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Session 3: Signalling To and From the
Mitochondria.
I. Nitric Oxide and Calcium

3-01. Interactions of nitric oxide with mitochondrial cytochrome
oxidase: a complete kinetic model requires binding to
both haem and copper.

Chris E Cooper, MG Mason, MT Wilson, P Nicholls
Dept. Biological Sciences, Univ. Essex, Wivenhoe Park, Colchester, Essex,
C0O4 35DQ, UK. - ccooper@essex.ac.uk
The nitric oxide signalling pathway is classically mediated by activation of
soluble guanylate cyclase. However, in 1994 it was additionally shown that
mitochondrial oxygen consumption by cytochrome oxidase is reversibly inhibited by NO
in a manner apparently competitive with the oxygen tension [1]. Inhibition of
mitochondrial respiration by NO at cytochrome oxidase has since been implicated in a
wide range of physiological processes, [2-3] including redox signalling, oxygen sparing
and brain blood flow-metabolism coupling. It was initially suggested that NO inhibited by
binding to the ferrous haem as; oxygen binding site. However, in 1997 we demonstrated
that NO could also interact with an oxidised copper centre in the enzyme (Cug) that does
not bind oxygen [4]. A recent paper has attempted to explain all the extant literature
data within a simple one-site competitive model [5]. Here we report experimental and
modelling studies that demonstrate that such a model is inconsistent with NO
interactions with the enzyme. Although NO inhibition is always oxygen sensitive, the
sensitivity is not consistent with a pure competitive interaction. Non-competitive
interactions at a second (Cug) site are required and these effects predominate at low
oxygen consumption rates and high pO,. We describe a complete kinetic model of NO
inhibition of cytochrome oxidase which, given the cellular NO, O, and oxygen
consumption rates, describes not only the expected degree of inhibition of the enzyme,
but also the nature of the inhibited state. Surprisingly at low NO concentrations (<50 nM)
the copper interaction is preferred over the haem even at relatively low oxygen tensions

(20 pM). Nitric oxide:copper reactions are therefore crucial in maintaining NO control of

mitochondria throughout the in vivo range of mitochondrial oxygen consumption rates

and oxygen tensions.

1. Brown GC, Cooper CE (1994) Nanomolar concentrations of nitric oxide reversibly inhibit synaptosomal
cytochrome oxidase respiration by competing with oxygen at cytochrome oxidase. FEBS Lett. 356: 295-298.

2. Brookes P, Darley-Usmar VM (2002) Hypothesis: the mitochondrial NO(*) signaling pathway, and the
transduction of nitrosative to oxidative cell signals: an alternative function for cytochrome c oxidase. Free
Radic. Biol. Med. 32: 370-374.

3. Brown GC (1995) Nitric oxide regulates mitochondrial respiration and cell functions by inhibiting cytochrome
oxidase. FEBS Lett. 369: 136-139.

4. Cooper CE, Torres J, Sharpe MA, Wilson MT (1997) Nitric oxide ejects electrons from the binuclear centre of
cytochrome c oxidase by reacting with oxidised copper: a general mechanism for the interaction of copper
proteins with nitric oxide? FEBS Lett. 414: 281-284.

5. Antunes F, Boveris A, Cadenas E (2004) On the mechanism and biology of cytochrome oxidase inhibition by
nitric oxide. Proc. Natl. Acad. Sci. USA 101: 16774-16779.
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_ s 3-02. Differential sensitivity of cytochrome c¢ oxidase and
guanylate cyclase to endogenous nitric oxide at
physiological oxygen concentrations.
F Rodriguez-Juarez, E Aguirre, Susana Cadenas
Fundaciéon Centro Nacional de Investigaciones Cardiovasculares Carlos III
#8\ (CNIC), Melchor Fernandez Almagro 3, 28029 Madrid, Spain. -
scadenas@cnic.es
Nitric oxide (NO) stimulates cGMP production by binding to the haem iron of soluble
guanylate cyclase. NO also binds to the binuclear center of cytochrome c oxidase
reversibly inhibiting mitochondrial oxygen consumption in competition with oxygen [1,2].
Recent work suggests that guanylate cyclase is significantly more sensitive to being
activated by NO than cytochrome c oxidase is to being inhibited at physiological po, [3].
The aim of this study was to determine the sensitivity of both enzymes to endogenously
produced NO at physiological oxygen concentrations (30 pM O,). We used HEK 293 cells
transfected with the inducible isoform of the NO synthase gene under the control of a
tetracycline-inducible promoter. In this system, NO is generated inside the cells at
different levels for extended periods of time. The amount of NO produced was within the
physiopathological range (up to 1.3 uM). NO-stimulated cGMP production was measured
at 30 uM O, in hypoxic chambers, while mitochondrial oxygen consumption was deter-
mined by high-resolution respirometry (OROBOROS Oxygraph-2k). Under physiological
conditions of po,, the NO concentration giving half-maximal activation (ECsp) of guanylate
cyclase was around 3 nM, whereas that required to achieve 50 % inhibition of respiration
(ICso) was determined to be 160 nM from a value of 14 pmol-s*-10° cells for controls.
These data show that, in our system, the ICsy of cytochrome ¢ oxidase is more than 50-
fold higher than the ECs, of soluble guanylate cyclase to endogenous NO, thus confirming
previous studies using NO donors which suggest that the latter enzyme is more sensitive

than mitochondrial respiration to NO at physiological oxygen pressure.

1. Brown GC, Cooper CE (1994) Nanomolar concentrations of nitric oxide reversibly inhibit synaptosomal
cytochrome oxidase respiration by competing with oxygen at cytochrome oxidase. FEBS Lett. 356: 295-298.

