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AYm:
2-BO:
ACh:
ADP:

ADPRCs:

AlF:
ANT:
APsA:
AT-II:
ATP:
ATR:
BCECF:
BKA:
BSA:

cADPR(P):
CaGreen:

CATR:
CCK:
CICR:
CK:
CL:
CypD:
Cyt c:
CysA:
DAG:
DMSO:
DTT:
ECso:
ER:
ETC:

Abbreviations

membrane potential
2-bromooctanoate

acethylcholine

adenosine diphosphate

ADP-ribosyl cyclase enzyme family
apoptosis-inducing factor

adenine nucleotide translocase
P1,Ps-di-(adenosine-95-pentaphosphate

angiotensin Il

adenosine triphosphate

atraciloside

2', 7’ -bis(carboxyethyl)-5,6-carboxyfluoresia

bongkrekic acid

bovine serum albumin

cyclic adenosine dinucleotide-ribose gpphate)
Calcium Green 5N
carboxyatractyloside
cholecystokinine

C&*-induced C&" release

creatine kinase

cardiolipin

cyclophilin-D

cytochrome ¢

cyclosporine-A

diacyl-glycerol

dimethyl-sulfoxide

dithiothreitole

50%-excitation concentration
endoplasmic reticulum

electron transport chain
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EDTA:
EGTA:

Erev ANT:

ethylenediamine-tetraacetic acid
ethylene glycol-bis(2-aminoethylether)-N,N,N’-tetraacetic
acid

reversal potential of the ANT

Eev_ATPase: reversal potential of thgFRrATPase

FCCP:
FFA:
GPN:
Hepes:
HK:
[Cso:
IMM:
INnsPs:
MBR:
MCF:
MgG:
MOPS:
NAD(P)":
NAADP:
NCE:
NICE:
OMM:
pPHin:
PHo:

Pi:

PR:
PiC:
PLA::
pmf:
PMSF:
PN:

PPlase:

carbonyl cyanide 4-(trifluoromethoxy)-phehytirazone
free fatty acid
glycyl-phenylalanyl-naphtylamide
4-(2-hydroxyethyl)-1-piperazineethanesulétoacid
hexokinase

50%-inhibition concentration
inner mitochondrial membrane
D-myo-inositol-1,4,5-trisphosphate

peripheral mitochondrial benzodiazepine retogp
mitochondrial carrier family

magnesium green
3-(N-morpholino)-propanesulfonic acid
nicotinamide-adenine dinucleotide (phosphate)
nicotinic acid-adenine dinucleotide phospéa
Na-Ca’* exchanger

Na'-independent Cd exchanger (H-Ca** exchanger)
outer mitochondrial membrane

mitochondrial matrix pH

extramitochondrial pH

inorganic phosphate

inorganic pyrophaosphate

phosphate carrier

phospholipase A

protonmotive force

phenylmethylsulfonyl fluoride

pyridine nucleotides

peptidyl-prolytis-trans isomerase
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(m)PTP:
RaM:
ROS:
RuRed:
RyR:
SCN:
SERCA:

(mitochondrial) permeability transition zo
rapid (C&") uptake mode

reactive oxygen species

ruthenium-red

ryanodine receptor

thiocyanate

sarco(endo)plasmic reticulum CaATPase

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

Sf-A:
SR:
TMPD:
TPCN2:
Tris:
TRP:
VDAC:
WT:

2-[[3,5-bis(1,1-dimethylethyl)-4-hydroxyphenyllmettene]-
propanedinitrile

Sanglifehrin-A

sarcoplasmic reticulum
N,N,N,N’-tetramethyl-p-phenylenediamine

two-pore cation channel, type 2
tris-(hydroxymethyl)-aminomethane

transient receptor potential channel

voltage-dependent anion channel

wild type
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1. Introduction

Calcium is one of the most versatile and importamtracellular
messengers in living cells and organisms.?Tsignalling is involved in
the control of numerous biological processes [1:2pr example, CH is
essential for oocyte fertilization, synaptic pladty, muscle cell
contraction, gene expression, enzyme / neurotrattemisecretion and
cell proliferation, as well as cell death (both @posis and necrosis).
ca’* signals are intracellular relays of triggering ev®, such as
depolarization, hormone or neurotransmitter stiniidas, in order to
control cell functions [1;2]. Cd signals are not all-or-none events; they
vary greatly in amplitude, duration and localizatio Cytosolic C&"
signals can be generated by activation of ?CTaentry and/or by
mobilization of C&* from intracellular stores. At the level of plasma
membrane, C& influx occurs through several types of channelscls as
voltage-gated channels, ligand-gated channels arahsient receptor
potential (TRP) ion channels [3-5]. €ais also stored in most
organelles, including endoplasmic reticulum (ER), itowhondria,
lysosomes, secretory granules, Golgi apparatus andlear envelope
[6:7]. Thus, compartmentalization of &€ato the extracellular matrix or
to intracellular organelles is a crucial element @&" signalling [8].
Moreover, C4" release from some of these stores can be triggdned
intracellular second messengers.?Céluxes display complex spatial and
temporal signatures, enabling more information t® déncoded by Ca
signals. To meet the demands of this complexityllsceely on precise
regulation of C&" channel activity [1].

The present thesis focuses on the role of cycldphl} in C&*-
triggered mitochondrial permeability transition aG@d’* release from the
cytosolic acidic C4&" stores.
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1.1. Mitochondria as C&" stores

The importance of mitochondria in cellular €ahomeostasis was
questioned for a long period of time when the ERswdentified as the
main inositol-1,4,5-trisphosphate (IngPdependent intracellular Gk
store [9;10]. Subsequently, the general consensas that mitochondria
would form a ‘C&" sink’ [2;11;12], since it was hypothesized thateth
well-known low affinity but high capacity mitochoni@l Ca’* uptake
mechanisms would only be significant under condiso of high-
amplitude or prolonged [CG4]. increases, i.e. in the €& overload.
However, changes of [G&. in response to physiologically relevant
stimuli were shown to coexist with rapid modulatomf the [C&']nm
[13;14], proving that mitochondria indeed play a mocomplex role in
ca’* signalling [15]. Moreover, three mitochondrial emzes
participating in key steps of the intermediate nmothsm (the pyruvate-,
a-ketoglutarate- and isocitrate-dehydrogenases) al®o regulated by
ca’*, a notion that would imply that [G4] should be suited to follow
the physiological [C&]. events of the cell [16;17]. Uptake and efflux of

ca’* in mitochondria occur by different processes (§égure 1).

NCE NHE

Ca2+

DAG-sensitive
Caz* channel

Caz2t

Caz* [Ca2+] Ca2+
Ca?* uniporter ¢ RaM

Figure 1. Pathways for C&* uptake and release in mitochondria.
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1.1.1. Mechanisms for G4 uptake into mitochondria

Generally, the mitochondrial inner membrane potah{AY¥,,, that
is usually between -150 and -180 mV) is the drivifayce of the two
major mechanisms of G& entry to the mitochondria identified to date:
the C&* uniporter and the rapid uptake mode (RaM) [18].eTE&"
uniporter ‘in vitro’ is a low-affinity and high cagrity transporter that is
non-competitively blocked by ruthenium compounds.g(e Ruthenium
Red [RuRed] [19;20], Ru360 [21]) or inhibited inmaainly competitive
manner by divalent cations - that are themselveansported by the
uniporter (e.g. S¥, Mn?*, B&®" and lanthanides), and activated by ATP,
physiological concentrations of spermine and taarifil2;21-23]. In
permeabilized cells however, the half-maximal aation (Kos) for
mitochondrial C&* transport rate, presumably through the uniporieas
found to be 3-fold higher than ‘in vitro’ [24;25]Hence it is possible
that the affinity of the uniporter is higher in altular environment
(possibly due to the presence of spermine or taarior other
intracellular factors). Moreover, regarding the facs that modulate C&
influx  through the uniporter, the most important isthe
extramitochondrial [C&]. Likewise, the rate of Cd uptake through the
uniporter shows a biphasic dependence on cytos6HT in the presence
of functional calmodulin [26;27] and physiologic4Mg?*] [28]. Thus,
the uniporter may function indeed at physiologigaCa. On the other
hand, evidence has been presented for the formawénhigh C&*
microdomains [29-31], especially in the ER-mitoclloial junctions, in
which the local C&'-load can be enough to activate the?Caniporter
even if its affinity for C&"is as low as ‘in vitro’ [29-31]

In contrast, the other major pathway for mitochoimdlr Ca®*
uptake, RaM is a high affinity and high initial cdmctance C%'
transporter responding to small, but rapid *Catransients of the
cytoplasm [18;32]. RaM is inhibited by RuRed as lvak C&" itself,

which exerts rapid inactivation of RaM followingsitactivation [33].
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Thus, RaM takes sufficient amounts of Cafor the activation of the
Ca’*-sensitive dehydrogenases into the matrix [18] with causing C%'

overloading of mitochondria [34]. The molecular &y of both the
ca’* uniporter and RaM has not yet been clarified anisistill uncertain
whether RaM could be defined as a different ‘moddransport’ through
the uniporter or it may be a molecularly distincttigy [35].

On the other hand, a mitochondrial ryanodine reocepmRyR1)
has been identified in the inner membrane of raarhemitochondria
solely by Beutner et al. that shared pharmaco-kimetroperties with the
skeletal type RyR (RyR1l) [36-38]. It has been sugtgel that mRyR1
may play an important role in the excitation-metdbm coupling in rat

heart mitochondria, thus behaving as a®Oaptake mechanism [37:38].

1.1.2. C&" efflux pathways from mitochondria

In the mitochondria of vertebrates, two differemutes for C&"
efflux have been characterized: one is *Nkependent (N¥Ca"
exchanger, mNCX or NCE) that is coupled to'W4" exchange, while the
other is Nd-independent (H/Ca?* exchanger, mHCX or NICE) [39]. The
stoichiometry of NCE is 3NalCa&" [23;34;39], while NICE shows a
stiochiometry ofnH*:1C&*, wheren is probably >2 [39], thus both are
electrogenic. There are many established blockefsN&€E including
tetraphenyl phosphonium, trifluroperazine, diltiaze verapamil,
clonazepam, amiloride, and CGP-37157, while there @anly few known
inhibitors of NICE such as tetraphenyl phosphoniuoyanide and low
levels of uncouplers [34]. The dominant Ca&fflux mechanism in heart,
brain, skeletal muscle, parotid gland, adrenal ewrtbrown fat and
endothelial mitochondria is NCE [25;34;40], whilel@E is mainly
expressed on mitochondria in non-excitable tissweg. liver, lung,
kidney and smooth muscle [23].

A diacylglycerol (DAG)-activated cation channel hadso been
described as the first second-messenger induced @dease mechanism
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in the inner membrane of different mammalian mitooldria [41]. DAG
analogs have been shown to releasé'Caom loaded mitochondria in a
biphasic manner. A rapid and transient initial ?Caelease is observed,
that is not accompanied by mitochondrial swellingdalikewise, it is
insensitive to permeability transition inhibitorg&ollowing a relatively
slow reuptake of Cd into mitochondria, a secondary, progressive
release of C& occurred, that was associated with swelling and
attenuated by permeability transition inhibitorsl]4 The initial peak of
DAGs-induced C&" efflux is abolished by L¥ (1mM) and potentiated
by protein kinase C inhibitors. The putative DAG nséive channel
shows receptoric properties, since the 1,2-sn-DAGalags induce
mitochondrial C&" efflux exclusively, while other DAG analogs or
substitutes, such as phorbol esters, 1,3-diacylgtgts and 1- or 2-
monoacylglycerols are inactive [41]. Moreover, thi®rementioned
channel has been demonstrated to reside in the IsiMce C&*-loaded
mitoplasts devoid of outer mitochondrial membransoaexhibit DAGs-
induced C&" release. Patch clamping of brain mitoplasts reedathat
DAGs induced a slightly cation-selective channeltiaicy which is
insensitive to bongkrekic acid and abolished by Lp1].

Finally, the multiprotein complex of the permealbylitransition
pore (PTP) could represent an alternative?Cafflux pathway from
mitochondria. PTP is believed to have both a smahHd a large
conductance state [23]. Opening of the large-condnce PTP, induced
by C&" overloading of mitochondria or by other pathophlsigical
conditions, leads to the collapse of the inner meamte potential A¥)
and the release of proapoptotic factors (e.g. cktome c,
Smac/DIABLO and apoptosis-inducting factor, AIF) 243] and
substantial amount of G4 is also liberated. On the other hand, the
small-conductance PTP might participate in physigbal C&* handling
in the form of C&*-induced C4&" release [44].

