared to be biphasic, 

with an init ial rapid release followed by a sustained but slower phase of 
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release. A similar pattern of Ca2+ release was observed when cADPR and 

InsP3  were added (Figure 11 B). After 5 seconds of Ca2+ release the total 

Figure 11.  NAADP-induced 4 5Ca2 + re lease f rom act ive loaded hepatocyte microsomes. 
(A )  The t ime course of  the Ca2 + uptake by l iver microsomes was determined using 4 5Ca2 +,  
as descr ibed in the ‘Mater ia ls and Methods’  sect ion (Sect ion 3.7).  Accumulat ion (■ )  of  
Ca2 + was started by addi t ion of  1 mM ATP. The amount of the mobi l izable Ca2 + was 
determined by adding 5 µM ionomycin ( )  to the medium. The ef fect  on 4 5Ca2 + uptake of  

1 µ M thapsigargin (Δ)  and 1 µ M baf i lomycin (□ )  was also tested. Baf i lomycin was added 

to the microsomes 5 minutes before 4 5Ca2 + uptake was in i t iated.   
(B)  Compar ison of  the Ca2 + mobi l iz ing character ist ics of  InsP3 (○ ) ,  cADPR (● )  and 

NAADP (▲)  (10 µ M each).  Ca2 +- induced Ca2 + re lease (CICR) (Δ)  was determined by 

adjust ing extravesicular f ree Ca2 + level  to pCa=6 using EGTA (100 µM). Resul ts are the 
average ± s.e.m. of  6-12 determinat ion on at  least  four di f ferent exper imental  days. The 
inset shows the total  amount of  Ca2 + ef f lux t r iggered by InsP3,  cADPR and NAADP after 
5 seconds of  Ca2 + re lease.  
(C )  Microsomes sequestered Ca2 + in the presence of  an ATP regenerat ing system (2 U/ml 
creat ine-kinase, 4 mM phosphocreat ine) and released calc ium in response to subsequent 
addi t ion of  10 µ M cADPR (● ) ,10 µ M InsP3 (○ )  and 10 µ M NAADP (▲) .  
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amount of Ca2+ eff lux elicited by CICR was 0.165 ± 0.06 nmol/mg 

protein  (4.6% of ionomycin release, n=6-12). In the same set of 

experiments, NAADP released 0.42 ± 0.08 nmol Ca2+/mg protein (11.8% 

of ionomycin release, n=15), while cADPR elicited 0.821 ± 0.1 nmol 

Ca2+/mg protein (22.8% of ionomycin release, n=10) (Figure 11 B,  

inset). Under the same conditions, InsP3 released 0.7 ± 0.09 nmol 

Ca2+/mg protein (19.6% of ionomycin release, n=8) (Figure 11 B, inset). 

Thus NAADP is a potent, but somewhat less effective Ca2+ releasing 

messenger than cADPR and InsP3 in l iver hepatocyte microsomes.  

To further determine whether the NAADP-induced Ca2+ release 

mechanism in l iver microsomes is distinct from the InsP3- and cADPR-

mediated Ca2+ release mechanism, we tested for possible agonist cross-

desensit ization. As shown in Figure 11 C, we tested subsequent Ca2+ 

release from actively loaded l iver microsomes by cADPR, InsP3 and 

NAADP (all applied at supramaximal concentrations, 10 µ M) in the 

presence of an ATP-regenerating system. NAADP managed to el icit 

maximal Ca2+ eff lux when applied after cADPR and InsP3 have already 

been probed. Thus cross-desensit ization to InsP3  and cADPR by NAADP 

did not occur (Figure 11 C). This result further supports the view that 

NAADP acts upon a Ca2+ release mechanism distinct from that of InsP3 

and cADPR from rat l iver microsomes.  