2. Cleeter MWJ, Cooper JM, Darley-Usmar VM, Moncada S, Shapira AHV (1994) Reversible inhibition of
cytochrome c oxidase, the terminal enzyme of the mitochondrial respiratory chain, by nitric oxide.
Implications for neurodegenerative diseases. FEBS Lett. 345: 50-54.

3. Bellamy TC, Griffiths C, Garthwaite J (2002) Differential sensitivity of guanylyl cyclase and mitochondrial
respiration to nitric oxide measured using clamped concentrations. J. Biol. Chem. 277: 31801-31807.

3-03. Crosstalk between mitochondria and ER: nitric oxide and
calcium.
Cecilia Giulivi
Dept. Molecular Biosciences, Univ. California, Davis, CA 95161, USA. -
cgiulivi@ucdavis.edu
Studies with isolated mitochondria are performed at artificially high pO>
(220 to 250 pM oxygen), although this condition is hyperoxic for these organelles. It was
the aim of this study to evaluate the effect of hypoxia (20-30 uM) on the calcium-
dependent activation of 2-oxoglutarate dehydrogenase (or 2-ketoglutarate
dehydrogenase; OGDH) and mitochondrial nitric-oxide synthase (mtNOS). Mitochondria
had a P/O value 15% higher in hypoxia than that in normoxia, indicating that oxidative
phosphorylation and electron transfer were more efficiently coupled, whereas the
intramitochondrial free calcium concentrations were higher (2-3-fold) at lower pO3.
These increases were abrogated by ruthenium red indicating that the higher uptake via
the calcium uniporter was involved in this process. Based on the difference on Ky s for
calcium for mtNOS and Krebs cycle (for oxoglutarate dehydrogenase 0.16 uM and
mtNOS ~1 uM), mitochondria can produce nitric oxide at relatively “high calcium”
microdomains. Nitric oxide, by binding to cytochrome oxidase in competition with
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oxygen, decreases the rate of oxygen consumption. This condition is highly beneficial for
the following reasons: i, these mitochondria are still able to produce ATP and support
calcium clearance; ii, it prevents the accumulation of ROS by slowing the rate of oxygen
consumption (hence ROS production); iii, the onset of anoxia is delayed, allowing oxygen
to diffuse back to these sites, thereby ameliorating the oxygen gradient between regions
of high and low calcium concentration. In this way, oxygen depletion at the latter sites is
prevented. This, in turn, assures continued aerobic metabolism by activating the calcium-
dependent dehydrogenases.

3-04. Agonist induced mitochondrial ATP production critically
depends on the trans-mitochondrial Ca?* flow rate.
Roland Malli!, M Frieden?, M Trenker!, WF Graier!
IDept. Molecular Biology Biochemistry, Ctr. Molecular Medicine, Medical Univ.
Graz, A-8010 Graz, Austria; “Dept. Cell Physiology Metabolism, Univ. Geneva, Medical
Center, 1211 Geneva 4, Switzerland. - roland.malli@meduni-graz.at
Cell stimulation with an IP; generating agonist rapidly evokes increases in cytosolic
free Ca®* ([Ca’*]ytw) Which are partially transferred into the lumen of mitochondria in
many different cell types. Recent studies have suggested that such an elevation of the
mitochondrial Ca®* concentration ([Ca**]miw) is crucial to stimulate mitochondrial
oxidative phosphorylation. Supposable targets regulated by [Ca®*]mi are intra-
mitochondrial dehydrogenases and metabolite carriers in the mitochondrial inner
membrane. Eventually, Ca®* triggered enhancement of these activities leads to increased
levels of adenosinetriphospate (ATP) [1]. Ca?' induced mitochondrial ATP production
requires first of all sufficient Ca®* uptake into mitochondria, which is ensured by the
negative membrane potential across the mitochondrial inner membrane of energized
mitochondria and a positioning of mitochondrial Ca®* uptake channel(s) close to sites of
Ca’* release and Ca’* entry. Recent studies have suggested that mitochondrial uptake of
entering Ca®* is essential to maintain Ca®* inhibited capacitaive Ca®* entry (CCE) [2].
Thus, most of the Ca®* that enters the cell is immediately taken up by subplasmalemmal
energized mitochondria. However, the contribution of CCE to the activation of
mitochondrial ATP production is not known. Surprisingly, it has been found that upon cell
stimulation with an IP; generating agonist, [Ca*"]mi, increases transiently despite a
sustained elevation of [Ca“]cyto. Recently we showed that in endothelial cells the
transient nature of [Ca’*]mit elevation crucially depends on the activity of the
mitochondrial Na*/Ca?*-exchanger (NCXmi), extracellular Na* and the activity of sarco-
endoplasmic reticulum Ca?* ATP-ase (SERCA) [3]. Utilizing mitochondrial targeted firefly
luciferase (Luc-mt) as a reliable sensor of changes in ATP levels, the described
mitochondrial Ca®* cycling could be compared to that of mitochondrial ATP production
upon cell stimulation with an IP; generating agonist. Agonist induced mitochondrial
oxidative phosphorylation crucially depended on the presence of extracellular Ca* , while
just IP; mediated transfer of Ca?* from the ER to mitochondria was insufficient to
stimulate mitochondrial ATP biosynthesis. Surprisingly, if the mitochondrial Ca®* signal
was prolonged by either removal of extra-cellular Na* or by an inhibition of NCXnito With
CGP 37157, mitochondrial ATP production in response to the agonist was diminished. In
line with these findings, SERCA inhibition during cell stimulation, which also impairs
mitochondrial Ca%* extrusion, abolished the agonist induced increase of mitochondrial
ATP, too. These findings demonstrate that the agonist induced mitochondrial ATP
biosynthesis is impaired if mitochondria are forced to elevate [Ca*]mi, during stimulation
with an IP; generating agonist, indicating that mitochondrial Ca®* clearance contributes
to agonist induced mitochondrial ATP production. Therefore it is tempting to speculate,
that mitochondrial ATP production rather benefits from the mitochondrial Ca** turnover
than from sustained mitochondrial Ca®* accumulation upon cell stimulation.
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1. Gunter TE, Yule DI, Gunter KK, Eliseev RA, Salter JD (2004) Calcium and mitochondria. FEBS Lett. 567: 96-
102.