10
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1.1.3. C4&" storage in the mitochondrial matrix

Mithochondria are capable of accumulating vast qitées of C&*
(up to 1M) while keeping the free &aconcentration of the matrix in the
low micromolar range (~1-5 uM) [45]. This can behaeved by the
formation of calcium- and phosphorus-rich precipés in the matrix
[46:47]. The relationship between the POconcentration and pH shows
a dependency on the third-power and the matrix gHelevated due to
pumping of H by the electron transfer chain during oxidative
phosphorylation [48], enabling mitochondria to mtm the low free
Cca’* concentration in the matrix as several folds m@é&" is stored.
The precise composition of the precipitates remaumgertain, however
recent studies indicate that they are composed hgaoh tribasic calcium
phosphate [CgPO,)2] and/or dibasic calcium phosphate (CaHPO
[47;49;50], as originally proposed nearly 40 yeago [46]. The maximal
ca’* loading capacity of mitochondria is limited usualby the opening
of the PTP and the Ca/P ratio of the precipitatesynvary between ~1
(mainly CaHPQ) and ~1.5 (mainly [C&POs),]) according to the Cd
load of mitochondria [50]. The acidic pH shift irthég matrix upon the
opening of the PTP and the dissipation of the mitaedrial membrane
potential has been generally considered to playraci@al role in the
mobilization of C&" from the precipitates.

The author of the present thesis has contributed the re-
evaluation of the role of matrix acidification innaoupler-induced Cd
release from mitochondria [51]. Our workgroup’s ené¢st was raised by
the fact that in the presence of abundantdtall ApH is observed across
the inner mitochondrial membrane [52]. We also edlion the fact that
the ApH remains relatively constant within a range otrexmitochondrial
pH (pH,) values [53]. We reasoned that, if matrix aciddton does
indeed underly the dissociation of the ‘Caphosphate complex and €a
release by uncouplers, then at acidic pH {(pH.8), complete

depolarization by combined inhibition of the respiory chain and of the

11
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reversal of the ¥F;-ATPase would produce the same effect. By the same
token, at alkaline pH (pk7.8), complete depolarization by uncoupling
would hinder the dissociation of this complex, amdpair the release of
sequestered CGA Furthermore, at alkaline pH (pH7.8), complete
depolarization by combined inhibition of the resgptiory chain and of the
reversal of the [Fi-ATPase should not induce release of sequestered
ca’*. The experimental findings presented by our wodkgy (Vajda et
al., [51]) do not support the above expectationmplying that matrix
acidification by uncouplers cannot be the only expdtion for the

release of sequestered Ca

12
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1.2. Mitochondrial permeability transition pore (PTP)

1.2.1. Functions and consequences of the permdaghilansition

In normal aerobic conditions, the IMM always remsirhighly
impermeable to water, ions and metabolites in ortbemaintain thepmf
that is driving the ATP synthesis via the-F; ATPase; only selective
and controlled permeability via specific carriersnda channels is
preserved. Themf is a large electrochemical driving force for proto
(~200-220mV) across the IMM comprising of bot¥, (~150-180 mV)
and H gradient ApH), generated by the functional respiratory chain
complexes pumping Hinto the intermembrane space [54]. However, in
response to ischaemic, oxidative or any other typk stress, the
permeability of the IMM may increase dramaticallytiwthe formation of
a voltage-dependent, non-specific pore known as thgochondrial
permeability transition pore (PTP). In it's openatt, the PTP complex
possesses a channel that is ~3nm vide in diameters allowing the
diffusion of all molecules with a molecular mass lefss than 1500 Da
[55;56]. As a consequence of the opening of the Ri®jachannel, the
A¥Yn collapses and mitochondria start consuming ATP omed from the
cytosol because of the reversal of the ANT and theF; ATPase.
Moreover, the high protein concentration of the nmatexert a high
colloid osmotic pressure whilst non-protein soluteguilibrate with the
cystosol, bringing vast quantities of water intoetimatrix, thus causing
matrix swelling (expansion), de-folding of the crag of the IMM and
the rupture of the OMM. With the breaking of the ®M pro-apoptotic
proteins from the intermembrane space (includingtochrome-c,
Smac/DIABLO and apoptosis-inducing factor [AIF]) earreleased
[42;43]. While the prolonged permeability transimiqPT) is an all-or-
none event for an individual mitochondrion, transieé® TP openings can

be recorded electrophysiologically in the form ofonductance

13
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‘flickerings’ that do not lead to swelling and anenrelated to death
signals. These physiological PT-transients (alsoown as small
conductance PTP) might encompass matrix volume pHdregulation,
redox equilibrium, protein import [57], bidirectiah pyridine nucleotide
funnelling [58] and a fast C& release mechanism (see al&ection
1.1.2). The small conductance PTP is most probably raged by
[Ca®*]m, leading to a dynamic steady-state distributionmoitochondrial
population with closed and open pores [57;59;60].

1.2.2. Structure of the PTP

The exact molecular composition of the PTP stillmans
uncertain and controversial, although numerous caatks have been
investigated. Originally, based on biochemical amptharmacological
studies, the PTP was proposed to consist of thregomcomponents:
pore-forming voltage-dependent anionic channel (MDAr porin) and
ANT (ANT1) in the OMM and IMM respectively, moreovethe
regulatory cyclophilin-D (CypD) on the matrix sidd the IMM [61;62].

The primary structure of monomeric ANT, includindt@gether 6
transmembrane domains joined by hydrophilic regioguped in 3
repeat domains [63], is well-suited for pore-formgin The native
structure of the ANT homodimer, functioning as aten nucleotide
carrier with a stoichiometry of 1:1 [64;65], is $ttized by 6 tightly
bound and non-detachable cardilopin (CL) molecupexy dimer at the
matrix side [66]. Since the determination of the AARDP steady-state
exchange rate mediated by ANT plays a central rialéhe understanding
of how mitochondria can continually provide fresifR to the cytosol in
different conditions, our workgroup has perfectenidapublished a new
method that is an on-line, high acquisition rate damuantitative
measurement of changes in Magnesium Green (MgGQrHacence based
on the different affinity of ADP" and ATP for Mg®* [53].

14
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However, mitochondrial permeability transition d$tibccurred in
ANT1/2 double knock-out experiments [67] and VDAQJI3 triple
knock-out experiments [68] suggesting that ANT aN®AC are not
essential or replaceable in forming the PTP. A neamdidate, notably an
other member of the MCF/SLC25 family: the mitochorad phosphate
carrier (PiC) has been considered to be part of PAd [61] and in the
revised model, VDAC does not appear as a compulselgment
(although in this case cytochrome-c release frone timtermembrane
space is not sufficiently elucidated).

In addition, hexokinase (HK), creatine kinase (CHKjembers of
the Bcl-2 family and the mitochondrial benzodiazepireceptor (MBR)

have also been suggested to play additional regujatole [56;69].

1.2.3. Modulation of mitochondrial PT

Various matrix and membrane factors modulate thePP&nd it's
sensitivity to [C&']m, the increase of which is the most important

promoter of pore-

PTP inducers PTP inhibitors
[Ca™ Tt opening (see Table
Ca*' overload <> Divalent cations
Mg?, Mn®, S 1). In the case of
Matrix acidification, pH<7.0 C a2 + overload of
‘c’ conformation of ANT ‘m' confromation of ANT
Atractoligenins (ATR, cATR) > Bongcrekik acid (BKA) mitochondria, ca
Cyclophilin-D PPlase activity <« Cyclosporin-A (CysA) occu p | es cr | t | c al
Sangliferin-A (SfA)
Debio 025 amino acid residues
Resting A¥,, (~-180mV)
of the ANT
NAD ™" 1 <> NADH 1 . . .
Qxal_gagetatg pyru\]ate I nte raCtI ng Wlth the
malonate a-ketoglutarate .
glutamate surrounding bound
[ATP]|, [ADP]] . .
P.1. PPt cardilopin (CL)
vanadate, arsenate | | d
ROS, peroxide, oxidative stress molecules an
Free fatty acids (FFA) <> Sphingosin, spermine, triflouperasine faC | | |tat| n g th e
Table 1. Factors inducing and inhibiting mitochondial conformational
permeability transition (mPT). change of ANT from

15
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ADP/ATP antiporterc state to unspecific pore-forming, tensed-open
uniporter state ') [70]. The peptidyl-prolyl cis-trans isomerase
(PPlase) activity of the ANT-associated CypD mayifdate the above
mentioned conformational changes of the ANT triggetby high [C&"]n.
Thus, inhibition of the association of CypD to AN@y cyclosporin-A
(CysA) or inhibition of the PPlase activity of theNT-associated CypD
by sanglifehrin-A (Sf-A) hinders the aforementionezbnformational
changes of the ANT and reduces substantially thé*Gensitivity of the
PTP [71;72]; both CysA and Sf-A are established imtors of PTP.
Likewise, M¢* and other divalent cations (Mh Sr*) prevent pore-
opening by competitively inhibiting Ga-binding to ANT [73]. Protons
(H") also compete for the same binding sites and tHREP is inhibited
by acidification of the matrix pH below 7.0 [74] droptimal matrix pH
for pore-opening is 7.4 [75]. Oxidative stress, @eide and increased
ROS production promotes PTP by oxidizing criticakrdues on the ANT,
now believed to be the CY¥ [76], strengthening the notion that ANT is
indeed involved in PTP formation. Moreover, adeninacleotide
depletion ([ATP], [ADP]]) and high phosphate (B pyrophosphate
(PR) concentrations (arsenate and vanadate as well)thea matrix
enhance PTP opening by preventing adenine nucleotithding to the
ANT [56] and accordingly, the specificity and potan of different
nucleotides as inhibitors of the PTP match theirliayp to be translocated
by the ANT [77]. Amphipatic anions, such as freettfaacids (FFAS)
produced by PLA promote pore opening by affecting the lipid struct
of the IMM [78] around the ANT, on the other hanthphipathic cations
(e.g. sphingozine, trifluoperazine or spermine) dav pore closure [79].
Also, PTP is sensitive to the redox state of thé:cMADH is protective
and substrates that increase the reduction of NAke pyruvate, a-
ketoglutarate and glutamate are protective as walhile others that
decrease the reduction like oxaloacetate or malerate stimulators of
pore opening [80]. Moreover, full-charged and raegti membrane
potential effectively prevents the pore-opening J,8parallel to theA¥Y -
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dependency of the antiporter state of ANT and a evidariety of
pathophysiological effectors alters the thresholaltage at which
opening occurs either closer to the resting pot@in{PTP inducers), or

away from the resting potential (PTP inhibitors)2|8

1.2.4. Contribution of Cyclophilin-D to PT

Cyclophilin-D (CypD) is an 18 kDa matrix protein lebbiting
peptidyl-prolyl cis-trans isomerase activity (PPlase) that is encoded by
the nuclear gendpif [83]. CypD appears in both structural models of
the PT pore mentioned irSection 1.2.2 being the target for the
inhibitory effect of the immunosuppressant cyclosipe-A (CysA) on
MPTP. Likewise, the PPlase activity of CypD appeaosfacilitate the
conformational changes of the ANT (or PiC) molecwtben forming the
non-selective megachannel of PT [71;84] triggerey Migh loads of
ca’*. The importance of the G& and ROS-dependent PPlase activity of
CypD in the initiation of PTP has been further sopged by the use of
the non-immunosuppresive CypD antagonists SangtifelA (Sf-A) and
Debio-025 [71;85;86]. The contribution of CypD tolrP formation was
confirmed by experiments in which thepif gene encoding CypD was
knocked out [87-90]. These mice do not show a seve@henotype:
enchanced anxiety, avoidance behaviour, occuran¢eadult onset
obesity [91] and a defect in platelet activationdapredisposition for
thrombosis [92]. CypD knockout mice exhibited lowsensitivity to
focal cerebral and liver ischaemia, or in myocatdia
iIschaemial/reperfusion and muscular dystrophy modE%-89;93-96].
Mitochondria fromPpif '~ mice were shown to be resistant to?Cand
oxidative stress-induced PTP and cell death, behgvidentically to
mitochondria from WT mice treated with CysA or Sf{87-90]. The loss
of CypD did not prevent permeability transition, tbuincreased
substantially the load of stimuli necessary bef@u@re opening occurred
confirming the hypothesis, that MPTP opening invedva conformational
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Figure 2. Direct and indirect promotion of PTP by ¢clophilin-D (CypD).
Pi denotes the activating-inding site

change in a membrane protein that is triggered aicium and facilitated
by CypD, but can occur in the absence of CypD iffeuent stimulus is
given [97].

