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The influence of mitochondrial permeability transition pore (MPTP) opening on reactive oxygen species
(ROS) production in the rat brain mitochondria was studied. It was shown that ROS production is regulated
differently by the rate of oxygen consumption and membrane potential, dependent on steady-state or non-
equilibrium conditions. Under steady-state conditions, at constant rate of Ca®*-cycling and oxygen consumption,
ROS production is potential-dependent and decreases with the inhibition of respiration and mitochondrial
depolarization. The constant rate of ROS release is in accord with proportional dependence of the rate of ROS
Jormation on that of oxygen consumption. On the contrary, transition to non-equilibrium state, due to the release
of cytochrome c from mitochondria and progressive respiration inhibition, results in the loss of proportionality
in the rate of ROS production on the rate of respiration and an exponential rise of ROS production with time,
independent of membrane potential. Independent of steady-state or non-equilibrium conditions, the rate of
ROS formation is controlled by the rate of potential-dependent uptake of Ca’* which is the rate-limiting step in
ROS production. It was shown that MPTP opening differently regulates ROS production, dependent on Ca**
concentration. At low calcium MPTP opening results in the decrease in ROS production because of partial
mitochondrial depolarization, in spite of sustained increase in oxygen consumption rate by a cyclosporine
A-sensitive component due to simultaneous work of Ca’’-uniporter and MPTP as Ca’*-influx and efflux
pathways. The effect of MPTP opening at low Ca’* concentrations is similar to that of Ca’*-ionophore, A-23187.
At high calcium MPTP opening results in the increase of ROS release due to the rapid transition to non-
equilibrium state because of cytochrome c loss and progressive gating of electron flow in respiratory chain. Thus,
under physiological conditions MPTP opening at low intracellular calcium could attenuate oxidative damage and
the impairment of neuronal functions by diminishing ROS formation in mitochondria.
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itochondria are the main consumers of
cellular oxygen and the main produ-

M cents of reactive oxygen species (ROS)

in the cell [1-3]. Under physiological conditions
hydroperoxide (H,0O,) jointly with free-radicals
(superoxide-anion, O,", hydroxyl radical, “OH, and
other highly reactive species) are constantly re-
leased as the products of incomplete, one-electron
reduction of oxygen at the intermediate stages of
several redox-reactions in the electron transport
chain [2].

The most part of ROS production is localized
to complexes I and I1I which comprise several pu-
tative sites of ROS formation [1—3]. Flavins or fla-
vin-binding site, iron-sulfur clusters, ubiquinone-
binding site within complex I, and ubisemiquinone,
Rieske iron-sulfur protein and cytochromes b and
¢, of complex III are considered as main sites of
ROS release [3]. Relative contribution of these sites
to the rate of ROS formation and total ROS pro-
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duction depends to the great extent on the experi-
mental conditions and mitochondrial metabolic
state, and also is tissue-specific [1]. Recent studies
on the topology of ROS formation in mitochon-
dria revealed that ROS, produced at complex I are
released to the matrix, whereas ROS, generated in
complex III of respiratory chain, are released on
both sides of the inner membrane: towards the ma-
trix and towards the intermembrane space from the
inner (Q,) and outer (Q_) ubisemiquinone binding
sites [4].

Primarily ROS are released as superoxide,
O,", which is readily decomposed by matrix super-
oxide dismutase, MnSOD, to form hydroperoxide,
H,0,. Hydroperoxide is relatively stable and thus
long-living, and could easily diffuse from the ma-
trix to cytosol and cellular compartments [2, 4, 5].
Potential danger from hydroperoxide comes from
its decomposition, catalysed in the matrix, as well
as outside the mitochondria, by transition metals,
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primarily most abundant Fe and Cu (which are
known as Fenton and Haber-Weiss reactions), to
form highly reactive and thus short-living toxic hy-
droxyl radical [5]. Thus, in spite of the very short
life-time, ‘OH-radical would release instantly,
sometimes far from the site of H,O, formation,
and strike several cellular targets outside the mi-
tochondria.