2. Parekh AB, Putney JW Jr (2005) Store-operated calcium channels. Physiol. Rev. 85: 757-810.

3. Malli R, Frieden M, Osibow K, Zoratti C, Mayer M, Demaurex N, Graier WF (2003) Sustained Ca®* transfer
across mitochondria is essential for mitochondrial Ca®* buffering, store-operated Ca?* entry, and Ca?' store
refilling. J. Biol. Chem. 278: 44769-44779.

3-05. Molecular structure of the contact sites formed between mitochondria
and ER. Evidence for the PTP role in mitochondrial Ca?* uptake.
Mariusz R Wieckowski'?, G Szabadkay?, P Pinton?, J Duszynski?, R Rizzuto?!
IDept. Experimental Diagnostic Medicine, Sec. General Pathology, Telethon Ctr. Cell
Imaging (TCCI) Interdisciplinary Ctr. Study Inflammation (ICSI), Univ. Ferrara, 1I-44100
Ferrara, Italy; ’Dept. Cellular Biochemistry, Nencki Inst. Experimental Biology, Polish
Acad. Sci., 02-093 Warsaw, Poland. - wiecek@nencki.gov.pl

The contacts between mitochondria and endoplasmic reticulum (ER) play an important
function in cell metabolism - they secure a direct calcium transmission from ER to the
mitochondria. Upon opening of the inositol 1,4,5-triphosphate (IP3)-gated channels of
the ER, the mitochondrial surface becomes exposed to a higher concentration of Ca?*
than that in the bulk cytosol. This enables the uptake of calcium by mitochondria via low
affinity calcium uniporter [1]. In this study we tried to find answers to the following three
questions: How do the contacts between mitochondria and the ER look like? Is the
mitochondrial permeability transition pore (PTP) located in the proximity of these
contacts? Is PTP the main target for calcium originating from the ER during stimulation of
the cell.

For this purpose we studied protein components of mitochondria-associated
membranes (MAM fraction) which can be a "junction bridge" between ER and
mitochondria. Then, we investigated the roles of the voltage-dependent anion channel
(VDAC) of the outer mitochondrial membrane and of the adenine nucleotide translocase
(ANT), components of the PTP, in modulating mitochondrial calcium response. We
overexpressed VDAC and three isoforms of ANT (ANT-1, ANT-2, ANT-3) in HelLa cells and
analyzed calcium homeostasis, mitochondrial membrane potential and structure of
mitochondria and the endoplasmic reticulum (ER). In our a paper [2] we have proposed
that VDAC is a key determinant of Ca®* permeability at ER-mitochondria contacts and is
thus responsible for exposing calcium uniporter of the inner mitochondrial membrane to
the large [Ca®*] gradients needed for rapidly accumulating Ca®* in mitochondria upon cell
stimulation. Based on this and on our recent results, we propose that VDAC increases
calcium permeability of the ER-mitochondria contact sites. On the other hand, we
observe large, cyclosporin A sensitive, reduction of mitochondrial calcium uptake in ANT-
1 and ANT-3 transfected cells. The cytosolic calcium response after agonist stimulation is
as in control cells. Moreover, overexpression of ANT-1 and ANT-3 (but not ANT-2)
induces mitochondrial fragmentation. This and other our results could clarify the role of a
larger complex including VDAC, ANT, cyclophilin D, the peripheral benzodiazepine
receptor and members of the Bcl-2 family in the interaction between mitochondria and
ER, and the possibility that some of these proteins are a part of the molecular machinery

docking mitochondria to Ca®* stores.

1. Rizzuto R, Pinton P, Carrington W, Fay FS, Fogarty KE, Lifshitz LM, Tuft RA, Pozzan T (1998) Close contacts
with the endoplasmic reticulum as determinants of mitochondrial Ca®* responses. Science 280: 1763-1766.

2. Rapizzi E, Pinton P, Szabadkai G, Wieckowski MR, Vandecasteele G, Baird G, Tuft RA, Fogarty KE Rizzuto R
(2002) Recombinant expression of the voltage-dependent anion channel enhances the transfer of Ca?*
microdomains to mitochondria. J. Cell Biol. 159: 613-624.
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3-06. Calcium activation of the malate-aspartate shuttle in tissues
expressing distinct isoforms of the mitochondrial aspartate-glutamate
carrier.

Laura Contreras!, B Pardo!, T Saheki?, J Satrustegui'

IDept. Biologia Molecular, CBMSO, Univ. Auténoma de Madrid-C.S.I1.C. 28049 Madrid,

Spain; “Dept. Molecular Metabolism Biochem. Genetics, Kagoshima Univ., Graduate Sch.