The physiological role of CypD remains unclear. Hower, apart
from the high C&'-induced binding to ANT, CypD has been shown
recently to bind to the lateral stalk of theHFr-ATP synthase as well

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

proposed that ablation of CypD or CysA treatmentmasks an inhibitory
Pi binding site, rather than causing direct PTP intidn [99] (reviewed
in [100]). The absence of functional CypD leadstt®e disinhibition of
the RF1-ATP synthase resulting in accelerated ATP synthesind
hydrolysis rates [98;100]. Also, it has been poated, that inorganic
phosphate (B may in fact be the true inhibitor of PTP actingh @
binding site on I masked by functional CypD [98-100]. The different
factors that favour Pbinding to this site gmf or preserved membrane
potential, high [F, high [Mg®*], acidic pH) are strikingly similar to the

inhibiting factors of PTP (se&ection 1.2.3and Table 1). Altogether,
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the activity of CypD leads to PTP in two convergimgays: one is the
direct binding of CypD to ANT triggered by €aoverload, facilitating
it’'s conformational change to the pore-forming tedsopen state and
secondly, CypD inhibits the ATP hydrolase actividy the reversed ATP
synthase by occupying a;Pbinding site on the §F subunit, thus
preventing the salvage of membrane potential, favgrPTP indirectly
[100] (Figure 2).

Furthermore, the studies with CypD KO mice also eerged to the
conclusion that CypD mediated MPTP regulates sommnt of necrotic,
but not apoptotic death, a notion originally sugges by the group of
Crompton and colleagues [101]. The complex conttibm of CypD to
brain-specific mitochondrial permeability transitioinduced by C% is

demonstrated in [102] an8ection 4.1of the present thesis.
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1.3. NAADP and C&* mobilization

Mitochondrial functions are fundamentally affectdéy cytosolic
signalling events. At the ER-mitochondrial junctsggnthe formation of
high C&* microdomains has been detected [6;14;29-31], which
constitutes a tangible link between cytosolic *Casignalization and
mitochondrial CA&" homeostasis, as described in Section 1.1.1. This
section is devoted to one of the major pathwaysCaf® mobilization
from intracellular organelles upstream from the?Gaelated modulation
of mitochondrial functions (e.g. regulation of mitrenzymes and
initialization of PTP).

Understanding of the regulation of intracellular “Caelease and
its relationship to extracellular stimuli were gtba broadened by the
discovery of the inositol-1,4,5-trisphosphate (IgsRignalling pathway
[1;2]. Although InsRB appears to operate as a ubiquitous intracellular
messenger for C& mobilization, numerous studies indicate that
additional C&" release mechanisms operate in many cells and are
regulated by a family of pyridine nucleotide metéib®s [103-107]. The
first indication for this concept came from the peering work of Lee
and colleagues who showed thftNAD"® and B-NADP® could trigger
ca’* release from sea urchin egg microsomal fractiogsabmechanism
apparently independent of IngP103]. Subsequently, the structure of the
active metabolites has been determined, one of theeing cyclic
adenosine disphosphate ribose (cADPR) [108]. The?**Cmobilizing
effect of B-NADP® was shown to be due to a contaminant of
commercially availablep-NADP" identified as nicotinic acid adenine
dinucleotide phosphate (NAADP) [109]. €arelease by both-NAD*
and p-NADP* appeared to operate via separate’’Ceelease mechanisms
which were distinct from those gated by InsPsince InsR showed
homologous desensitization without affecting?Caelease by activators

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

NAADP is a simple derivative of NADR with the only

modification being the
/;\ 0 conversion of the amide of the
Hﬁf’ 3?_C_OH nicotinamide group to a
_CHa Hce\ﬂj/ﬁCH carboxyl group Eigure 3). In
o /O H (. H fact, the only difference
_|P_°H HO O between NAADP and NADP
c|) NH2 is the substitution of an NH
O=P<OH //9‘\ng\},\, of the amide moiety in NADP
O\CH2 HC{ﬁ/é';{E/gclH with an OH of the carboxyl
K H H > group in NAADP. The two
" HO ? " compounds differ by only one
O=P—OH mass unit and have identical
o proton NMR and UV spectra
Figure 3. Structure of NAADP. [109].

1.3.2. C&" release activity of NAADP in mammalian cell system

The first mammalian cell, in which NAADP was showwo be
potent in mobilizing C&" from internal stores, was the mouse pancreatic
acinar cell in whole-cell patch configuration andhaete-cell C&°-
activated current-detection [110]. In pancreaticinae cells, what was
immediately striking is the potency of NAADP compalr to other C&
mobilizing messengers: nanomolar concentrations MAADP were
effective, whereas micromolar concentrations of Rnsor cADPR are
needed to evoke such responses. Curiously, highmrcentrations of
NAADP produced no discernible response. Generaldpplication of
supra-threshold concentrations of NAADP in mammaliacells
desensitizes the pathway to any further NAADP stiation [111-115]
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and in contrast to the sea urchin egg model, theANR receptor
desensitization by sub-threshold doses of NAADP baby been reported
in rat liver microsomes [116]. Quite remarkably,etleffects of NAADP
in pancreatic acinar cells were blocked by hepaoim 8-NH,-cADPR,
specific antagonists of IngPand cADPR receptors, respectively [111].
An attractive hypothesis was put forward by CanceGharpentier &
Petersen to explain this finding. Namely, NAADP prdes a trigger
release of C& that is subsequently propagated by lgshd ryanodine
receptors by C@-induced C&' release [111]. Inactivation of NAADP
receptors by high concentrations of NAADP has &tHffect on responses
to Insk and cADPR, adding further support to the idea tiINAADP
receptors activate upstream of Ins@®nd ryanodine receptors [111].

Similar C&" release activity was seen with different technisue
from a variety of mammalian cell types, such asibfa[l117], heart-
[118], kidney- [119], liver microsomes [116] (seésa Section 4.20f the
present thesis), T-lymphocytes [120], skeletal masd21], microsomes
derived from mammalian cell lines [122] and plan¢lls [114]. The
pattern of NAADP-mediated G4 release appeared to be biphasic, with
an initial rapid release followed by a sustainedt mlower phase of
release [116;118]. Similarly to the invertebratessgms, the NAADP-
induced C&" release was Ca-independent in a wide range of pCa and
pH-independent between pH 6.8 and 8.0 [116;118]. tBe other hand,
the activity of a lysosomal NAADP-reactive €achannel was highly
potentiated by acidification of the medium in siegthannel recordings
[123].

1.3.3. The NAADP receptor

In sea urchin eggs, one big step towards the idettion of the
NAADP receptor has been made by solubilizing a piotthat binds
NAADP irreversibly and with high affinity [124]. Tda molecular weight
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of the solubilized NAADP-binding protein (~471 kDegresumably a
tetramer of 120 + 2 kDa subunits) was substantiddwer than that of
the InsRR (~1000 kDa, tetramer of ~300 kDa subunits) anRRy2000
kDa, tetramer of ~560 kDa subunits) [125].

Biochemical, pharmacological and physiological eemdes support
the existence of a novel intracellular receptor §12 First of all,
[*?P]INAADP binding studies showed that NAADP binds wpecific
binding sites in sea urchin egg homogenates [128}12as well as in
microsomes preparated from heart [118] and brai29]l and also in
MING6 insulinoma cells [113]. In brain and heart misomes and MING6
cells, P?P]NAADP binding was proven to be reversible [11381129],
while in sea urchin eggs’{P]NAADP binding appears to be essentially
irreversible [127]. The irreversible nature of NAADreceptor binding
may contribute to the wunusual, U-type self-desenaition of the
NAADP-mediated pathway in sea urchin eggs [106;130] discussed
previously. Neither C&, nor changes of the pH can displace the receptor
binding of NAADP [131].0n the other hand, NAADP displays a high
apparent affinity for the type 1 RyR in electrophyl®gical and
biochemical experiments in some mammalian cellsg. eJurkat T-
lymphocytes [120;132;133], skeletal muscle HSR eéss [121] and the
nuclear envelope of pancreatic acinar cells [13Bhe EGo (~30nM) of
NAADP is comparable to that described for*aelease in these systems
[120;121;132;134], and inhibition of RyRs by RuRexncentration-
dependently antagonized the Tamobilization by NAADP [120;121].
Meanwhile, the type 2 RyR from dogs, which represemhe cardiac
isoform, was also found to respond to NAADP in diexghannel
recordings [135]. However, it is important to undae that the
interaction between NAADP and the RyRs (directly \aa an accessory
protein) does not rule out the existence of a garuNAADP receptor
but rather emphasizes the complexity of NAADP aant{d36].

Moreover, direct evidence has been provided witlangr lipid

bilayer technique that an NAADP-sensitive Cahannel is present in rat
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liver lysosomes [123]. The NAADP-induced activatiomf these
lysosomal CA&" channels was markedly attenuated by blockade oPTR
ML1 (transient receptor potential-mucolipin 1) peot by anti-TRP-ML1
antibody, which are different from RyR and In&PC&" release channels
on the ER/SR [123].

The year 2009 has witnessed a major breakthroughhe search
for the NAADP receptor: the two-pore cation chann2l (TPCN)
expressed on the acidic €astores has fulfilled the basic criteria for
being the long sought native lysosomal receptor RoXADP [137;138].
Nanomolar concentrations of NAADP trigger robust®Caelease from
HEK293 cells transfected with TPCN2 which can beseesitized by the
application of micromolar NAADP and abolished bygrmacologically
blocking lysosomal C% storage capacity [137]. TPCN2 has been
demonstrated to localize on lysosomes [137;138] dndding studies
confirmed that TPCN2 enriched membranes have twdindfes to
NAADP with Kg4q~5nM and ~7uM [138] comparable with other

mammalian preparations [113;118;129].

1.3.4. The NAADP/CH signalling pathway

The C&' stores activated by NAADP have been extensively
studied and it appears that NAADP directly relea=8* from a wider
variety of intracellular organelles than InsBnd cADPR. Alongside the
ER/SR, which is the major target for InsPand cADPR, NAADP
mobilizes C&" from the nuclear envelope (alongside lgs#hd cADPR)
[134] and from the acidic G4 stores (e.g. lysosomes, reserve granules)
in various cell types such as sea urchin eggs, smaouscle cells, glial
cells, mouse pancreatic acinar cells) [139-142] andulin-containing
vesicles in pancreatic beta cells [143]. The acidi@* stores sequester
ca’* via a SERCA/thapsigargin-independent mechanism cWhiis a
combination of bafilomycin-sensitive V-type "HATPase and a C&/H"-

exchanger Figure 4 A) [139] and the acidic C& stores can be

24



DOI:10.14753/SE.2012.16 7l AADP and C&" mobilization

A. Intracellular NAADP synthesis B. Extracellular NAADP synthesis

NAADP NADP* «——————— NADP*
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Connexin 43

Nucleoside 4
[\ hemichannel

Plasma membrane

)
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Ca?3

Figure 4. (A) Intracellular localizations of ADPRC/CD38 activity and NAADP
synthesis and (B models for the synthesis of NAADP extracellularlyby the

Cytoplasm

Ca?* store|

ectoenzyme, CD38 or in the lysosomal compartment bynternalization of CD38.

selectively disrupted with GPN (glycyl-phenylalangaphtylamide)
[144]. Moreover, the intraluminal pH of rat liveydosomes (pH) has
recently been shown to rise in accordance witlf’‘C@lease by NAADP
[145] that may be due to Gare-uptake into lysosomes via the Ta*-

exchanger [145].

Likewise, bafilomycin A1 and GPN are able to abdliselectively
the NAADP-induced C& signalling in the forementioned cell types
[141;143;146;147]. In addition to acidic organelleshe NAADP-
mediated C&' response incorporates Earelease via direct activation of
RyRs on the ER/SR in heart, skeletal muscle andellsc[120;121;135]
and/or C&" entry described in both invertebrates (e.g. s&hrfbocytes)
[148] and in mammalian T-lymphocytes [133]. Direattivation of RyRs
by NAADP was confirmed on isolated RyRs reconstettin lipid
bilayers from rabbit skeletal muscle (RyR1l) [121hda dog cardiac
microsomes (RyR2) [135].

Cells thus possess multiple €astores and interaction between
these pools is crucial for the adequate ?Caesponse to different
extracellular signals. In a wide range of cellsgthwo pool model or
trigger hypothesis is best suited to depict thé'Csignalling by NAADP,
cADPR and InsP. In this model, NAADP activates the acidic Catores
and evokes localized Gasignals that act as a trigger [149;150]. These
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localized C&" signals are then amplified and propagated by kfRsPand
RyRs on the ER by CICR [110;149-151]. This modelcaents for the
finding that in many cells, the localized NAADP-inded signals persist
in the presence of IngRs and RyR antagonists or thapsigargin, but are
abolished by bafilomycin A1 or GPN [139;141;143;1467]. On the
other hand InsgfRs and RyR antagonists are able to abolish the NRAD
induced C4&" oscillations and global waves in these cells [1148:147].
Alternatively, in those systems where NAADP was wmoto interact
directly with the RyRs expressed on the ER/SR (heand skeletal
muscle [121;135], T-lymphocytes [120Jand nuclear envelope of
pancreatic acinar cells [134]) a single-pool modedn be applied.
Likewise, the effects of NAADP are completely alsiied by inhibitors
of RyR in these systems [120;121;134;135].