Regulatory mechanisms of ROS release in
mitochondria are widely discussed in the literature.
In accord with contemporary views, ROS produc-
tion in these organelles is controlled by the redox-
state (which is the ratio of oxidized to reduced
forms) of the sites which take part in the electron
transport. Thus, since the one-electron reduction
of oxygen requires —160 mV redox-potential, the
reduced state of the sites capable for one-electron
reduction of oxygen within the complexes of res-
piratory chain creates energetically favorable con-
ditions for ROS formation [3]. Also, the relative
concentration ratio of the acceptors to the donors
of electrons as well as the ratio of the rate of ROS
formation to that of ROS removal in the course
of redox-reactions would serve as kinetic control
of the rate and the amount of ROS produced in
mitochondria. Besides, ROS production, especial-
ly under physiological conditions, is attenuated by
several matrix antioxidants, such as MnSOD and
glutathione [3].

The above considerations could be illustrated
by the known facts that mitochondrial hyperpolari-
zation and highly reduced state of the complexes of
respiratory chain [7] as well as inhibition of elec-
tron transfer between the complexes by respiratory
poisons (such as antimycin A), or, for example,
cytochrome ¢ depletion from intermembrane space
and gating the electron flow between complexes
IIT and TV [8,9] lead to the excess in concentra-
tions of electron donors over that of the acceptors.
Relative deficit of electron acceptors results in the
increase in the lifetime of intermediate free-radi-
cal species, which are the source for ROS forma-
tion, and favors the increase in ROS production
[7]. Unlike this, partial membrane depolarization
(it was shown that ~10 mV drop in mitochondrial
membrane potential AY_was sufficient to abolish
ROS overproduction [1,7]) with consequent in-
crease in the concentration of electron acceptors
because of more oxidized state of the complexes
of respiratory chain, and relative matrix acidifica-
tion which directly inhibits superoxide formation
[1,10] are thought to be beneficial for cell survival
and could explain the positive therapeutic effect of
the phenomenon known as “mild uncoupling” in
pathological states.

It is known that excessive ROS formation
could promote the opening of mitochondrial per-

ISSN 0201 — 8470. Ykp. 6ioxim. acypu., 2011, m. 83, Ne 6

meability transition pore (MPTP) which might
further enhance ROS production by way of so-
called “ROS-induced ROS-release” [11] and cause
oxidative damage to brain and other tissues. “Clas-
sical” MPTP opening, which is accompanied by
matrix swelling, the loss of membrane potential
and the impairment of energy metabolism, the
rupture of outer membrane and the release of cyto-
chrome c together with several proapoptotic factors
into cytosol, is a background of many neural disor-
ders and a key event in triggering apoptosis in neu-
ronal cells [12]. Thus MPTP is often considered as
a therapeutical target in fighting several diseases,
and MPTP blockage, for example, was proven to
be effective in the prevention of destructive conse-
quences of brain and myocardial ischemia. Never-
theless, the exact role of MPTP in regulation of
ROS production in mitochondria is not quite clear.
The question becomes even more complicated,
taking into account that MPTP could exist in
several states with different conductance [13], de-
pendent on Ca?' concentration, and the transition
between these states is not well defined. Besides,
there are species- and tissue-specific differences
in the regulatory mechanisms of ROS production
in mitochondria. [1]. The aim of this work was
to study the influence of MPTP opening on ROS
formation in the rat brain mitochondria.

Materials and Methods

Rat brain was homogenized in a medium (1):
320 mM sucrose in 5 mM Tris-HCI buffer (pH 7.4),
1 mM EDTA and centrifuged at 1000 g x 10 min
(4 °C). BSA was added in homogenization buffer
at 1.0 mg/ml. Mitochondria were sedimented by
centrifugation of supernatant at 12 000 g x 20 min
4 °C), suspended in a small volume of the me-
dium (1) without EDTA and BSA and stored on
ice until use. The experiments were carried out
at room temperature in the standard incubation
medium: 320 mM sucrose, | mM KH,PO,, 5 mM
of sodium succinate or glutamate, 5 mM Tris-HCI
buffer (pH 7.4).

The data on ROS formation were obtained
from dichlorofluorescein (DCF) fluorescence.
Mitochondria were loaded for 20 min at 37 °C
with membrane permeable non-fluorescent probe,
dichlorofluorescein dihydroacetate (DCFHDA)
which is known to be decomposed in the matrix
to give dichlorofluorescein upon oxidation by ma-
trix ROS, primarily hydroperoxide and superoxide.
Stock suspension loaded with the probe was stored
on ice. Aliquots of mitochondrial suspension were
sampled in 1 ml of standard incubation medium
in 1 cm cuvette of spectrofluorimeter. DCF was
excited at 504 nm, and the emission was registered
at 525 nm [14].
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Membrane potential was estimated spectro-
photometrically with use of safranine by conven-
tional double-wavelength technique at 510/525 nm
[15]. Safranine was added to incubation medium
at 10 uM.