Med. Dental Sci., Kagoshima 890-8544, Japan. - [contreras@cbm.uam.es

Aralar and citrin are the human isoforms of the aspartate-glutamate carrier (AGC)
involved in the NADH Malate-Aspartate shuttle (MAS) for the transfer of reducing
equivalents from citosol to mitochondria [1-4]. Aralar and citrin have several EF-hands
motifs in a long amino terminal extension that faces the intermembrane space. We have
tested a possible role for extra mitochondrial calcium in activation of MAS, as the step
catalyzed by the AGC is the only one irreversible of that pathway. To this end, we have
measured the calcium sensitivity of the shuttle reconstituted in isolated mitochondria, in
the presence of ruthenium red to inhibit the calcium uniporter. Aralar and citrin have
different expression patterns [5], and we have studied the kinetics of calcium activation
in tissues with only one isoform. Mitochondria of tissues which express only aralar
(namely brain and muscle) exhibit a calcium activation of MAS of 3 fold, with an Sy 5 of
about 340-230 nM, whereas in liver, where only citrin is present, the increase of activity
due to calcium was lower (1.5-fold) with a Sg5 of 100-140 nM. In the heart, where both
isoforms are coexpressed, calcium activation is also observed (S¢s 230 nM, 3.5-fold
activation), and appears to be due to aralar since it disappears completely in Aralar-
deficient mice.

So far, calcium signalling in mitochondria is believed to take place mainly through
calcium uptake in mitochondria across the calcium uniporter (CU), followed by activation
of three dehydrogenases (pyruvate, isocitrate and a-ketoglutarate) of the mitochondrial
matrix that results in an increased production of mitochondrial NADH. Calcium uptake
through CU requires relatively high calcium concentrations [6], higher than those
activating MAS. In conclusion, MAS is activated by calcium concentrations smaller than
those activating the CU-mitochondrial dehydrogenase pathway, specially through aralar
as AGC. Therefore, it is an adequate mechanism to transduce small citosolic calcium
signals to the mitochondria. On the other hand, the very low Sps for calcium in liver
mitochondria in which citrin is the only AGC suggests that MAS would be constitutively

activated at the normal resting [Ca®*]..

1. del Arco A, Satrustegui J (1998) Molecular cloning of Aralar, a new member of the mitochondrial carrier
superfamily that binds calcium and is present in human muscle and brain. J. Biol. Chem. 273:23327-
23334.

2. Kobayashi K, Sinasa DS, lijima M, Boright AP, Begum L, Lee JR, Yasuda T, Ikeda S, Hirano R, Terazono H,
Crackower MA, Kondo I, Tsui LC, Scherer SW, Saheki T (1999) The gene mutated in adult-onset type II
citrullinaemia encodes a putative mitochondrial carrier protein. Nat. Genet. 22: 159-163.

3. del Arco A, Agudo M., Satrustegui J (2000) Characterization of a second member of the subfamily of
calcium-binding mitochondrial carriers expressed in human non-excitable tissues. Biochem. J. 345: 725-
732.

4. Palmieri L, Pardo B, Lasorsa FM, del Arco A, Kobayashi K, Iijima M, Runswick MJ], Walker JE, Saheki T,
SatrGstegui ] (2001) Citrin and aralarl are Ca?'-stimulated aspartate/glutamate transporters in
mitochondria. EMBO J. 20: 5060-5069.

5. del Arco A, Morcillo J., Martinez-Morales JR, Galidan C, Martos V, Bovolenta P, Satrustegui ] (2002)
Expression of the aspartate/glutamate mitochondrial carriers aralarl and citrin during development and in
adult rat tissues. Eur. J. Biochem. 269: 3313-3320.

6. Gunter TE, Yule DI, Gunter KK, Eliseev RA, Salter JD (2004) Calcium and mitochondria FEBS Lett. 567: 96-
102.

Mitochondrial Physiology — MiP2005 www.mitophyisology.org



Wm;mrs_luiﬂﬂlj
““oMIP 38

3-07. Subplasmalemmal mitochondria modulate the activity of plasma
membrane Ca?* extrusion machinery.
Maud Frieden?, S Arnaudeau?, C Castelbou!, N Demaurex?

IDept. Cellular Physiology Metabolism; 2Bioimaging Core Facility, Univ. Geneva Medical
Center, 1211 Geneva 4, Switzerland. - maud.frieden@medecine.unige.ch

Mitochondria actively participate to the cellular calcium homeostasis and modulate the
pattern of agonist-induced calcium signals by their ability to sequester and release
calcium. In particular during agonist stimulation, the Ca®* released from the ER is taken
up by mitochondria and subsequently returned back to the ER, thus preventing its
depletion [1]. As well, the Ca®* that enters the cell transit through mitochondria toward
the ER, short-circuiting the cytosol [2]. The calcium fluxes between mitochondria and the
plasma membrane or the ER are difficult to study because, in most mammalian cells,
mitochondria assemble into a dynamic network constantly remodeled by fusion and
fission reactions. To study this dynamic Ca®* connexion, we overexpressed a protein of
the mitochondrial fission machinery, hFisl, and measured Ca®* within organelles with
GFP-based Ca?* sensors. hFisl overexpression induces a rapid fragmentation of
mitochondria which then cluster around the nucleus, leaving subplasmalemmal ER
regions devoid of mitochondria. We previously showed that this remodeling did not
impair the ability of mitochondria to accumulate the calcium released from the ER in
HeLa cells [3]. The cytosolic Ca®* signals elicited by histamine were unaltered as long as
Ca®* was present in the extracellular medium, but were significantly blunted when Ca®*
was removed from the medium. Upon Ca?* withdrawal, the free ER Ca®* concentration,
[Ca’*]er, decreased rapidly and cells with fragmented mitochondria were unable to
respond to repetitive stimulations. The loss of stored Ca’* was due to an increased
activity of the extrusion machinery (Ca®*-ATPase and/or Na*/Ca®* exchanger) and was
associated with an increased influx of Ca** and Mn?* across Ca’* entry channels. The
increased Ca®* influx compensated the loss of stored Ca?*, and brief Ca®* additions
between successive agonist stimulations fully corrected subsequent histamine responses.
We proposed that the lack of subplasmalemmal mitochondria disrupts the transfer of
Ca’* from plasma membrane channels to the ER, and that the resulting increase in

subplasmalemmal [Ca®*] enhances Ca?* extrusion mechanisms.