An important step towards the classification of NBR as second
messenger, i.e. the measurement of the changes AADWY levels in
response to extracellular stimuli has been solve¢g hsing a
radioreceptor assay with the NAADP binding proteitom sea urchin
eggs [113;142;147;152-154]. NAADP levels have bedrown to rise in
sea urchin sperm during activation before fertitiba [152;154] and in
sea urchin eggs, the synthesis of NAADP was potged by rising
levels of cAMP, while production of cADPR was vesgnsitive on rises
of intracellular cGMP levels [155]. In mammalian soth muscle cells,
the application of endothelin-1 (ET-1) provoked soderable NAADP-
production [147] and pancreatic acinar cells resgech to the gut-peptide
cholecystokinin (CCK) with promptly elevated condeations of NAADP
[142]. Moreover, the intracellular NAADP concentrat rises in
response to glucose in pancreatic beta cells [113].

The debate is now strong on the issue of the l|laalon of
NAADP-production inside or outside the cells. In enmodel,
translocation (endocytosis) of CD38 and compartnadzation of
nicotinic acid and NADP into the acidic calcium-stores could provide an
appropriate environment for the synthesis of NAADPvivo [156]. An
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other tentative model to resolve the paradox on Hythesis of an
intracellular messenger on the cell surface by @boenzyme has been
elaborated in the case of cADPR [157;158]. In tm®del, NAD" (and
related pyridine dinucleotides, maybe NADRs well) can leave the cell
via connexin 43 hemichannels [157] and then coneérto cADPR by
CD38 extracellularly. cADPR is able to re-enter thells via either a
transporter formed by the CD38-dimer or by nucle®sitransporters
[158]. A similar influx of NAADP from the extracellar space into
astocytes has been revealed through connexin heanicéls and gap
junctions (and additionally by pinocytosis) [140d]5indicating that
NAADP may also act as a paracrine signalling molecl140] (Figure 4
B). Nonetheless, we can not exclude the possibilody intracellular
NAADP synthesis by CD38, that has been shown tcstki intracellular
localizations, such as mitochondria [160], ER arme thuclear envelope
[161], or even by a novel intracellular CD38-indegent NADP-
converting enzyme as demonstrated in CD38 -/- nfilc@2] (Figure 4 A).
Finally, we are going to put together the pieces tie
NAADP/Ca®* signalling pathway. In sea urchin sperm, NAADP-
production bursts during activation by contact wiglyg jelly and the
cortical reaction in the oocyte (zygote) after fiétation is mediated by
NAADP [154]. One way of coupling the extracellulargnals to NAADP
synthesis by ADPRCs may be via the cAMP-pathway s@a urchin
oocytes [155]. In pancreatic acinar cells, CCK-rptmg's recruit both the
cADPR- and NAADP-mediated Gasignalling pathway, while bombesin
activates RyRs/cADPR and acetylcholine (ACh) indsicthe InsBRs
enabling the cell to differentiate between diffeteaxtracellular stimuli
[110;149;163-165]. A recent study showed that bdeids may induce
complex intracellular C& signalling in pancreatic acinar cells via the
NAADP-mediated pathway, which acts as a triggersignal [166]. This
may be an important link between biliary reflux apéncreatic acinar
cell necrosis [166]. In MING6 insulinoma cells anduxcreatic beta cells,
NAADP plays a central role in the glucose-inducexulin secretion and
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ATP, cAMP or glucose itself might up-regulate NAADH/nthesis [113].
In arterial smooth muscle cells, endothelin-1 (E);-but not PGE, is
coupled with NAADP-dependent G4 signalling [147] giving an other
good example for differentiation between extracédhu stimuli. In T-
lymphocytes, T-cell receptor/CD3 activation and sefuent C%
signalling is medited by NAADP [120] and in the wmewus system
NAADP potentiates neurit outgrowth [146] and neulatsmitter release
[167]. Thus, the NAADP-responsive cells are as vsipieead among the

living beings as the NAADP-mediated functions irethving cells [168].
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2. Aims and objectives

The primary aim of the present thesis was to charithe
modulatory role of cyclophilin-D in the Ckinduced permeability
transition and it’s relation to the bioenergetiatd of mitochodria. We
first verified that substrate-starved mitochondriare indeed more
susceptible to Cd-induced permeability transition in our experimelnta
settings using a 3-step €aaddition protocoll, and that genetic deletion
of CypD provides similar, overridable protection tlat of cyclosporin-
A in wild-type, substrate-starved mitochondria. AJswe performed
paralell recordings of swelling and €auptake into mitochondria in the
presence of Ru360 or an uncoupler. These resultse rthe question
whether high C& acts on the surface of mitochondria or is entering
mitochondria by a RuRed/Ru360-independent pathway decide
between these possibilities, we challangad situ mitochondria with
Ru360 and Ruthenium Red and recorded’Qaptake capabilities. Next,
we clarified the contribution of the different cotepes of the electrone
transport chain to Cd-induced swelling by using inhibitors of Complex
[, 11 and IV. Finally, we demonstrated the diverséfect of the ablation
of cyclophilin-D on the swelling ofn situ mitochondria of neurons and
astrocytes. Moreover, we showed that the deletiércyclophilin-D not
only delays initial swelling of neuronal mitochondr induced by
excitotoxicity (glutamate-glycine), but it also reéers neurons less
susceptible to delayed calcium deregulation.

On the other hand, in regard to cytosoie’* signalization, the
main objective of our work was to establish NAADR a distinct
pathway for C&' release in heart microsomes. Firstly, we defineé th
actively loaded microsomal Ghi store to be thapsigargin-, but not
bafilomycin Al-sensitive. In the next step, we Vvieed that NAADP was
indeed active in mobilizing C4 from rat heart microsomes and we
compared the C4 releasing potential of NAADP to those of InsBnd

cADPR. Also, we showed the lack of cross-desenaiti@an between
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NAADP, cADPR and InspPas an evidence for separate receptors for each
Cca’*-mobilizing second messengers. Focusing on the erbes of the
NAADP-dependent C& release, we provided a dose-dependence curve,
as well as pH- and pCa-dependence curves for thDNR-induced C&"
efflux from heart microsomes. We showed for thestitime in vertebrate
tissues the unique inactivation pattern of the NARInediated CH
release, where ‘per se’ non-€amobilizing doses of NAADP are able to
abolish the effect of a saturating quanta of NAADIPurthermore, we
incubated pre-loaded microsomes with thapsigargmd &afilomycin Al

to support the notion that the one-pool model iplagable for the C&"
release from the microsomal €astores. Finally, by demonstrating the
pharmacological properties of the NAADP-induced *Caefflux, we
provided strong evidence for NAADP being an indegent mediator

from Insk 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

- C57BI/6

WT and KO for cyclophilin-D littermate mice were lkind gift
from Drs. Nika Danial and Anna Schinzel, from HowlaHughes Medical
Institute and Dana-Farber Cancer Institute, Harvaveédical School.
Mice were cross-bread for 8 generations prior toviesting brain tissues
from WT and KO age-matched animals for the purpo$enitochondrial
isolation and culturing of neurons and astrocyt&kn-synaptic brain
mitochondria from adult male WT and KO for CypD migdaged 87-115
days) were isolated on a Percoll gradient as désadipreviously [169]
with minor modifications detailed in [170]. All amial procedures were
carried out according to the local animal care ande committee

(Egyetemi Allatkisérleti Bizottsag) guidelines.

3.1.2. Preparation of rat liver microsomes

Liver microsomes were prepared as described preslyouby
Fleishner and Kraus-Friedmann [171]. Briefly, SpuagDawley rat liver
was homogenised in an ice-cold medium of 0.32 Mrsse, 20 mM
MOPS-buffer (pH 7.2), 0.5 mM EGTA also containing M
dithiothreitole (DTT) and 0.2 mM phenylmethylsulfginfluoride (PMSF)
as protease inhibitors and centrifuged at 209®ar 15 minutes at £C.
The supernatant was centrifuged at 15,090r 45 minutes, and the
resulting supernatant was collected and furthertoénged at 100,000g
for 90 minutes. Finally the pellet was resuspendied a solution
containing 0.32 M sucrose, 20 mM MOPS (pH=7.2), MmMTT and 0.2
mM PMSF. Protein concentration was set faRO mg/ml which was

measured by the Lowry assay using bovine serum ralbe as standard.
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The samples were frozen in liquid nitrogen and stbrat -80°C until

required.

3.2. Mitochondrial membrane potentiaA¥,) determination

A¥Yn, was estimated using fluorescence quenching of ¢h@onic
dye safranine O, because of its accumulation insideergized
mitochondria [172]. Mitochondria (1 mg) were addéd 2 ml of an
incubation medium containing 120 mM KCIl, 20 mM Hepé¢acid), 10
mM potassium phosphate, 1 mM MgCl0.005 mM EGTA, 5 mM
potassium glutamate, 5 mM potassium malate, 0.004 eyclosporine A,
0.05 mM ARA, 0.5 mg/ml BSA and 5 pM safranine O (pH 6.8 or pH
7.8). Fluorescence was recorded in a Hitachi F-45p@ctrofluorimeter
(Hitachi High Technologies, Maidenhead, UK) at &% acquisition rate,
using 495 and 585 nm excitation and emission wanegths, respectively.
Experiments were performed at 37 °C. To convert rgaifne O
fluorescence into millivolts (mV), a voltage—fluameence calibration
curve was constructed. To this end, safranine Oorféiscence was
recorded in the presence of 2 nM valinomycin andpstise increasing
[K*] (in the 0.2-120 mM range), which allowed calcutat of A¥,, by

the Nernst equation, assuming a matrix' [Kf 120 mM [172].

3.3. C&" uptake of isolated mitochondria

Mitochondrial-dependent removal of medium ‘Cawas followed
using the impermeant hexapotassium salt of the iédscent dye Calcium
Green 5N (CaGr) (Molecular Probes, Portland, OR,AYSCaGr (500
nM) was added to a 2 ml medium containing mitochvad0.125 mg/ml)
and 120 mM KCI, 10 mM Tris, 5 mM KOs, 1 mM MgCh, pH 7.6.

Substrates were added where indicated. All expenitaevere performed
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at 37 °C. Fluorescence intensity was measured imisachi F-4500
fluorescence spectrophotometer (Tokyo, Japan) u&dhg nm excitation

and 535 nm emission wavelengths.

3.4. Measurement of mitochondrial swelling

Swelling of isolated mitochondria was assessed lasuring light
scatter at 520 nm in a GBC UV/VIS 920 spectropho¢oer.
Mitochondria were added at a final concentration0ot25 mg/ml to 2 ml
of medium containing 120 mM KCI, 10 mM Tris, 5 mMH¢PO4, 1 mM
MgCl,, pH 7.6. Substrates were added where indicated.th®&t end of
each experiment, the non-selective pore-formingtpbp alamethicin (40
Hg) was added as a calibration standard to causeimed swelling. All

experiments were performed at 37 °C.

3.5. Matrix C&" imaging of isolated mitochondria

Visualization of isolated mitochondria under epibhescence
imaging (100x1.3 NA) was achieved by loading mitoaklria with Fura
2 AM (8 uM for 20 min at 30 °C). Mitochondria werkluted to 1 mg/ml,
and 5 pl was dropped on a coverslip, allowed tandtéor 4 minutes prior
to starting the perfusion. Image sequences (10t'rdrame, 50 ms
exposure time, 2 x 2 binning) were acquired usingd&romax cooled
digital CCD camera (Princeton Instruments) mounbteda Nikon Diaphot
200 inverted microscope (Nikon Corp., Tokyo, Japamage acquisition
was controlled by Metafluor 3.5 (Universal Imagin@orp., West
Chester, PA, USA). The perfusate (50 ml/h flow nateas temperature
controlled at 37 °C at the side of the recordindieTcomposition of the
perfusate was 120 mM KCI, 10 mM Tris, 5 mM KPIO;, 1 mM MgCl,
pH 7.6.
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3.6. Determination of ANT content of mitochondria

The ANT content of mitochondria was estimated framration
curves obtained by stepwise addition of cATR toleded mitochondria
during state three respiration, as described byoséald [173].