 

4.2.2. Dose-dependence of the NAADP-mediated Ca2+ release 

 

NAADP induced Ca2+ release in rat l iver microsomes in a dose-

dependent manner, with a half-maximal concentration (EC50) of 0.93 ± 

0.1 µ M (Figure 12). Our results correspond with those of other authors 

who experimented with microsomes prepared from other mammalian 

tissues [117;118;121], whereas the EC50 for NAADP was reported to be 

one order of magnitude smaller in intact cells (in the range of 100 nM) 

[113;120].  
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Figure 12.  Dose dependence of  the NAADP-induced Ca2 + re lease in rat  l iver  
       microsomes. 

Exper imental  set t ings were s imi lar  to those shown in Figure 11 B and the data 
are representat ive for f ive independent exper iments. 
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4.2.3. Unique homologous desensit ization pattern of the NAADP 

receptors 

 

We investigated the inactivation phenomenon of NAADP-induced 

Ca2+ release in l iver microsomes. First injection of subthreshold 

concentration of NAADP (0.1 µ M) to microsomes at the third minute 

during active loading did not result in substantial Ca2+ release by itself 

(Figure 13 A). However after 2 minutes of incubation, 10 µ M NAADP 

released 0.14 ± 0.04 nmol Ca2+/mg protein compared to 0.39 ± 0.04 

nmol/mg protein Ca2+ released from non pre-incubated microsomes. 

On Figure 13 B we compared the dose-response curve of the 

NAADP-induced Ca2+ release with the curve for residual Ca2+ release by 

supramaximal NAADP (10 µ M) after 2 minutes pre-incubation of 

microsomes with different concentrations of NAADP (between 0.1 nM 

Figure 13. Unique homologous desensi t izat ion pattern of  the NAADP receptors.  
(A )  Homologous desensi t izat ion of  NAADP receptors by subthreshold concentrat ions 
of  NAADP. Act ively loaded microsomes (● )  were pre-treated wi th 0.1 µM NAADP 
for two minutes and then chal lenged to a supramaximal concentrat ion of  10 µM 
NAADP (○ ) .  NAADP induced Ca2 + re lease from non pre-treated microsomes (▲) .  
The inset shows the Ca2 + ef f lux at  f ive minutes of  Ca2 + loading from microsomes 
incubated by non-act ivat ing concentrat ion of  NAADP and non pre-treated 
microsomes.  
(B)  Dose-response curve of  NAADP (● )  and the residual  Ca2 + re lease by 
supramaximal concentrat ion of  NAADP (10 µM) af ter 2 min preincubat ion wi th 
concentrat ions of  NAADP between 0.1 nM and 10 µ M (○ ) .  
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and 10 µ M). In this manner, NAADP may function as its own specif ic 

antagonist with an IC50 of 30 nM. The two curves form a U-shape as 

NAADP desensit ize its receptors with an IC50 that is one order of 

magnitude lower than the EC50. Thus, we found evidence that, similarly 

to invertebrates [130], ful l desensit ization of the NAADP receptors by 

subthreshold NAADP concentrations is possible without any need for 

previous substantial Ca2+ release. This phenomenon is in contrast to the 

self-desensit ization mechanism for InsP3 and cADPR (X-desensit ization) 

[130]. 

 

4.2.4. The effect of thapsigargin and bafi lomycin A1 on the 

NAADP-evoked Ca2+ release in rat l iver microsomes 

 

The NAADP sensit ive Ca2+ stores are insensit ive to thapsigargin in 

sea urchin eggs [198] as well as in several intact mammalian cell types 

(e.g. arterial smooth muscle [147] and pancreatic acinar cells [141]), and 

can be localised in the lysosomal compartment [139;147] (acidic 

thapsigargin-insensit ive pool). Therefore, i t seemed important to test 

whether the NAADP-mediated Ca2+ release from rat l iver microsomes is 

dependent on acidic pools. One way of interfering with organellar 

acidfication is to pretreat with bafi lomycin A1, which is a blocker of the 

vacuolar type H+-ATPase [197]. When actively loaded microsomes were 

incubated for at least 5 minutes with bafi lomycin A1 (1 µ M), we found 

that both NAADP (10 µ M) and cADPR (10 µ M) elicited an entirely 

normal Ca2+ release response (Figure 14;  n=4). No substantial change 

was observed in the response of the Ca2+ release elicited by cADPR and 

NAADP to bafi lomycin when longer incubation time (10 and 20 minutes) 