1. Arnaudeau S, Frieden M, Nakamura K, Castelbou C, Michalak M, Demaurex N (2003) Calreticulin
differentially modulates calcium uptake and release in the endoplasmic reticulum and mitochondria. J. Biol.
Chem. 48: 46696-46705.

2. Malli R, Frieden M, Osibow K, Zoratti C, Mayer M, Demaurex N, Graier WF (2003) Sustained Ca®' transfer
across mitochondria is essential for mitochondrial Ca®* buffering, store-operated Ca?* entry, and Ca?' store
refilling. J. Biol. Chem. 278: 44769-44779.

3. Frieden M, James D, Castelbou C, Danckaert A, Martinou J-C, Demaurex N (2004) Calcium homeostasis
during mitochondrial fragmentation and perinuclear clustering induced by hFisl. J. Biol. Chem. 279: 22704~
22714.

3-08. Mitochondrial ATP regulation at fertilization.
Hideki Igarashi,! T Takahashi,! H Kurachi,! E Takahashi?

IDept. Obstetrics Gynecology; “Dept. Physiology, Yamagata Univ. Sch. Medicine,
Yamagata 990-9585, Japan. - igarashi@med.id.yamagata-u.ac.jp

In mammalian oocytes, attachment of the sperm to the oocyte induces drastic
changes in intracellular Ca®* concentration ([Ca®*];) consisting of a single relatively long
lasting (~5 min) rise in [Ca’*]; followed by short repetitive transients of [Ca®*]; lasting
several hours. These changes in [Ca®*]; at fertilization are called Ca®* oscillations and
appear to be a prerequisite for the normal development of embryos. Delayed fertilization
(postovulatory aging) of oocytes significantly affects both embryonic development and
Ca’* oscillations [1,2]. Because Ca®* oscillations depend on Ca?* release and reuptake in
the endoplasmic reticulum (ER) and the latter relies upon ATP availability in the ER, we
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undertook the present study to address the role of intracellular ATP regulation at
fertilization in the delayed fertilized mouse oocyte. Measurement of [Ca®*]; was conducted
using fluorescent dye fura-PE3 while intracellular ATP concentration ([ATP];) was
continuously assessed in single oocytes from changes in intracellular free Mg?*
concentration measured by Mg?* sensitive dye magnesium green (MgG). At fertilization,
MgG fluorescence was transiently increased concomitant with the first transient elevation
of [Ca®*]; indicating a relative decrease in [ATP].. In the fresh oocyte (oocytes recovered
from the oviduct 12.5 hrs after hCG injection), it was quickly followed by a significant
decrease below the baseline indicating a relative increase in [ATP];. In contrast, in the
aged oocytes (oocytes recovered from the oviduct 18.5 hrs after hCG injection), such a
decrease in MgG fluorescence was not observed. In the separate experiment, ATP
content in the fresh and aged oocytes was determined in vitro by the luciferin-luciferase
assay. Intracellular ATP contents measured in vitro were comparable in the unfertilized
fresh and aged oocytes. Intracellular ATP content at 5 hrs after fertilization was increased
in the both oocytes, where the fresh oocyte showed a significantly higher value than the
aged oocyte. From these results, we conclude that fertilization shifts the set point of
intracellular ATP regulation in the fresh oocyte so that abrupt increases in ATP utilizations
at fertilization are effectively buffered. In contrast, the aged mouse oocytes failed to
readjust the level of intracellular ATP at fertilization. Relative deficiencies of ATP at
fertilization may lead to the altered Ca’* oscillations pattern and poor developmental

potency commonly noted in the aged oocyte [3].

1. Igarashi H, Takahashi E, Hiroi M, Doi K (1997) Aging-related changes in calcium oscillations in fertilized
mouse oocytes. Mol. Reprod. Dev. 48: 383-390.

2. Takahashi T, Saito H, Hiroi M, Doi K, Takahashi E (2000) Effects of aging on inositol 1,4,5-triphosphate-
induced Ca?* release in unfertilized mouse oocytes. Mol. Reprod. Dev. 55: 299-306.

3. Igarashi H, Takahashi T, Takahashi E, Tezuka N, Nakahara K, Takahashi K, Kurachi H (2005) Aged mouse
oocytes fail to readjust intracellular adenosine triphosphates at fertilization. Biol. Reprod. 72: 1256-1261.

3-09. Mitochondrial nitrogen radical synthesis by a NOS-independent

mechanism.

Zsombor Lacza'?, E Pankotai?, A Csordas?, G Wolf?, M Kollai?, C Szab4?, DW

Busija!, TFW Horn?
IDept. Physiology/Pharmacology, Wake Forest Univ. Sch. Medicine, Winston-Salem, NC
27157, USA; “Inst. Human Physiology Clinical Experimental Research, Semmelweis Univ.,
1082 Budapest, Hungary; ’Inst. Medical Neurobiology, Otto-von-Guericke Univ., D-39120
Magdeburg, Germany. - zlacza@mac.com

Mitochondria are suspected to produce nitric oxide (NO) and reactive nitrogen species