3.7. Active loading of microsomes with €aand C&' release

assay

ca’* uptake and release were measured ustn@a’* isotopeto
detect CA" movements. The microsomes were diluted in a soktof
150 mM KCI, 20 mM MOPS (pH 7.2), 0.5 mM Mgg&l110 pM C&*. In
each experiment, 20-40 nC¢rCaCh was used per assay point. The’Ca
uptake was started by injecting 1 mM of ATP in tkelution at room
temperature. Cd release was preformed by adding 100 pM EGTA in the
presence or absence of the°Caeleasing agents (10 pM IngP10 pM
cADPR and 10 pM NAADP). Thé>Ca?* remaining in the vesicles was
determined by filtration of 0.5 ml microsomes thigdua nitrocellulose
Millipore filter (HAWP, 0.45 um pore size) under vacuum. The filters
were washed with 5 ml of quench solution (150 mMIK€0 mM MOPS
(pH 7.2), 10 mM MgC4 and 1 mM LaC{) in order to lower the rate of
unspecifically bound radioactivity. The radioactiyi retained on the
filter was measured by standard scintillation cangt

3.8. Passive loading of microsomes andCrelease

Liver microsomes were passively loaded with 5nMfkCaClL (20-40
nCi per assay point) by incubation for at least &uhs in an ice-cold
medium containing 150 mM KCI, 20 mM MOPS (pH 7.2yCa*" and 5
mM Ca*. Passive loaded vesicles were diluted 10-fold irtoC&*
releasing medium containing 150 mM KCI, 20 mM MOR@EH 7.2) and
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500 uM of EGTA to adjust pCa to 6 at room temperatiland C&"
releasing agonists. The €arelease was stopped by 5-fold dilution with
the same quench solution described above, then sheples were
filtrated through Millipore filters and washed by ®&l of quench
solution. The retained radioactivity was measuredy Istandard

scintillation counting.

3.9. Reagents and statistics

Standard laboratory chemicals, oligomycin, stigmihbe APsA,
ADP, safranine O, cyclosporin A, nigericin, potassi acetate (prepared
from acetic acid and KOH titrated to pH 7.2), meldynine and
valinomycin were from Sigma (St Louis, MO, USA). Geeen-5N was
from Invitrogen (Carlsbad, CA, USA). Ru360 was frd@albiochem (San
Diego, CA, USA). SF 6847 was from Biomol (catalogimber EI-215;
BIOMOL GmbH, Hamburg, Germany). All mitochondriallsstrate stock
solutions were dissolved in double distilled watard titrated to pH 7.0
with KOH. ADP was purchased as a potassium saltha&f highest purity
available, and titrated to pH 6.9.

Data are presented as mean = standard error of rie;an;
significant differences between two sets of dataevevaluated by-test,
with P < 0.05 considered to be significant, andthkere were more than
two groups of data, a one-way ANOVA followed by TaWs post hoc
analysis was performed, with P < 0.05 consideredb#® significant.
Wherever single graphs are presented, they areessptative 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 Ca*”

4.1.1. Effect of substrate availability on €ainduced PTP and

modulation by cyclosporin A or genetic deletion ®fclophilin-D

Electrophoretic C& uptake for induction of PTP is allowed either
in the presence of respiratory substrates or inubssrate-free medium
containing KSCN; diffusion of the lipophilic SCNanion provides the
driving force for electrophoretic G4 accumulation [174;175]. However,
in the original studies by Hunter and Haworth itsvehown that PTP can
be induced by C& in the absence of respiratory substrates [73;78],
phenomenon that has been subsequently reproduce@-1¥8], reviewed
in [179]. Furthermore, it was also shown that suhsts delay C#-
induced PTP [176;177], in accordance to the Bernaaheme elaborated
above. To reproduce these findings for our studiésglated brain
mitochondria were challenged by CaCln the presence and absence of
glutamate and malate, and light scattering was réded
spectrophotometrically at 520 nm. A three-pulse Gagrotocol was used
for this, and all subsequent similar experiment6: 2M CaCh was given
at 100 sec, followed by 200 uM CaCat 300 sec and again at 500 sec.
Orange lines appearing iRigures 5, 6, and 8 represent traces obtained
from WT mitochondria incubated in such conditiorsat reproduced the
most pronounced swelling induced by GaQCespective for each panel),
but these mitochondria were not challenged by GacCl
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Figure 5. Effect of substrate availability on C&'-induced PTP and modulation by
cyclosporin A or genetic deletion of cyclophilin-D.A, B, D, E: Traces of light scatte
recorded spectrophotometrically in mitochondrialspensions at 520 nm during CaClI
additions at the concentrations indicated in thgufies. Conditions are given in the pan
C: Western blot (upper panel) of brain and liver adhondria from WT vs KO €pD mice
probed for CypD immunoreactivity. Lower panel: dhceau S staining of the same t
shown in the upper panel. MWM: Molecular Weight Mar. PanelsD andE are aligned o
the y-axis. PanelsA, D, E and F are aligned on the-axis. F: Mitochondrial C&* uptake
followed by Calcium Green 5N hexapotassium saltofleiscence (noralibrated). The blac
stripped region is expanded on tlyeaxis, for the sake of claritya: WT, plus glutamat
plus malate;b: WT, plus glutamate plus malate plus Cys&;WT, no substratesd: WT, na
substrates plus CysAe: WT, no substrates plus Ru360. Results are representativat
least 4 independent experiments. Pafeldepicts the maximum swelling rates pooled fi
all individual experiments (expressed as percentagfe swelling rate per minute al
accounting for the conditiomproducing the highest swelling rate as ‘maximumyr feact
condition and after each &4 pulse. Error bars represent S.E.M.; a is statisilic
significant from b, ¢, d, and e, p<0.001; d is $saitcally significant from e, p<0.05, one
way ANOVA on Ranks.
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As shown inFigure 5 A, addition of 20 puM CaGl to substrate-
supplemented or substrate-starved brain mitochanarfi wild type mice
did not cause a decrease in light scatter; insteadcessation in the
baseline decrease in light scatter was observedvé¥er, the subsequent
200 pM CaCj pulse induced a large decrease in light scatter in
substrate-starved but not substrate-supplementadahondria. The next
200 pM CaCj pulse given at 500 sec did not induce any furtbbanges
in light scatter for the substrate-starved mitoctioa, but it caused a
minor change in substrate-supplemented mitochondAi® shown inFig.
5, panel B, the effect of the first 200 pM Ca&pulse was Cyclosporin
A-sensitive, however, the second addition of 200 C®CL overrode the
protective effect of Cys A, consistent with the dimgs by Brustovetsky
and Dubinsky [180]. Inpanel B the effect of the pore-forming peptide
alamethicin is also shown, so that the extent o&rodes in light scatter
induced by CaGl can be better appreciated as compared to maximum
changes. Subsequent experiments benefited from dkailability of
cyclophilin-D knock-out mice. We isolated mitochoma from the brains
of WT and CypD-KO mice (seé&igure 5, panel C). As shown inpanel
D, results obtained from substrate-starved mitochraamdrom CypD-KO
mice were strikingly similar to those obtained fro@ysA-treated WT
mice (panel B). The presence of substrates, however, did notvigm®
additional protection in the CypD-KO mitochondripapel E). Maximum
swelling rates pooled from all experiments (expmdsas percentage of
swelling rate per minute and accounting for the @¢idron producing the
highest swelling rate as ‘maximum’) for each condit and after each
ca’* pulse is shown inFig. 5, panel G. These results are in accord to
earlier reports on various types of mitochondriadaonditions, showing
that high-C&* loads can induce PTP in the absence of substratasour
hands, absence of substrates prevented isolatedocmeindria from
building a membrane potential of higher than -10 njdot shown). At
this AW, value, mitochondrial Cd uptake is unfavorable [51]. Indeed,
recordings of extramitochondrial €aby Calcium Geeen 5N revealed
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that in the absence of substratdsgure 5, panel F, tracesc, d, ande)
mitochondria were unable to perform €asequestration, yet exhibited
large changes in light scatter. Electron microscopmaging of
mitochondria that exhibited large changes in ligltiatter confirmed that
this was due to swelling (not shown). We therefocensidered the
possibilities that C& was either inducing CypD-sensitive swelling by
acting on an extramitochondrial site, or since higmounts of CaGl
were required, Cd was entering mitochondria simply by a chemical

gradient.

4.1.2. Effect of an uncoupler and/or inhibitorstbe C&*

uniporter on mitochondrial G4 uptake and light scatter

To address the site of action of €aon the light scatter, we
pretreated mitochondria with the €auniporter inhibitor, Ru360 [21].
As shown inFigure 6 A, WT mitochondria still exhibited high-CG&
induced changes in light scatter in the presence Rif360, at a
concentration that was found to prevent the uptakextramitochondrial
ca’* (Figure 5, panel F, tracee). The lack of effect of Ru360 was also
observed in the presence of Cys AKidqure 5, panel A), or when the
effect of C&" was compared in WT versus CypD-KO mitochondria
(Figure 6, panel B). In order to depolarize mitochondria completely,
LM SF 6847 was added to the medium, and the effeti€a&* and Ru360
were recorded. As shown irrig. 6, panel C, the presence of the
uncoupler failed to afford extra protection againsigh-C&* induced
swelling. Furthermore, the presence of the uncouplegated the
protective effects of substrates in WT mitochondpanel D). Maximum
swelling rates pooled from all experiments (expmdas inFigure 5) for
each condition and after each Tagulse is shown ipanel E of Figure
6.
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Figure 6. Effect of SF 6847 and/or inhibitors of tle Ca&®* uniporter on mitochondrial
Ca®" uptake; modulation by Cyclosporin-A or genetic deétion of Cyclophilin-D.
Traces of light scatter recorded spectrophotometilic at 520 nm during CaGl
additions at the concentrations indicated in thgufies, to mitochondrial suspensio
Conditions of the suspensions are given in the panéll panels are aligned on the
axis. Results are representative of at least 4 pedalent experiments. PanEgl depicts
the maximum swelling rates pooled from all indivimluexperiments (expressed as
Figure 5) for each condition and after each Caulse. Error bars represent S.E.M.; i
statistically significant from b, c, d, e, f, and 9<0.001; d is statistically significa
from e, p<0.05, on-way ANOVA on Ranks.
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4.1.3. Effect of CA" uniporter inhibitors on mitochondrial matrix

Cca’* accumulation of isolated mitochondria imaged undeide-

field epifluorescence

The failure of Ru360 to protect against the ?Ganduced large
changes in light scatter shown iRigures 6 A and 6 B could be

explained by assuming that €aacted on the extramitochondrial side. To
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Figure 7. Effect of the Cd&" uniporter inhibitors Ru360 and Ruthenium Red or
mitochondrial matrix Ca?" accumulation of isolated WT brain mitochondria imaged
under wide-field epifluorescence._A Wide-field epifluorescence image of isolated br
mitochondria from WT mice, loaded with fura 2 AMB: Time recordings ¢
mitochondrial-trapped fura 2 dlorescence of immobilized mitochondria, perfused My
mM CaCl in the presence of absence of “Cauniporter inhibitors as indicated in t
panel, in the absence of exogenous substrates. IResure representative of at leas
independent experiment

41



DOI:10.147563/He2@b2tli6dfon of Cyclophilin-D in brain-spdcif
mitochondrial permeability transition induced by’Ca

provide further evidence for this, we loaded is@ldtmitochondria with
Fura 2, and imaged them under wide-field epifluaesce Figure 7,
panel A). This experimental setup benefits fromthe spatial resolution
in Fura 2 imaging, avoiding a “contaminant” signafl leaked Fura 2 in
the extramitochondrial space amg provides a valid quantitative signal
of matrix [C&'] in the submicromolar range. Surprisingly, isoldte
mitochondria perfused with a buffer containing OmiM CaCkL showed
robust increases in matrix-entrapped Fura 2 fluoeexxe that exhibited
only a partial sensitivity to Ru360 (10 uM) and lhenhium red (10 pM),
panel B, arguing against the assumption that?Cwas acting exclusively
on an extramitochondrial site when inducing changesght scatter.