was applied (unpublished data). These data indicate that the Ca2+ release 

from liver microsomes induced by NAADP in unlikely to come from 

acidic compartments.  
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Furthermore, microsomes were treated with maximal concentration 

of thapsigargin (1 µ M), a potent and selective inhibitor of the SERCA, 

for at least 2 minutes when Ca2+ uptake reached the plateau. The amount 

of Ca2+ eff lux elicited by 10 µ M NAADP in l iver microsomes pre-treated 

with thapsigargin was reduced to 7.48 ± 1.75% of the ionomycin release, 

while NAADP released 20.86 ± 1.8% of ionomycin release in non pre-

treated microsomes (Figure 14). The effect of cADPR was similarly 

affected by pre-treatment with thapsigargin (6.94 ± 1.85% of ionomycin 

release in pre-incubated microsomes compared to 22.51 ± 2% of 

ionomycin release in the absence of thapsigargin). Our results show that 

the NAADP mediated Ca2+ release was thapsigargin dependent as well as 

that of cADPR. The abil i ty of thapsigargin to block the NAADP-

sensit ive Ca2+ release is in contrast to the results published for sea 

urchin eggs [198] or intact mammalian cells [141;147]. The Ca2+ release 

from microsomes can be described as a one-pool model [111]. The 

Figure 14.  The ef fect  of  thapsigargin and baf i lomycin A1 on the cADPR- and 
NAADP-el ic i ted Ca2 + re lease in rat  l iver microsomes. 
The act ively loaded vesicules were pre- incubated by thapsigargin (1 µM) for at  least 
2 minutes and by baf i lomycin A1 (1 µ M) for at  least 5 minutes before Ca2 + re lease 
was induced with supramaximal concentrat ions of  cADPR and NAADP (both 10 µ M). 
Fi l led bars represent the Ca2 + re lease from non pre-treated microsomes whi le open 
bars show the Ca2 + ef f lux f rom microsomes treated wi th thapsigargin (1 µM) and 
dashed bars represent the ef fect  of  baf i lomycin A1 (1 µ M). 
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microsomal Ca2+ store is in fact a mixture of Ca2+ stores deriving from 

both lysosomes and the ER, moreover it is f i l led mainly by SERCA (see 

Fig. 14 A) and contains InsP3Rs, RyRs and NAADPRs. This type of 

fusion of the different intracellular Ca2+ stores is an artefact as to the 

result of the preparation process itself. 

 

4.2.5. Ca2+ and pH dependence of the NAADP-induced Ca2+ 

release 

 

In the next set of experiments, we investigated the effect of free 

extravesicular Ca2+ concentration upon the Ca2+-release induced by 

NAADP, InsP3 and cADPR (Figure 15 A). Passive loading of 

microsomes (described in Section 3.8.) has the advantage over ATP-

driven loading that the concentration of free extravesicular Ca2+ can be 

set more accurately with Ca2+ complexing agents, such as EGTA. The 

activation of both InsP3 receptors and RyRs often shows similar bell-

shaped dependence on the concentration in the vicinity of the 

cytoplasmic face of the release [199;200]. Similarly, in Figure 15 A we 

show that the pCa response curves of the InsP3 and cADPR appeared to 

be bell-shaped with an optimal pCa at 7 and 6 respectively. However, the 

NAADP-induced Ca2+ release we found to be fair ly independent of the 

extravesicular Ca2+ concentration. This f inding is one of the unique 

characteristics that NAADP displays in all cell types. 