(RNS), which regulate the action of the respiratory chain. However, the existence of a
distinct mitochondrial NO synthase enzyme (mtNOS) is debated and the mechanism by
which mitochondria produce RNS is unclear [1]. We hypothesized that not mtNOS, but
the respiratory chain enzymes are responsible for RNS production. Diaminofluorescein
(DAF) was applied for the assessment of RNS production in isolated mouse brain, heart,
and liver mitochondria and also in a cultured neuroblastoma cell line. Fluorescence was
detected by confocal microscopy and flow cytometry. Respiring mitochondria produced
reactive nitrogen species, which were inhibited by catalysts of peroxynitrite
decomposition. Mitochondria from different regions had varying morphology, but their
DAF fluorescence was similar. Withdrawal of arginine and calcium or the application of
nitric oxide synthase inhibitors failed to decrease DAF fluorescence. In contrast,
disrupting the integrity of the organelles or withdrawing respiratory substrates markedly
reduced RNS production. Inhibition of Complex I abolished the DAF signal, which was
restored in the presence of Complex II substrates. Inhibition of the respiratory complexes
downstream from the ubiquinone cycle or even dissipating the proton gradient had no
effect on DAF fluorescence indicating that the redox state of ubiquinone significantly
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affects the reaction. We conclude that mitochondria from brain, heart and liver are
capable of significant RNS production via the respiratory chain rather than through an

arginine-dependent mitochondrial nitric oxide synthase.

1. Lacza Z, Pankotai E, Csordas A, Ger6 D, Kiss L, Horvath EM, Kollai M, Busija DW, Szabé C (2005)
Mitochondrial NO and reactive nitrogen species production: does mtNOS exist? (2005) Nitric Oxide - Biology
and Chemistry (in press).

3-10. Minocycline does not inhibit calcium-induced mitochondrial
permeability transition.
Roland Mansson'?, MJ Hansson?, E Elmér!
Ilab. Experimental Brain Research, Lund Univ., Lund; *Dept. Neurology, Malmo Univ.
Hospital, Malmo, Sweden. — roland.mansson@med.lu.se

Minocycline, a semisynthetic tetracycline, has been shown to be neuroprotective in
certain models of ischemic and neurodegenerative disease and has potential for clinical
use. It has recently been suggested that minocycline acts through direct inhibition of
calcium-induced mitochondrial permeability transition (mPT) [1,2]. One striking feature
of the key studies performed on isolated brain (and liver) mitochondria is the
extraordinarily high concentration/dose of minocycline needed to prevent the
mitochondrial release of proteins following various triggering events (e.g. calcium, tBID
and oxidants) as compared with experiments utilizing cell culture systems. These findings
have likely triggered the tendency to use higher and higher doses of minocycline in
animal models, e.g. 180 mg/kg i.p. in a recent study on spinal cord injury [3].

In the present study we revisited the conclusion that minocycline directly prevents the
induction of mMPT and release of pro-apoptotic proteins in brain-derived rodent
mitochondria. The objectives were to investigate the effect of a wide concentration/dose
range of minocycline on calcium-induced mPT under both energized and de-energized
conditions, calcium and tBID-induced release of cytochrome c as well as evaluate the
effect of minocycline on normal mitochondrial respiratory function and calcium transport.

We demonstrate that minocycline at high concentrations interfere with mitochondrial
respiration and calcium transport. Minocycline at relevant concentrations does not inhibit
permeability transition or cytochrome c release following a calcium insult when
mitochondria are respiring on malate and glutamate. These results were confirmed in a
de-energized model where induction of mPT is independent of mitochondrial respiratory
capacity, thereby allowing a very wide range of minocycline concentrations to be tested
(up to 250 uM, 10 pmol/mg mitochondrial protein).

We conclude that minocycline does not inhibit mitochondrial permeability transition.
Minocycline may prove to be a beneficial neuroprotective agent but its mechanisms of
action are still open for discussion and care must be taken to choose relevant doses in

animal experiments that can be translated to safe human clinical use.

1. Zhu S, Stavrovskaya IG, Drozda M, Kim BY, Ona V, Li M, Sarang S, Liu AS, Hartley DM, Wu du C, Gullans S,
Ferrante RJ, Przedborski S, Kristal BS, Friedlander RM (2002) Minocycline inhibits cytochrome c release and
delays progression of amyotrophic lateral sclerosis in mice. Nature 417: 74-78.

2. Wang X, Zhu S, Drozda M, Zhang W, Stavrovskaya IG, Cattaneo E, Ferrante RJ, Kristal BS, Friedlander RM
(2003) Minocycline inhibits caspase-independent and -dependent mitochondrial cell death pathways in
models of Huntington's disease. Proc. Natl. Acad. Sci. USA 100: 10483-10487.

3. Teng YD, Choi H, Onario RC, Zhu S, Desilets FC, Lan S, Woodard EJ, Snyder EY, Eichler ME, Friedlander RM
(2004) Minocycline inhibits contusion-triggered mitochondrial cytochrome c release and mitigates functional
deficits after spinal cord injury. Proc. Natl. Acad. Sci. USA 101: 3071-3076.
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3-11. The ER Ca?’*-pumps and the mitochondrial Na*/Ca’*-exchange

function in a close relationship of interdependency.

Michael Trenker!, M Weiermair!, M Frieden?, R Malli!, WF Graier!
IDept. Molecular Biology Biochemistry, Ctr. Molecular Medicine, Medical Univ. Graz, A-
8010 Graz, Austria; ?Dept. Cell Physiology Metabolism, Univ. Geneva, Medical Center,
1211 Geneva 4, Switzerland. - michael.trenker@meduni-graz.at

Intracellular Ca®* controls a remarkable number of signalling pathways within cells.