4.1.4. Effect of respiratory chain inhibition on €ainduced PTP

To address the contribution of respiratory chaimpmnents to the
protective effect of substrates on TCdnduced changes in light scatter,
we pretreated mitochondria with complex | (rotenooe piericidin A),
complex 11l (myxothiazol or stigmatellin), and coigx IV (KCN)
inhibitors. The emerging picture depicted frofigure 8 was that
rotenone or piericidin A (traces, d of panel A and traces, c of panel
B) afforded protection from C&-induced changes in light scatter,
irrespective of the presence or abscence of substra while
myxothiazol, stigmatellin and KCN not only falied ttonfer protection,
they also negated the protective effect of substsaftracese, f of panel
A and traceds, c, d, e, f of panel C of Fig. 8; see alsoFigure 8, panel
D). High concentrations of myxothiazol and stigmaitel(10 uM and 2
UM, respectively) that also block complex | [181failed to afford
protection, as opposed to rotenone and piericidinHowever, rotenone
and piericidin A (as well as rolliniastatin used {i80]), bind to a
different site than myxothiazol and stigmatellin 8[1]. Maximum
swelling rates pooled from all experiments (expm$sas inFigures 5

and 6) for each condition and after each Caulse is shown irpanel D
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of Figure 8. Inhibition of PTP by rotenone has been previousg¢ported
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Figure 8. Effect of respiratory chain inhibition on Ca?*-induced PTP. Traces o
light scatter recorded spectrophotometrically at052m during CaCJ additions a
the concentrations indicated in the figures, to actiondrial suspensions. /
experiments were performed on WT micA: a: no substratesh: plus glu+mal;c:
plus glu+mal + 1uM Rotenone;d: no substrates + 1 uM Rotenone; no substrate
+ 1 mM KCN; f: plus glu+mal + 1 mM KCNB: a: no substratesb: no substrates
1 uM Piericidin A;c: no substrates + 1 uM Rotenon€. a: no substratesh: no
substrates + 0.2 pM stigmatelling: no substrates + 2 pM stigmatellird: no
substrates + 0.5 pM myxothiazok: no substrates + 10 pM myxothiazof; no
substrates + 1 mM KCN. Results arepresentative of at least 4 independ
experiments. PaneD depicts the maximum swelling rates pooled from imldlividual
experiments (expressed as Higures 5 and 6) for each condition and after ea
Ca’" pulse. Error bars represent S.E.M.; a is stditially significant from ¢, p<0.0!
b is statistically significant from d, <0.05, oneaw ANOVA on Ranks.
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[73;80;177;182]. Since the protective effect of stiates was negated by

cyanide,

we decided to use this

regimen for testimgtochondrial

swelling within neurons and astrocytes, since thesitu availability of

substrates is much less amenable to manipulation.

Figure 8, panel A

Trace

a No substrate

Glutamate+malate
(substrates)

o

Glutamate-malate
+ 1uM Rotenone
No substrate
+ 1uM Rotenone
No substrate
+ 1mM KCN

Glutamate-malate
+ 1mM KCN

[41]

Figure 8, panel B

a No substrate

No substrate
+ Piericidin-A 1uM
No substrate
+ 1uM Rotenone

(2}

Mitochondrial
PTP-inhibitory
effect

&

(72
b

\N

N

Figure 8, panel C

Trace

a No substrate

No substrate

+ 0,2uM Stigmatellin
No substrate

+ 2uM Stigmatellin

No substrate

+ 0,5uM Myxothiazole
No substrate

+ 10pM Myxothiazole
No substrate
+ 1mM KCN

(2}

-h

Mitochondrial
PTP-inhibitory
effect

1G]

(72
7

Q

Table 2. Effect of respiratory chain inhibitors on Ca’*-induced PTP.

On Table 2, the effect of complex I, IIl and IV inhibitors o8a*-

induced PTP depicted ifkigure 8 is summarized, highlighting the fact

that only Rotenone and Piericidin A binding to coep | on a specific

binding site are protective, while inhibition of @hrespiratory chain

elsewhere even negates the protective effect okwalbes.
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4.1.5 Effect of CypD ablation on G%induced mitochondrial

swelling within neurons and astrocytes

To address the role of CypD in the opening of brapecific PTP
in situ, swelling of CypD-deficient versus wild type mitleendria within
neurons or astrocytes of the same culture were e during C&'
overload, induced by addition of calcimycin (1 puMBH4A23187).
Mitochondria were visualized by wide field epiflumscence imaging of
mitochondrially targeted DsRed2. Astrocytes grewaasionolayer on the
bottom of the chamber, while neurons grew as a mayer above them.
Cultures were prepared at the same age from theaWwd KO mouse pups
(PO or 1) and measurements were performed in thheeseange ofdays in
vitro; accordingly, the neurons/astrocytes ratio dewiateinimally from
one culture to another (2-2.6), deduced from congtcells from images
of fura-loaded cultures. Neurons and astrocytes ewdistinguished by
their different mitochondrial morphology [183]. Neanal mitochondria
are typically more densely packed in the soma, ¢li@re dendritic
mitochondria were chosen for analysis. Astrocytee dlatter than
neurons in culture, and they exhibited elongatedgnched mitochondria
of even thickness. Mitochondrial swelling was margd by evaluating
DsRed2-visualized mitochondrial morphology by cdbtion of changes
in mean mitochondrial diameters using the thinneaso technique. In
these assays the onset of swelling was definedhgystudden decrease in
the thinness ratio. As shown ikRigure 9 A, both WT and CypD-KO
mitochondria within neurons swelled and fragmentedesponse to Ca

overload induced by the addition of calcimycin with600-800 sec.
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Figure 9. Effect of CypD ablation on C&*-induced mitochondrial swelling within
neurons and astrocytes._A-B Time elapsed between calcimycin application
mitochondrial swelling was detected by wide fielehdging of mitobsRed2 expressir
neurons A) and astrocytesH) in mixed cortical cultures from wild type (bladkars’
or CypDKO (gray bars) mice. The onset of swelling was detmmed by detection ¢
an increase of mean diameter of mitochondria in timécroscopic view field b
calculation of the thinness ratio. Co-applicatioh ® mM NaCN and calcimycin we
performed in a medium without glucose supplementdth 2 mM 2-deoxyglucose. Bal
indicate means +* S.E.M. of 4-12 cells (*, p<0.05¢gwsificance by KruskaMallis
ANOVA on Ranks).
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When NaCN was co-applied with calcimycin in a glgeefree
media in the presence of 2 mM 2-deoxyglucose, swgllof mitochondria
was almost immediate in both wild type and CypD-K@eurons.
However, C4" overload of uncoupled mitochondria (by co-applioat of
1 uM SF 6847) triggered swelling at a significantbarlier time in
CypD-KO than in wild type neurons. In contrast tbet neurons, Cd
overload of uncoupled mitochondria triggered swedliat a significantly
earlier time in wild type than in CypD-KO astrocgtdFigure 9 B). In
the absence of glucose and concomitant presenc2-a@déoxyglucose and
NaCN, in situ mitochondria are almost certainly qoetely depolarized.
We used calcimycin at 1 pM concentration that lykeffects only the
Cca’*-permeability of the plasma membrane. Experiments aultured
neurons and astrocytes loaded with fura 2,25 nM, [184]) versus
fura 6F (Ks=2.47 puM, [170]) revealed that the increase in sglc C&*
by 1 pM calcimycin was in the 1-2 pM range in cadt to the 1.3 mM
in the medium (not shown); thus the amount of calgcin distributed in
the plasma membrane was very small and unlikely ifoto distribute in

the inner mitochondrial membrane.
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4.1.6. Effect of CypD ablation on in situ mitochamal swelling of

neurons challenged by glutamate

In order to expose neuronal in situ mitochondria high-C&*
challenge by an alternative mechanism, neurons wepgosed to
excitotoxic levels of glutamate and glycine, in tlsence of M.
Mitochondrial swelling was monitored by thinness tioa values
calculated from wide field fluorescence images ofitonhondrially
targeted DsRed2. Glutamate exposure triggered &dsp mitochondrial
swelling response (shown for a WT neuron) indicatedthe decrease of
the thinness ratioRigure 10 A, black circles). Swelling comprised of an
initial, 1% and a well separated, delayed®2drop. The %' drop of

thinness ratio invariably coincided with the initifCa?*];

-response to
glutamate and the"d drop to the secondary, irreversible rise of fQq
termed delayed calcium deregulation, DCD [185-18F]jgure 10 A and
B, black bars). In cultures prepared from CypD-KOcmi(Figure 10 B,
gray bars) the first phase of mitochondrial swegliwas detected only in
60% of the neurons. Furthermore, only 40 % of CyKD- neurons
exhibited the secondary swelling of mitochondriarishg DCD (Fig. 10
B). Finally, the initial swelling of mitochondria vga significantly
delayed in CypD-KO neurons compared to wild typehi the time of
onset of the secondary mitochondrial swelling waset rstatistically

different (Figure 10 C).
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Figure 10. Effect of CypD ablation on glutamateevoked biphasic mitochondria
swelling in cortical neurons. A Wide field fluorescence time lapse recording inrk
FF-AM loaded wild type cortical neuron expressingtomDsRed. Glutamate (300 N
plus glydne (10 pM) in the absence of [M{. evoked a rise of [CH]; indicated by th
increasing ratio of FuraF 340/380nm fluorescence intensities (triangled)tochondrial
swelling was measured by calculating thinness rafidR) of mito-DsRed fluorescenc
images (circles), where swelling is marked by the reéasing thinness ratio (arrows). T
1°" and 2'% drops of the thinness ratio always coincided withe initial response 1
glutamate and to the DCD, respectively. Represdntatraces of 10 recordings.

B: Quantification of the observation of'land 2'° drops in neuronsrbm wild type (blacl
bars) and CypD-KO mice (grey bars) using Fisher axigst. Total (n) correspond® the
number of cells observed and®'land 2 drops to the observation of the dopn the
thinness ratio in recordings similar tA). C: The onset of mitochondrial swelling w
defined as the time elapsed between the applicatbglutamate and the sudden decre
of the thinness ratio, bars show mean * S.E.M. ldIsx (*, p<0.05 sigificance by
Kruskal-Wallis ANOVA on Ranks).
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4.1.7. Discussion

There are hundreds of publications addressing eaimlity
transition with relation to various aspects of bmeegetics; hereby we
attempted to shed light on the phenomenon whereDGCgppendent PTP
precedes necrotic events during which there is gnecrisis, but not
apoptosis, a mechanism that is dependent on enprgyision. We have
narrowed our investigations to brain mitochondria isolation, and
within their natural environment (both neurons aastrocytes).

The most important finding of this study is theadratic hastening
of the swelling of in situ neuronal and astrocytmmitochondria by
glucose deprivation and NaCN co-application, up@hcemycin exposure.
This extends the previous findings on isolated mhondria
[81;185;188-191] and the results of this study, whog that a diminished
electrochemical gradient primes mitochondria withitheir natural
environment to undergo G&induced PTP. We created depolarizing
conditions by three different meang: substrate deprivation (no electron
flow), ii) ETC inhibitors (no electron flow), andii) presence of an
uncoupler (high electron flow). Results were nottiemly congruent
between isolated versusn situ mitochondria (i.e. compare presence
versus absence of substrates or uncoupler), bubabh experimental
models the presence of cyanide prompted pore omenfur findings
support the notion that the lack of an electrocheamhi gradient
unfavoring electrophoretic G4 uptake not only fails to protedn situ
mitochondria from PTP, but it also subserves thepmse of decreasing a
threshold to the point that either an increase iamtmix C&* concentration
due to a mere diffusion and/or an extramitochondrsate with low
affinity for Ca?*, induces pore opening. However, our findings are
partially at odds with those obtained in [192], which the effect of
cyanide was found to disfavor PTP opening. The eléhce may stem
from the fact that in that study isolated skeletalscle mitochondria

were investigated.
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The swelling induced by high-G4 in energized in situ neuronal
and astrocytic mitochondria was not CypD-dependélnd. this we must
stress that our results on isolated mitochondrianpoo the possibility of
an Ru360/Ruthenium-Red-insensitive route for’Cantry. Furthermore,
our results also show that there are cell-specdiiderences of the same
tissue regarding the bioenergetic contribution ta’*Ginduced PTP. For
example, it is striking that the elapsed time upoaicimycin exposure
until the onset of swelling of wuncoupler-treated unenal WT
mitochondria was smaller than that recorded for DyWO mitochondria,
and the exact opposite was observed in astrocytes.

There are ~1500 proteins in mitochondria and leBant 3% of
those are mitochondrially encoded [193], while thest are nuclear-
encoded. It is at least prudent to consider thad ttomposition and/or
regulation of the mitochondrial permeability tratisn pore exhibits
tissue or even cell-specific differences, as it hhsen suggested
elsewhere [194;195].
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4.2. C&" release triggered by NAADP in hepatocyte

microsomes

4.2.1. NAADP induces C4 release from hepatocyte microsomes

Hepatic microsomal vesicles rapidly sequestere@€a’* in the
presence of ATP Kigure 11 A), with an uptake of 4.G: 0.2 nmol/mg
protein (n=13). The maximum of &4 uptake was found within 5-10
minutes, which is slower than that observed in expents with intact or
permeabilized cells but consistent with earlier e [196]. About 9006
of the specifically retained microsomal €awas rapidly released by
ionomycin (5 uM) Eigure 11 A). This rate of decline of microsomal
ca’* content defined the magnitude of the microsomal?’Catores
available for release. We found it important to ndiéy of the main C&"
transporter through which the microsomes are load¥é determined the
Cca’* uptake of liver microsomes in the presence of 1 fHdpsigargin, a
selective inhibitor of the sarco(endo)plasmic refiem C&*-ATPase
(SERCA) and 1 pM bafilomycin Al, an established dker of the V-type
ATP-ase [197]. The Cd4 accumulation of microsomes was nearly
abolished by thapsigargin, while bafilomycin doesotn affect
substantially the Cd uptake mechanisms of liver microsomes. In the
light of these results, it is the SERCA that repretss the main
mechanism responsible for the active loading oklimicrosomes. In the
next step, we investigated whether NAADP could induC&* release
from rat liver microsomes loaded actively withCa?* and compared it to
InsP; and cADPR-induced C4 release. In this assay, NAADP (10 pM),
InsP; (10 pM) and cADPR (10 uM) induced a fast Caefflux, which
differed significantly from control microsomes (CR} (Figure 11 B).
The pattern of NAADP mediated &arelease appeared to be biphasic,
with an initial rapid release followed by a sustathbut slower phase of
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Figure 11. NAADP-induced*’Ca®* release from active loaded hepatocyte microsomes.
(A) The time course of the Ghuptake by liver microsomes was determined ustA@a®*,
as described in the ‘Materials and Methods’ secti@ection 3.7) Accumulation @) of
Ca’" was started by addition of 1 mM ATP. The amount thie mobilizable C& was
determined by adding M ionomycin (¢) to the medium. The effect offCa’* uptake o

1 pM thapsigargin &) and 1 pM bafilomycin @) was also tested. Bafilomycin was aatt
to the microsomes 5 minutes befot¥®a®" uptake was initiated.