It was described previously that the NAADP-induced calcium 

release in sea urchin egg homogenates [201] and rat mesangial cell 

microsomes [122] was not affected by the pH changes of the incubation 

medium. In contrast, cADPR-induced Ca2+ release was inhibited by 

alkalinization of the media [201]. We found that the NAADP-induced 

Ca2+ release in hepatocyte microsomes was not affected by changing the 

pH of the incubation buffer from 6.4 to 7.8 (Figure 15 B). We propose 

that protonation and deprotonation of relevant amino acids with pK 

values in the range of physiological pH has no effect upon the gating 
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property of the putative channel that is activated by NAADP and, by 

extension, upon the binding of NAADP to its receptor [128]. However, 

the response to cADPR was mostly dependent on pH, showing an optimal 

pH of 7.2. The peak Ca2+ eff lux evoked by cADPR was at least 50% 

higher than at pH values one unit lower or higher. Alkalinization of the 

media may alter the binding of cADPR to its receptor or may affect 

activation of RyRs by pharmacological agonists [201]. NAADP- and 

cADPR-triggered Ca2+ release from liver microsomes was differentially 

affected by pH, providing further evidence that these agonists signal 

through functionally distinct pathways.  

 

Figure 15. Ca2 + and pH dependence of  the NAADP-induced Ca2 + re lease. 
(A )  Extravesicular f ree Ca2 + concentrat ion dependence of  the InsP3,  cADPR and 
NAADP mediated system in passively loaded l iver microsomes. Extravesicular pCa 
(4-8)  was set  by EGTA (200-750 µ M respect ively) ,  NAADP (■ ) ,  InsP3 ( )  and 
cADPR (□ )  were appl ied in supramaximal concentrat ions (10 µM).  
(B)  Di f ferent ia l  ef fect  of  pH on the cADPR and NAADP sensi t ive Ca2 + re leasing 
system. The pH of the Ca2 + re lease medium was changed in a range from 6.4 to 7.8 
and the amount of  4 5Ca2 + re leased by 10 µ M cADPR (□ )  and 10 µ M NAADP (■ )  was 
determined. 
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4.2.6. Pharmacological properties of the NAADP-elicited Ca2+ 

eff lux 

 

We examined the pharmacological properties of the NAADP 

mediated Ca2+ release to gather more evidence that it is distinct from 

those mediated by InsP3 and cADPR. Heparin (100 µ g/ml), a well-

established inhibitor of the InsP3R-s [202], inhibited the Ca2+ release 

elicited by InsP3 by 62.15 ±  7% and did not alter the effect of cADPR 

and NAADP (Figure 16). The RyR antagonists, ryanodine (5 µ M) and 

ruthenium red (5 µ M), blocked the cADPR-induced Ca2+ eff lux by 62 ± 

6% and 31.19 ±  4% respectively, leaving that of InsP3 and NAADP 

unaltered. The L-type Ca2+ receptor blockers, verapamil (100 µ M) and 

dilt iazem (100 µ M) [130], abolished specif ically, but only partial ly (up 

Figure 16.  Pharmacological  propert ies of  the intracel lu lar  Ca2 + channels  
       mediated by InsP3,  cADPR and NAADP. 

The 4 5Ca2 + re lease by supramaximal  concentrat ions InsP3,  cADPR and NAADP (al l  10 
µ M) was chal lenged in the presence of  hepar in (100 µ g/ml) ,  ryanodin (5 µM), 
ruthenium red (5 µM),  verapamil  (100 µM) and di l t iazem (100 µM).   
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to 43 ±  4% and 50.82 ±  6% of inhibit ion respectively) the Ca2+ releasing 

effect of NAADP in rat l iver microsomes. On the other hand, they had 

minimal effect on the Ca2+ release by InsP3 and cADPR (less than 15%) 

(Figure 16). To sum up, neither heparin, nor ryanodine and ruthenium 

red were able to block substantially the NAADP-induced Ca2+ release, 

while verapamil and dil t iazem were effective inhibitors of NAADP 

receptors (Figure 16).  

 

On Table 3, the inhibitory effect of the forementioned blockers of 

InsP3Rs, RyRs and NAADPRs are summarized for the sake of clarity, 

based on the results shown on Figure 16.  

 

4.2.7. Discussion 

 

In Section 4.2., we provided evidence, that NAADP is indeed 

present and functional in hepatocyte microsomes. In the f irst step, we 

defined the type of Ca2+ store that operates within microsomes based on 

the thapsigargin sensit ivity and bafi lomycin A1 insensit ivity of both 

Table 3.  Inhibi t ion of  the Ca2 + channels mediated by InsP3,  cADPR  
 and NAADP by establ ished blockers of  InsP3Rs, RyRs and  
 NAADPRs. 