The question is how signalling specificity is maintained with the use of such a
promiscuous messenger. In many cells spatial and temporal Ca®' gradients are
dynamically generated and thought to play crucial roles in achieving signalling specificity
[1]. Growing evidence suggests that local Ca’* communication between the endoplasmic
reticulum (ER) and mitochondria is of utmost importance for the formation, maintenance
and control of specific local Ca?* microdomains within a cell. However, the molecular
mechanisms of Ca’* signal transmission between these organelles are only fractionally
decoded and thus still subject of acute research [2]. Recently we showed that
mitochondria deliver extra-
cellular Ca®* towards the ER Ca®*
pumps (SERCAs) during cell .
stimulation ~ with an  IPs- L

generating agonist [3]. Thereby 2 1’
mitochondria seem to imbibe , '

Ca’* close to Ca®* entry channels t > - 1
at the plasma membrane and e d
subsequently release the -
absorbed Ca’t via the
mitochondrial Na*/Ca®*-
exchanger (NCXpmio). Inhibition
of NCXmito using the
benzothiazepin derivate CGP
37157 prevented complete Ca®*
refilling of the ER during cell
stimulation. In addition, SERCA
inhibition during cell stimulation
with an IPs-generating agonist
increased mitochondrial Ca®* 2z-distance 30.6 um z-distancel: 0.9 ym

concentration  ([Ca**]mw) at Images were taken using an array confocal laser
once. This effect was clearly scanning microscope (ACLSM). Endothelial cells
attenuated by NCXio inhibition (Ea.hy926) expressing YC4-ER and mtDsRed
indicating that the mitochondrial  (Mitochondria in red, ER in green) were analysed.

Ca®* elevation upon SERCA The orange colour indicates possible contact sites
inhibition is accomplished by the between both organelles. For the colour picture, see

NCXmito working in reversed www.mitophysiology.org.

mode. In addition this result implicates that the ER Ca®' pumps function in a close
relationship of interdependency to the NCX,,iro. Thus it is tempting to speculate, that both
Ca’* transporters located at different organelles are also physically linked (see figure) at
least during cell stimulation. Such a coupling of these proteins might be accomplished by
yet unknown scaffolding-, anchoring- or adaptor-proteins and may explain the observed

functional interdependency.

1. Berridge MJ, Lipp P, Bootman MD (2000) The versatility and universality of calcium signalling. Nat. Rev. Mol.
Cell Biol. 1: 11-21.

2. Rizzuto R, Duchen MR, Pozzan T (2004) Flirting in little space: the ER/mitochondria Ca?" liaison. Sci. STKE
215: rel.

3. Malli R, Frieden M, Trenker M, Graier WF (2005). The role of mitochondria for Ca?' refilling of the
endoplasmic reticulum. J. Biol. Chem. 280: 12114-12122.
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3-12. Mitochondrial abnormalities in a PC12 cell model of
Alzheimer’s disease.
Kathrin L Schulz!, U Keil!, A Bonert!, WE Miiller!, A Eckert?
Inst. Pharmacology, Dept. Pharmaceutical Science, ZAFES Member, Univ.
Frankfurt, Germany; Z?Neurobiology Laboratory, Univ. Psychiatric
Hospitals, Basel, Switzerland. - KathrinSchulz@gmx.net

M|tochondr|al dysfunction plays an important role in the pathogenesis of Alzheimer’s
Disease (AD) and other neurodegenerative disorders. The histopathological hallmarks of
AD are extracellular senile plaques, consisting mainly of amyloid beta (AB) peptide, and
intracellular neurofibrillary tangles (NFT), consisting of hyperphosphorylated tau protein.
Other characteristics are oxidative stress, diminished brain metabolism, reduced synaptic
density, chronic inflammation and neuronal loss in selected brain regions. Today it is still
unknown, whether intracellular or extracellular AB is responsible for the oxidative stress-
induced neurotoxic effects on mitochondria [1]. It also might be possible that an altered
distribution of APP in subcellular compartments plays a crucial role for enhanced
oxidative stress in the AD brain.

We investigated the chronic effects of the Swedish double mutation in the beta
amyloid precursor protein (APP) (APPsw) and human wildtype APP (APPwt) on
mitochondrial function and acute effects of supplementary stress (AB;.4;, ER and
oxidative stress) on mitochondrial calcium ([Ca®*].) and mitochondrial membrane
potential (Awn) in PC12 cells. We determined the APP expression, AB production and
secretion into the extracellular compartment under basal conditions. APPwt and APPsw
PC12 cells express the same amount of APP, but AB production and secretion is 3-5 fold
increased in APPsw PC12 cells due to the mutation [2]. Then, we investigated the chronic
effects of APP and AB on mitochondria and found no differences on basal [Ca’*].. But the
APPsw cells exhibit a significant reduced Ay,, compared to wt and vector PC12 cells. We
also found reduced ATP levels and reduced cytochrome c oxidase activity. Acute
stimulation with secondary insults showed only small effects on [Ca’*]., but distinct
changes in Ay, especially on APPsw cells. Only stimulation with Thapsigargin led to a
significant enhanced calcium uptake into the mitochondria in APPsw cells. Our findings
support the hypothesis that APP or AB might affect the mitochondrial calcium
homeostasis and energy metabolism in a way, which enhanced the vulnerability of the

cells for oxidative stress and other secondary insults during AD.

1. Eckert A, Keil U, Marques CA, Bonert A, Frey C, Schussel K, Muller WE (2003) Mitochondrial dysfunction,
apoptotic cell death, and Alzheimer's disease, Biochem. Pharmacol. 66: 1627-1634.

2. Marques CA, Keil U, Bonert A, Steiner B, Haass C, Muller WE, Eckert A (2003) Neurotoxic mechanisms
caused by the Alzheimer's disease-linked Swedish amyloid precursor protein mutation: oxidative stress,
caspases, and the JNK pathway. J. Biol. Chem. 278: 28294-28302.