(B) Comparison of the G4 mobilizing characteristics of IngP(0), cADPR (®) anc

NAADP (A) (10 pM each). CH-induced C&" release (CICR) &£) was determined k

adjusting extravesicular free €alevel to pCa=6 using EGTA (100M). Results are th
average * s.e.m. of @2 determination on at least four different expeeimal days. Th
inset shows the total amount of €aefflux triggered by Insp, cADPR and NAADP afte
5 seconds of CHd release.

(C) Microsomes sequestered €ain the presence of an ATP regenerating system (&l
creatinekinase, 4 mM phosphocreatine) and released calcimmesponse to subsequc

addition of 10 uM cADPR ¢),10 uM InsRB (o) and 10 uM NAADP @&).

release. A similar pattern of Garelease was observed when cADPR and
InsP; were added Rigure 11 B). After 5 seconds of G4 release the total
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amount of C&" efflux elicited by CICR was 0.165 = 0.06 nmol/mg
protein  (4.6% of ionomycin release, n=6-12). Inetlsame set of
experiments, NAADP released 0.42 + 0.08 nmolTmg protein (11.8%
of ionomycin release, n=15), while cADPR elicited8@1 + 0.1 nmol
Ca’*/mg protein (22.8% of ionomycin release, n=10fiqure 11 B,
inset). Under the same conditions, InsReleased 0.7 = 0.09 nmol
ca’*/mg protein (19.6% of ionomycin release, n=&iqure 11 B, inset).
Thus NAADP is a potent, but somewhat less effecti@e&* releasing
messenger than cADPR and InsiR liver hepatocyte microsomes.

To further determine whether the NAADP-induced *Caelease
mechanism in liver microsomes is distinct from thesP;- and cADPR-
mediated C4&" release mechanism, we tested for possible agocrigss-
desensitization. As shown ifigure 11 C, we tested subsequent €a
release from actively loaded liver microsomes byDi™R, InsRB and
NAADP (all applied at supramaximal concentrationsQ puM) in the
presence of an ATP-regenerating system. NAADP maudago elicit
maximal C&" efflux when applied after cADPR and Inshave already
been probed. Thus cross-desensitization to tres®Rd cADPR by NAADP
did not occur Figure 11 C). This result further supports the view that
NAADP acts upon a Cd release mechanism distinct from that of lgsP

and cADPR from rat liver microsomes.

4.2.2. Dose-dependence of the NAADP-mediated*Gelease

NAADP induced C&" release in rat liver microsomes in a dose-
dependent manner, with a half-maximal concentrat{&®ts;) of 0.93 +
0.1 uM (Figure 12). Our results correspond with those of other auwsho
who experimented with microsomes prepared from otmeammalian
tissues [117;118;121], whereas the §Gor NAADP was reported to be
one order of magnitude smaller in intact cells (e range of 100 nM)
[113;120].
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Figure 12. Dose dependence of the NAADP-induced €arelease in rat liver
microsomes.

Experimental settings were similar to those shownFigure 11 B and the dat

are representative for five independent experime
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4.2.3. Unique homologous desensitization patternhef NAADP
receptors

We investigated the inactivation phenomenon of NAAIhduced
Cca’* release in liver microsomes. First injection of bshreshold
concentration of NAADP (0.1 puM) to microsomes atethhird minute
during active loading did not result in substant@¥* release by itself
(Figure 13 A). However after 2 minutes of incubation, 10 uM NBER
released 0.14 = 0.04 nmol &#mg protein compared to 0.39 * 0.04
nmol/mg protein C&' released from non pre-incubated microsomes.

On Figure 13 B we compared the dose-response curve of the
NAADP-induced C4&' release with the curve for residual Caelease by
supramaximal NAADP (10 pM) after 2 minutes pre-ibation of
microsomes with different concentrations of NAADBefween 0.1 nM
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Figure 13. Unique homologous desensitization pattarof the NAADP receptors.
(A) Homologous desensitization of NAADP receptors swbthreshold concentratio
of NAADP. Actively loaded microsomese®() were pre-treated with 0.1 NI NAADP
for two minutes and then challenged to a supramaimoncentration of 10 M
NAADP (0). NAADP induced C& release from non pre-treated microsomed )(
The inset shows the Gh efflux at five minutes of C@ loading from microsome
incubated by non-activating concentration of NAADRNnd non pre+tteatec
microsomes.

(B) Dose-response curve of NAADP e} and the residual G4 release b
supramaximal concentration of NAADP (10M) after 2 min preincubation wil
concentrations of NAADP between 0.1 nM and 10 p®).(
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and 10 puM). In this manner, NAADP may function a@s bwn specific
antagonist with an I€ of 30 nM. The two curves form a U-shape as
NAADP desensitize its receptors with an siCthat is one order of
magnitude lower than the B Thus, we found evidence that, similarly
to invertebrates [130], full desensitization of tiINNAADP receptors by
subthreshold NAADP concentrations is possible withany need for
previous substantial Ga release. This phenomenon is in contrast to the
self-desensitization mechanism for Ins&nd cADPR (X-desensitization)
[130].

4.2.4. The effect of thapsigarqgin and bafilomycinl Aon the

NAADP-evoked C4&' release in rat liver microsomes

The NAADP sensitive CH stores are insensitive to thapsigargin in
sea urchin eggs [198] as well as in several intm@mmalian cell types
(e.g. arterial smooth muscle [147] and pancreatimar cells [141]), and
can be localised in the lysosomal compartment [139] (acidic
thapsigargin-insensitive pool). Therefore, it se@minportant to test
whether the NAADP-mediated Garelease from rat liver microsomes is
dependent on acidic pools. One way of interferingthworganellar
acidfication is to pretreat with bafilomycin Al, wih is a blocker of the
vacuolar type H-ATPase [197]. When actively loaded microsomes were
incubated for at least 5 minutes with bafilomycirl A1 uM), we found
that both NAADP (10 puM) and cADPR (10 puM) elicitean entirely
normal C&" release responseFigure 14; n=4). No substantial change
was observed in the response of the’?Ceelease elicited by cADPR and
NAADP to bafilomycin when longer incubation timeQland 20 minutes)
was applied (unpublished data). These data indith&e the C4" release
from liver microsomes induced by NAADP in unlikelypo come from

acidic compartments.

57



CBOIe e pileferd HFINAADP in hepatocyte microseme

w
o

m Control
mmm + Bafillomycin (1 ph)
1 == + Thapsigarain {1 pM)}

|

NAADP  cADPR

[\~
43}

N
o

—_
(]

o

45Ca2t release after 5 sec
(% of ionomycine induced release)
o

o

Figure 14. The effect of thapsigargin and bafilomym Al on the cADPR- and
NAADP-elicited Ca®" release in rat liver microsomes.

The actively loaded vesicules were pre-incubatedtihgpsigargin (1 M) for at leas
2 minutes and by bafilomycin Al (1 pM) for at leaStminutes before Ca releas:
was induced with supramaximal concentrations of éd¥Dand NAADP (both 10 uM
Filled bars represent the €arelease from non préreated microsomes while op
bars show the Cd efflux from microsomes treated with thapsigargih gM) and
dashed bars represent the effect of bafilomycin (AluM).

Furthermore, microsomes were treated with maximataentration
of thapsigargin (1 pM), a potent and selective wibor of the SERCA,
for at least 2 minutes when €auptake reached the plateau. The amount
of c&* efflux elicited by 10 pM NAADP in liver microsomegre-treated
with thapsigargin was reduced to 7.48 £ 1.75% od tbnomycin release,
while NAADP released 20.86 £ 1.8% of ionomycin rase in non pre-
treated microsomesF{gure 14). The effect of cADPR was similarly
affected by pre-treatment with thapsigargin (6.94.85% of ionomycin
release in pre-incubated microsomes compared to522+ 2% of
ionomycin release in the absence of thapsigarghyr results show that
the NAADP mediated Cd release was thapsigargin dependent as well as
that of cADPR. The ability of thapsigargin to blocthe NAADP-
sensitive C&' release is in contrast to the results published $ea
urchin eggs [198] or intact mammalian cells [141714The C&" release

from microsomes can be described as a one-pool mmddigl]. The
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microsomal C&" store is in fact a mixture of G4 stores deriving from
both lysosomes and the ER, moreover it is filledimia by SERCA (see
Fig. 14 A) and contains InsfRs, RyRs and NAADPRs. This type of
fusion of the different intracellular G4 stores is an artefact as to the

result of the preparation process itself.

4.2.5. Ca" and pH dependence of the NAADP-induced ’Ca

release

In the next set of experiments, we investigated #itect of free
extravesicular C@ concentration upon the Garelease induced by
NAADP, InsPs and cADPR Figure 15 A). Passive loading of
microsomes (described isection 3.8) has the advantage over ATP-
driven loading that the concentration of free ex®aicular CA* can be
set more accurately with & complexing agents, such as EGTA. The
activation of both InsP receptors and RyRs often shows similar bell-
shaped dependence on the concentration in the waicinof the
cytoplasmic face of the release [199;200]. Simiyarin Figure 15 A we
show that the pCa response curves of the (naPd cADPR appeared to
be bell-shaped with an optimal pCa at 7 and 6 resipely. However, the
NAADP-induced C&" release we found to be fairly independent of the
extravesicular C& concentration. This finding is one of the unique
characteristics that NAADP displays in all cell g

It was described previously that the NAADP-inducedlcium
release in sea urchin egg homogenates [201] andmasangial cell
microsomes [122] was not affected by the pH changtshe incubation
medium. In contrast, cADPR-induced €arelease was inhibited by
alkalinization of the media [201]. We found thatetiNAADP-induced
ca’* release in hepatocyte microsomes was not affettedhanging the
pH of the incubation buffer from 6.4 to 7.&igure 15 B). We propose
that protonation and deprotonation of relevant aoniacids with pK

values in the range of physiological pH has no effepon the gating
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property of the putative channel that is activated NAADP and, by
extension, upon the binding of NAADP to its recepfd28]. However,
the response to cADPR was mostly dependent on fmidwsng an optimal
pH of 7.2. The peak C& efflux evoked by cADPR was at least 50%
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Figure 15. C&" and pH dependence of the NAADP-induced CHd release.
(A) Extravesicular free Cd concentration dependence of the IgsRADPR ant
NAADP mediated system in passively loaded liver noisonmes. Extravesicular pC

(4-8) was set by EGTA (200-750 puM respectively), NBP (m), InsP; (#) anc
cADPR (O) were applied in supramaximal concentrations (Id)u

(B) Differential effect of pH on the cADPR and NAADBensitive C&" releasing
system. The pH of the CGarelease medium was changed in a range from 6.Z.8
and the amount of°Ca?* released by 10 uM cADPRO) and 10 uM NAADP @) was
determined.

higher than at pH values one unit lower or highAtkalinization of the
media may alter the binding of cADPR to its receptmr may affect
activation of RyRs by pharmacological agonists [RONAADP- and
cADPR-triggered C% release from liver microsomes was differentially

affected by pH, providing further evidence that s$keagonists signal

through functionally distinct pathways.
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4.2.6. Pharmacological properties of the NAADP-&tled C&*

efflux

We examined the pharmacological properties of thé&ARMP
mediated C&" release to gather more evidence that it is distifrom
those mediated by IngPand cADPR. Heparin (100 pg/ml), a well-
established inhibitor of the IngR-s [202], inhibited the Cd release
elicited by InsRB by 62.15+ 7% and did not alter the effect of cCADPR
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Figure 16. Pharmacological properties of the intraellular Ca?* channels
mediated by InsRB, cADPR and NAADP.