Data are presented as percentage of the reduction of the 45Ca2+-releasing 
ability induced by supramaximal concentrations of each messenger.  
n.s. stands for inhibition of less than 5%. 
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Ca2+ uptake into (Figure 11 A) and Ca2+ release from microsomes 

(Figure 11). The main pathway for microsomal Ca2+ sequestration is 

through SERCA, since it is abolished by thapsigargin, but left unaltered 

by bafi lomycin A1 (Figure 11 A). Also, the one-pool model for Ca2+ 

release is applicable for Ca2+ eff lux from the microsomal stores, because 

both the cADPR- and NAADP-mediated Ca2+ release are hindered by 

thapsigargin, but not bafi lomycin A1 (Figure 14). Thus, unlike in intact 

cells, cADPR and NAADP mobil ize Ca2+ from the same, non-acidic pool. 

Our model for the hepatocyte microsomal Ca2+ store is depicted above in 

Figure 17. 

Next, we analized several properties of the NAADP-mediated Ca2+ 

release system, which showed a sigmoideal dose-dependence curve with 

an EC50 of 0.93 ± 0.1 µ M (Figure 12). However, desensit ization of 

receptors for NAADP occurred even when subthreshold concentrations of 

NAADP were used for pre-incubation (Figure 13 A), thus NAADP acts 

as it ’s own antagonist with an IC50 of ~30nM (Figure 13 B). This type of 

homologue desensit ization (U-desensit ization) is characterist ic for 

NAADP and has been verif ied for the first t ime in a vertebrate tissue by 

our workgroup. Furthermore, NAADP provides a Ca2+-independent 

Figure 17.  Model for the hepatocyte microsomal Ca2+-store. 
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(Figure 15 A) and non pH-dependent (Figure 15 B) system for Ca2+ 

release in hepatocyte microsomes. 

Finally, based on the distinct pharmacological properties of the 

NAADP-induced events (Figure 16 and Table 3), as well as the lack of 

cross desensit ization between InsP3, cADPR and NAADP (Figure 11 C), 

our results altogether suggest that the NAADP-mediated Ca2+ release is 

indeed a distinct pathway in rat l iver microsomes. 
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5. Conclusions 

 

In the past years, I have contributed to the experimental work of 

the Neurobiochemistry Research Division of the Departement of Medical 

Biochemistry on Semmelweis University. I participated in the 

establishment of a novel method for the measurement of the ADP/ATP 

exchange rate based on the differential aff inity of ADP and ATP to Mg2+ 

[53], and the re-evalutaion of the role of matrix acidif ication in 

uncoupler-induced Ca2+ release from mitochondria [51]. These data have 

already been presented elsewhere, as well as the results concerning the 

forward operation of the adenine nucleotide translocase during F0F1-

ATPase reversal [203]. 

The present thesis evolves around the brain-specif ic contribution 

of CypD to Ca2+-induced PTP and the NAADP-induced microsomal Ca2+ 

release in hepatocytes [116;168]. 

In Section 4.1,  we verif ied that substrate-starved mitochondria are 

more sensit ive to Ca2+-induced PTP than mitochondria supplied with 

substrates. This effect is CysA sensit ive and can be overrided by an 

excessive Ca2+ stimulus (Figure 5 A and B). Also, substrate-starved 

mitochondria prepared from CypD KO mice showed similar sensit ivity to 

Ca2+-induced PTP as WT mitochondria exposed to CysA (Figure 5 D and 

E). Substrate-starved mitochondria were shown to exhibit PTP in 

response to high Ca2+ addit ions, despite of the fact that no Ca2+ uptake 

was measured (Figure 5 F). Moreover, the inhibit ion of the major Ca2+ 

uptake routes of WT and CypD KO mitochondria by Ru360 or RuRed did 

not affect their responses to high-Ca2+ (Figure 6 A and B), raising the 

possibil i t ies that Ca2+ was either inducing CypD sensit ive swell ing by 

acting on an extramitochondrial site, or Ca2+ was entering mitochondria 

simply by a chemical gradient. Our results depicted on Figure 7 support 

the latter assumption, since isolated mitochondria loaded with Fura-2 

showed robust f luorescence-increases when perfused with high-Ca2+, that 
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was only partial ly sensit ive to Ru360 or RuRed. Thus we concluded that 

Ca2+ was acting indeed on an intramitochondrial site.  