3-13. Selenium modifies calcium homeostasis in cells undergoing metabolic
and genetic mitochondrial stress.
Joanna Szczepanowska, K Zablocki, A Czyz, J Duszynski

Nencki Inst. Exp. Biology, PL-02-093-Warsaw, Poland. - j.szczepanowska@nencki.gov.pl

Calcium signalling plays an important role in various physiological and pathological
processes. Mitochondria could transiently accumulate an appreciable amount of calcium
and thereby affect cellular calcium homeostasis [1,2]. Many mitochondrial diseases can
modify cellular Ca®* fluxes.

We have studied intracellular calcium signals in following osteosarcoma cell lines: 1.
wild type, 2. depleted of mtDNA (Rho0), 3. 98 % heteroplasmy NARP mutant, 4. wild
type starved. We measured basal and activated cytosolic calcium levels, an organization
of mitochondria within the cell, the mitochondrial membrane potential, and ATP content
of the cell.
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We have found that in RhoO cells mitochondrial stress causes disruption of
mitochondrial filaments, decrease of mitochondrial membrane potential and increase in
basal cytosolic calcium concentration. In starved cells we have observed reduced
responses to thapsigargin, SARCA inhibitor. It seems that in these cells ROS production
was also altered.

Oxidative stress and imbalance between free radical generation and detoxification may
play a pivotal role in the pathogenesis of many mitochondrial diseases. Mitochondrial
produced superoxide is a major cause of cellular oxidative damage. Therefore, we have
investigated how selenium, a potent antioxidant, influences the osteosarcoma cells under
genetic and metabolic stress conditions. Moreover, selenium is an essential component of
several enzymes and has been linked to regulatory functions in cell growth, cytotoxicity,
and transformation possibly involving redox regulation. We have investigated effects of
selenium on calcium signaling in thapsigargin and CCCP treated cells. We have found that
selenium reduces calcium release from intracellular stores but causes higher basal

cytosolic Ca®*. These effects were highly dependent on selenium concentration.

1. Szczepanowska J, Zablocki K, Duszynski J (2004) Influence of a mitochondria genetic defect on capacitative
calcium entry and mitochondria organisation in the osteosarcoma cells. FEBS Lett. 578: 316-322.

2. Zablocki K, Szczepanowska ], Duszynski ] (2005) Extracellular pH modifies mitochondria control of
capacitative calcium entry In Jurkat cells. J. Biol. Chem. 280: 3516-3521.

3-14A. Effects of Amyloid beta peptides on mitochondrial function in glial

cells in culture: mitochondria as targets of calcium and oxidative

stress.

Michael R Duchen, L Canevari, AY Abramov
Dept. Physiology, Univ. College London, London WC1E 6BT, UK. - m.duchen@ucl.ac.uk

Amyloid beta (AB) peptides accumulate in the CNS in Alzheimer’s Disease. We have

used digital fluorescence imaging techniques to examine the effects of AR peptides in
mixed cultures of neurons and astrocytes from rat or mouse hippocampus. The AB
caused sporadic increases in intracellular calcium concentration in astrocytes while
neurons remained quiescent [1]. Ap also increased the rate of generation of free radical
species in astrocytes but not neurons [2]. The increase in ROS generation was
attributable to the calcium dependent activation of an NADPH oxidase expressed in the
astrocytes. Western blots and immunofluorescence studies showed that the astrocytes
express gp91 P, p67 P and p40P", the membrane and soluble subunits of the
phagocytic NADPH oxidase. We also found that mitochondria undergo complex
depolarisations in the astrocytes in response to the ROS generation by the oxidase. This
raises the more general question concerning the consequences of ROS generation for the
mitochondria of cells that generate large amounts of ROS ‘professionally’. In the
astrocytes, AP peptides caused a slowly progressive dissipation of mitochondrial
potential. This was dependent on ROS generation by the oxidase - it was blocked by
antioxidants, by inhibitors of the oxidase (apocynin, DPI, AEBSF) and was absent in cells
cultured from gp91 P" knockout transgenic mice [3]. The loss of potential was also
prevented or reversed by the addition of additional mitochondrial substrates to all
complexes of the chain - by glutamate, methyl succinate or pyruvate, strongly
suggesting that the depolarisation must be due to impaired mitochondrial substrate
supply. Superimposed on the slow progressive loss of potential were abrupt transient
depolarisations. These could be very large, lasting 10s of seconds or even a few minutes.
Most such events were fully reversible, although some led to cell death and lysis.
Simultaneous measurements of mitochondrial potential and intracellular calcium showed
that these events invariably accompanied a calcium transient and they were abolished in
the absence of calcium. They were also abolished by antioxidants, by inhibitors of the
NADPH oxidase, in cells from the gp91P" knockout mice, and by cyclosporin A, none of
which altered the calcium signal. Therefore, the oxidant stress generated by activation of
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the oxidase sensitises mitochondria to calcium signals causing openings of the

mitochondrial permeability transition pore which may be transient and reversible.

1. Abramov AY, Canevari L, Duchen MR. (2003) Changes in intracellular calcium and glutathione in astrocytes
as the primary mechanism of amyloid neurotoxicity. J. Neurosci. 23: 5088-5095.

2. Abramov AY, Canevari L, Duchen MR. (2004) beta-amyloid peptides induce mitochondrial dysfunction and
oxidative stress in astrocytes and death of neurons through activation of NADPH oxidase. J. Neurosci.24:
565-575.

3. Abramov AY, Duchen MR (2005) The role of an astrocytic NADPH oxidase in the neurotoxicity of amyloid
beta peptides. Phil. Trans. Roy. Soc. B (in press).
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