The *°Ca’* release by supramaximal concentrations IséADPR and NAADP (all 1

pM) was challenged in the presence of heparin (40@/ml), ryanodin (5 M),

ruthenium red (tuM), verapamil (100uM) and diltiazem (10(uM).

and NAADP Figure 16). The RyR antagonists, ryanodine (5 uM) and
ruthenium red (5 pM), blocked the cADPR-induced?Cafflux by 62+
6% and 31.19+ 4% respectively, leaving that of IngsPand NAADP
unaltered. The L-type C& receptor blockers, verapamil (100 pM) and
diltiazem (100 uM) [130], abolished specificallyutbonly partially (up
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to 43+ 4% and 50.82 6% of inhibition respectively) the Gareleasing
effect of NAADP in rat liver microsomes. On the ethhand, they had
minimal effect on the Cd release by Insfand cADPR (less than 15%)
(Figure 16). To sum up, neither heparin, nor ryanodine anthemium
red were able to block substantially the NAADP-iméd C&* release,
while verapamil and diltiazem were effective inhidis of NAADP

receptors Figure 16).

IP; cADPR NAADP
Heparin (100 pg/ml) 62.15 7% n.s. n.s.
Ryanodine (5 uM) n.s. 62 6% n.s.
Ruthenium red (5 pM) ~ 8% 31.19 * 4% n.s.
Verapamil (100 pM) ~10% ~ 8% 43 * 4%
Diltiazem (100 pM) ~ 5% ~15% 50.82 + 6%

Table 3. Inhibition of the Ca’* channels mediated by Insg, cADPR
and NAADP by established blockers of InsPRs, RyRs and
NAADPRs.

Data are presented as percentage of the redudttbr BC&*-releasing
ability induced by supramaximal concentrationsaiffemessenger.
n.s. stands for inhibition of less than 5%.

On Table 3, the inhibitory effect of the forementioned blockeof

InsPsRs, RyRs and NAADPRs are summarized for the sakeclafity,

based on the results shown Bigure 16.

4.2.7. Discussion

In Section 4.2, we provided evidence, that NAADP is indeed
present and functional in hepatocyte microsomes.tHa first step, we
defined the type of Cd store that operates within microsomes based on
the thapsigargin sensitivity and bafilomycin Al arsitivity of both
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ca’* uptake into Figure 11 A) and C&" release from microsomes
(Figure 11). The main pathway for microsomal €asequestration is
through SERCA, since it is abolished by thapsigarghut left unaltered
by bafilomycin Al Figure 11 A). Also, the one-pool model for &4
release is applicable for Gaefflux from the microsomal stores, because
both the cADPR- and NAADP-mediated €arelease are hindered by
thapsigargin, but not bafilomycin A1F{gure 14). Thus, unlike in intact
cells, cADPR and NAADP mobilize G4 from the same, non-acidic pool.
Our model for the hepatocyte microsomal®Catore is depicted above in
Figure 17.

Next, we analized several properties of the NAADRdiated C&"
release system, which showed a sigmoideal dose-uegrece curve with
an EGo of 0.93 + 0.1 puM Figure 12). However, desensitization of
receptors for NAADP occurred even when subthreshaddcentrations of
NAADP were used for pre-incubatiorFigure 13 A), thus NAADP acts
as it’s own antagonist with an kg of ~30nM (Figure 13 B). This type of
homologue desensitization (U-desensitization) isaradcteristic for
NAADP and has been verified for the first time invartebrate tissue by
our workgroup. Furthermore, NAADP provides a “Gandependent

SERCA

CaZ+ Ca2+ IPS

receptor
NAADP Ryanodin
receptor receptor
N / N
Ca2* alaliinl cADPR IP, =
v

Ca?*

Figure 17. Model for the hepatocyte microsomal Cé-store.
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(Figure 15 A) and non pH-dependentFigure 15 B) system for C&
release in hepatocyte microsomes.

Finally, based on the distinct pharmacological peojpes of the
NAADP-induced eventsKigure 16 and Table 3), as well ashe lack of
cross desensitization between InsADPR and NAADP Figure 11 C),
our results altogether suggest that the NAADP-meadaC&* release is

indeed a distinct pathway in rat liver microsomes.
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5. Conclusions

In the past years, | have contributed to the exmpemtal work of
the Neurobiochemistry Research Division of the Depment of Medical
Biochemistry on Semmelweis University. | participdt in the
establishment of a novel method for the measurementhe ADP/ATP
exchange rate based on the differential affinityAdP and ATP to M§"
[53], and the re-evalutaion of the role of matrixcidification in
uncoupler-induced Ca release from mitochondria [51]. These data have
already been presented elsewhere, as well as theltse concerning the
forward operation of the adenine nucleotide tramsi®e during bFi-
ATPase reversal [203].

The present thesis evolves around the brain-speatbntribution
of CypD to C&*-induced PTP and the NAADP-induced microsomalTa
release in hepatocytes [116;168].

In Section 4.1 we verified that substrate-starved mitochondria a
more sensitive to Cd-induced PTP than mitochondria supplied with
substrates. This effect is CysA sensitive and can dverrided by an
excessive C&@ stimulus Figure 5 A and B). Also, substrate-starved
mitochondria prepared from CypD KO mice showed danisensitivity to
Cca’*-induced PTP as WT mitochondria exposed to Cy§Ag(re 5 D and
E). Substrate-starved mitochondria were shown to iexthPTP in
response to high G& additions, despite of the fact that no ‘Caiptake
was measuredRigure 5 F). Moreover, the inhibition of the major &a
uptake routes of WT and CypD KO mitochondria by B03or RuRed did
not affect their responses to high-CaFigure 6 A and B), raising the
possibilities that Ca was either inducing CypD sensitive swelling by
acting on an extramitochondrial site, or Cavas entering mitochondria
simply by a chemical gradient. Our results depictadFigure 7 support
the latter assumption, since isolated mitochondimwaded with Fura-2

showed robust fluorescence-increases when perfusétd high-C&*, that
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was only partially sensitive to Ru360 or RuRed. $hwme concluded that
ca’* was acting indeed on an intramitochondrial site.

The presence of an uncoupler did not offer extratpction against
ca’*-induced swelling and the uncoupler reversed thetgctive effect of
substrates on WT mitochondriagrigure 6 C, D, E and F). Moreover,
Complex | inhibition by rotenone and piericidin Aranted protection
against mitochondrial swelling provoked by Caven in the absence of
substrates, that was not reproducible by blockingm@lex | on a
different site by high concentrations of the Compléll inhibitors
myxothiazol and stigmatellin. On the other handhiimtion of Complex
[l and IV rendered mitochondria supplied with salketes susceptible to
swelling induced by Cd (Figure 8 A, B, C and Table 2).

Complex IV inhibition ofin situ mitochondria by KCN (equivalent
of the substrate-starved state of isolated mitoadrom) caused almost
immediate swelling in both astrocytes and neuromeespectively of
functional or deleted CypD. However, the ablation@ypD had converse
effect on depolarizedn situ mitochondria in astrocytes and neurons,
when the elapsed time before swelling due to’'Caverload was tested
(Figure 9 A andB). Depolarized neuronal mitochondria with functidna
CypD were more resistant to €a overload, while depolarized
mitochondria from astrocytes were protected by #idation of CypD.
On the other hand,in situ, non-depolarized and substrate-supplied
neuronal mitochondria appear to be protected agai@s* overload
(administration of a C& ionophore) and excitotoxicity (co-application
of glutamate and glycine) by the ablation of CypBigure 9 A, first two
columns, andrigure 10).

In Section 4.2 attention was given to the NAADP-induced Ca
release from hepatocyte mitochondria actively lo&dby C&* via
SERCA and not V-type ATPases$igure 11 A), which was comparable
in magnitude to that mediated by Ins&nd cADPR Figure 11 BandC).
Also, no cross-desensitization was present betwden three pathways
(Figure 11 C). NAADP released C& from hepatocyte microsomes in a
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saturable manner with an E€of 0.93 £ 0.1 uM and maximal effect was
recorded at concentrations higher than 2 pMgre 12). The special U-
type self-desensitization curve of the NAADP-mediatC&" release,
that is a characteristic feature of NAADP, was ddéal in hepatocyte
microsomes [igure 13), as well as the relative pCa and pH
independency of the G4 efflux triggered by NAADP FEigure 15 A and
B). By the use of thapsigargin and bafilomycin A, wemonstrated that
the one-pool model for G4 release is valid in the case of hepatocyte
microsomes Eigure 14). The NAADP induced C& release was inhibited
by verapamil and diltiazem while IngPantagonists (e.g. heparin) and
RyR inhibitors (ryanodine and RuRed) had no effd€igure 16 and
Table 3).

Altogether, these data support the notion, that tNAADP-
sensitive pathway for Ca release from hepatocyte microsomes is indeed
distinct from those triggered by Ins@Bnd cADPR.
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6. Summary

Cyclophilin-D (CypD) is a calcium-sensitive regudbat of the
permeability transition pore (PTP). In the presdahéesis, we show that
substrate-deprived mitochondria obtained from Cygbock-out (KO)
mice exhibit similar sensitivity to Ga-induced PTP as wild type (WT)
mitochondria exposed to cyclosporin-A. Our findinggpport the notion
that the lack of an electrochemical gradient unfamg electrophoretic
Ca’* uptake not only fails to protect in situ mitochaia from PTP, but
it also subserves the purpose of decreasing a holelsto the point that
induces pore opening. A further finding of this dyis the dramatic
hastening of the swelling of in situ neuronal amgtracytic mitochondria
by glucose deprivation and NaCN co-application, mpecalcimycin
exposure. Our results also show that there are-gpécific differences of
the same tissue regarding the contribution of Cygid the bioenergetic
state to C4'-induced PTP.

Nicotinic acid-adenine dinucleotide phosphate (NARDis rapidly
emerging as an intracellular second messenger niedjaCa" release
mainly from the acidic calcium stores, such as Iysmes and
microsomes. In the present work, we demonstratet tttee NAADP-
mediated C& -release is indeed present in microsomes derivednfrat
hepatocytes and is relatively independent from gemof extravesicular
ca’* concentrations and pH. For the first time in mantima tissues, we
provide evidence for the validity of the characstic U-type self-
desensitization curve of the NAADP-induced ‘Caelease. Finally, we
demonstrate that the NAADP-induced Carelease is an independent
Ca’*-signalling pathway in rat hepatocyte microsomessdda on its
unique pharmacological-sensitivity profile and thkeck of cross-
desensitization between the InsRADPR- and NAADP-dependent €4

release systems.
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7. Osszefoglalas

A cyclophilin-D (CypD) a mitokondrialis permeabiés-
tranzicios porus (PTP) calcium-fug§gszabalyozé fehérjéje. Munkamban
bemutatom, hogy CypD-génkiutott egereékb szarmazé  agyi
mitokondriumok  szubsztrathianyos koérulmények koézothasonlo
érzékenységet mutatnak a Tdndukalt PT-vel szemben, mint a
cyclosporin-A-val (CysA) kezelt vad tipusd mitokomadmok.
Eredményeim alatamasztjak azt az elképzelést, malyerint az
elektrokémiai gradiens hianyaban ellehetetleénidlektroforetikus C&'
felvétel nem jelent védelmet ain situ mitokondriumban a PT-vel
szemben, hanem ellenk&eg, hozzajarul a porus megnyilasahoz
szikséges kiuszob le§yéséhez. Tovabba bemutatom, hogy a glikoz
megvonasa és NaCN egylttes adasa mellettirazmitu neuronalis és
astrocyta mitokondriumok duzzadasa dramai modon gyetsul
calcimycin alkalmazasakor. Eredményeim alapjan eidiwaté, hogy a
bioenergetikai allapota a sejtnek és a CypD adatbiveten belll sejt-
specifikus médon jarul hozza a €aindukalt PT kivaltasahoz.

A nikotinsav-adenin dinukleotid foszfat (NAADP) egylyan Uj
intracellularis masodlagos hirvivmolekula, mely $ként a savas Ca
raktarakbél (pl. lizoszémakboél és mikroszémakbolpriens Ccat
felszabaduldsban vesz részt. Munkam soran bemutatdmgy az
NAADP-indukalt C&*-kidramlas patkany hepatocyta mikroszémakban is
és pH-jatél. Elsként igazoltam az NAADP-medialt Gafelszabadulast
alacsonyabb rend szovetekben jellemg U-tipusu homolog
deszenzitizacid érvényességét egy émszovetben. Az NAADP-indukalt
folyamat jellegzetes farmakoldgiai tulajdonsagaiidletve az NAADP-
nek IP-mal és cADPR-zal mutatott kereszt-deszenzitizadianyara
alapozva igazolom, hogy az NAADP-medialt T&kiaramlas egy

fliggetlen és 6nall6 Ca-jelatviteli Gtvonal maj mikroszémakban.
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