The presence of an uncoupler did not offer extra protection against 

Ca2+-induced swell ing and the uncoupler reversed the protective effect of 

substrates on WT mitochondria (Figure 6 C, D, E and F). Moreover, 

Complex I inhibit ion by rotenone and piericidin A granted protection 

against mitochondrial swell ing provoked by Ca2+ even in the absence of 

substrates, that was not reproducible by blocking Complex I on a 

different site by high concentrations of the Complex III inhibitors 

myxothiazol and stigmatell in. On the other hand, inhibit ion of Complex 

III and IV rendered mitochondria supplied with substrates susceptible to 

swell ing induced by Ca2+ (Figure 8 A, B, C and Table 2).  

Complex IV inhibit ion of in situ mitochondria by KCN (equivalent 

of the substrate-starved state of isolated mitochondria) caused almost 

immediate swell ing in both astrocytes and neurons irrespectively of 

functional or deleted CypD. However, the ablation of CypD had converse 

effect on depolarized in situ mitochondria in astrocytes and neurons, 

when the elapsed time before swell ing due to Ca2+ overload was tested 

(Figure 9 A and B). Depolarized neuronal mitochondria with functional 

CypD were more resistant to Ca2+ overload, while depolarized 

mitochondria from astrocytes were protected by the ablation of CypD. 

On the other hand, in situ, non-depolarized and substrate-supplied 

neuronal mitochondria appear to be protected against Ca2+ overload 

(administration of a Ca2+ ionophore) and excitotoxicity (co-application 

of glutamate and glycine) by the ablation of CypD (Figure 9 A, f irst two 

columns, and Figure 10).  

In Section 4.2 attention was given to the NAADP-induced Ca2+-

release from hepatocyte mitochondria actively loaded by Ca2+ via 

SERCA and not V-type ATPases (Figure 11 A), which was comparable 

in magnitude to that mediated by InsP3 and cADPR (Figure 11 B and C). 

Also, no cross-desensit ization was present between the three pathways 

(Figure 11 C). NAADP released Ca2+ from hepatocyte microsomes in a 
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saturable manner with an EC50 of 0.93 ± 0.1 µ M and maximal effect was 

recorded at concentrations higher than 2 µ M (Figure 12). The special U-

type self-desensit ization curve of the NAADP-mediated Ca2+ release, 

that is a characteristic feature of NAADP, was detected in hepatocyte 

microsomes (Figure 13), as well as the relative pCa and pH 

independency of the Ca2+ eff lux triggered by NAADP (Figure 15 A and 

B). By the use of thapsigargin and bafi lomycin A, we demonstrated that 

the one-pool model for Ca2+ release is valid in the case of hepatocyte 

microsomes (Figure 14). The NAADP induced Ca2+ release was inhibited 

by verapamil and dil t iazem while InsP3 antagonists (e.g. heparin) and 

RyR inhibitors (ryanodine and RuRed) had no effect (Figure 16 and 

Table 3). 

Altogether, these data support the notion, that the NAADP-

sensit ive pathway for Ca2+ release from hepatocyte microsomes is indeed 

distinct from those triggered by InsP3  and cADPR. 
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6. Summary 

 

Cyclophil in-D (CypD) is a calcium-sensit ive regulator of the 

permeabil i ty transit ion pore (PTP). In the present thesis, we show that 

substrate-deprived mitochondria obtained from CypD knock-out (KO) 

mice exhibit similar sensit ivity to Ca2+-induced PTP as wild type (WT) 

mitochondria exposed to cyclosporin-A. Our f indings support the notion 

that the lack of an electrochemical gradient unfavoring electrophoretic 

Ca2+ uptake not only fails to protect in situ mitochondria from PTP, but 

it also subserves the purpose of decreasing a threshold to the point that 

induces pore opening. A further f inding of this study is the dramatic 

hastening of the swell ing of in situ neuronal and astrocytic mitochondria 

by glucose deprivation and NaCN co-application, upon calcimycin 

exposure. Our results also show that there are cell-specif ic differences of 

the same tissue regarding the contribution of CypD and the bioenergetic 

state to Ca2+-induced PTP.   

Nicotinic acid-adenine dinucleotide phosphate (NAADP) is rapidly 

emerging as an intracellular second messenger mediating Ca2+ release 

mainly from the acidic calcium stores, such as lysosomes and 

microsomes. In the present work, we demonstrate that the NAADP-

mediated Ca2+-release is indeed present in microsomes derived from rat 

hepatocytes and is relatively independent from changes of extravesicular 

Ca2+ concentrations and pH. For the first t ime in mammalian tissues, we 

provide evidence for the validity of the characterist ic U-type self-

desensit ization curve of the NAADP-induced Ca2+-release. Finally, we 

demonstrate that the NAADP-induced Ca2+ release is an independent 

Ca2+-signall ing pathway in rat hepatocyte microsomes based on its 

unique pharmacological-sensit ivity profi le and the lack of cross-

desensit ization between the InsP3- cADPR- and NAADP-dependent Ca2+-

release systems. 
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7. Összefoglalás 

 

A cyclophil in-D (CypD) a mitokondriális permeabil i tás-

tranzíciós pórus (PTP) calcium-függő szabályozó fehérjéje. Munkámban 

bemutatom, hogy CypD-génkiütött egerekbő l  származó agyi 

mitokondriumok szubsztráthiányos körülmények között hasonló 

érzékenységet mutatnak a Ca2+-indukált PT-vel szemben, mint a 

cyclosporin-A-val (CysA) kezelt vad típusú mitokondriumok. 

Eredményeim alátámasztják azt az elképzelést, mely szerint az 

elektrokémiai grádiens hiányában ellehetetlenülő  elektroforetikus Ca2+ 

felvétel nem jelent védelmet az in situ mitokondriumban a PT-vel 

szemben, hanem ellenkező leg, hozzájárul a pórus megnyílásához 

szükséges küszöb legyőzéséhez. Továbbá bemutatom, hogy a glükóz 

megvonása és NaCN együttes adása mellett az in situ neuronális és 

astrocyta mitokondriumok duzzadása drámai módon felgyorsul 

calcimycin alkalmazásakor. Eredményeim alapján elmondható, hogy a 

bioenergetikai ál lapota a sejtnek és a CypD adott szöveten belül sejt-

specif ikus módon járul hozzá a Ca2+-indukált PT kiváltásához. 

A nikotinsav-adenin dinukleotid foszfát (NAADP) egy olyan új 

intracellularis másodlagos hírvivő molekula, mely főként a savas Ca2+ 

raktárakból (pl. l izoszómákból és mikroszómákból) történő  Ca2+ 

felszabadulásban vesz részt. Munkám során bemutatom, hogy az 

NAADP-indukált Ca2+-kiáramlás patkány hepatocyta mikroszómákban is 

jelen van, valamint relatíve független a medium Ca2+-koncentrációjától 

és pH-jától. Elsőként igazoltam az NAADP-mediált Ca2+-felszabadulást 

alacsonyabb rendű  szövetekben jellemző,  U-típusú homológ 

deszenzit izáció érvényességét egy emlős szövetben. Az NAADP-indukált 

folyamat jel legzetes farmakológiai tulajdonságaira, i l letve az NAADP-

nek IP3-mal és cADPR-zal mutatott kereszt-deszenzit izáció hiányára 

alapozva igazolom, hogy az NAADP-mediált Ca2+-kiáramlás egy 

független és önálló Ca2+-jelátvitel i  útvonal máj mikroszómákban. 
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