Oxygen consumption was studied polaro-
graphically, in accord with conventional protocol,
in 1 ml of standard incubation medium in a closed
cell with a platinum electrode at 26 °C.

All reagents were obtained from Sigma. The
data represent mean = S.D. Paired Student’s 7-test
was used for estimation of significance; minimum
accepted level of significance was P < 0.05.

Results and Discussion

After calcium uptake an equilibrium state is
established referred to in the literature as resting
State 2 with constant rate of Ca’"-cycling across
mitochondrial membrane which is supported by
Ca?-influx via Ca’?"-uniporter and Ca?"-efflux
via Ca?*/H*- or Na*/Ca?-excange pathways [16].
The constant rate of Ca?*-cycling corresponds to
that of oxygen consumption in State 2 because of
stoichiometric proportion between the rates of po-
tential-dependent cation uptake and the electron
transport, depending on the site of substrate oxi-
dation in the respiratory chain [16, 17]. With use
of glutamate as oxidation substrate and respiration
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inhibition with rotenone it was shown that un-
der steady-state conditions respiration inhibition
with following membrane depolarization, and the
decrease in the rate of oxygen consumption and
Ca”"-uptake, results in the decrease in the rate of
ROS production, which thus exhibits a depend-
ence on membrane potential (Fig. 1, A). Thus, the
inhibition of complex I by rotenone leads to the
decrease in AY_ as well as the decrease in steady-
state rate of oxygen consumption (Fig. 1, 4, I, 2)
which results in the decrease in the rate of ROS
production (Fig. 1, A4, 3; 1, B, ).

When MPTP is closed under equilibrium
conditions, the steady-state rate of oxygen con-
sumption, J,, = d[O,]/dt = const (Fig. 2, 4, 1), is
accompanied by the steady-state rate of ROS for-
mation (R,), in accord with the constant rate of
DCFHDA oxidation and linear in time increase in
the amount of oxidized fluorescent product, DCF,
in mitochondrial matrix:

[DCF](t) = R, - t + [DCF],,
where [DCF]; is the initial DCF concentration
in the matrix space, (Fig. 2, A4, 2). Independent
of MPTP opening, gradual loss of cytochrome ¢
from intermembrane space [8, 9] leads to the pro-
gressive inhibition of respiration and the devia-
tion from equilibrium state (Fig. 2, B, 2, C, I).
Linear time dependence of the rates of respiration
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Fig. 1. The influence of membrane potential on the rate of ROS formation in the rat brain mitochondria.
A: Dependence of membrane potential (1) and the rates of oxygen consumption (2) and ROS formation (3) on
the concentration of rotenone. B: Dependence of the rate of ROS formation on membrane potential under steady-
state (1) and non-equilibrium (2) conditions. Membrane potential was measured at different concentrations
of rotenone (A, 2; B, 1) and at different times following progressive respiration inhibition (B, 2). Standard
incubation medium: 320 mM sucrose, 1 mM KH,PO, 5 mM of sodium glutamate, 15 uM CaCl,, IuM
cyclosporine A, 5 mM Tris-HCI buffer (pH 7.4). Rotenone was added at concentrations shown on the abscissa
(A). Membrane potential and the rates of oxygen consumption and ROS formation in the absence of rotenone
under steady-state conditions were taken as 100% (A, B). M £ S.D., n = 3. On the abscissa axis: rotenone
concentration, lgfM] (A); membrane potential in percents of maximum (B). On the ordinate axis: % change of
parameters
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Fig. 2. The time dependence of the oxygen consumption and ROS formation in the rat brain mitochondria.
A, B: The time dependence of the oxygen consumption (1) and ROS formation (2) under steady-state (A)
and non-equilibrium (B) conditions. C: The time dependence of the rates of respiration (1), ROS formation
(2) and membrane potential (3). The areas separated by dotted line (C) correspond to steady-state (I) and
non-equilibrium (11) conditions. D: The influence of calcium on ROS production in mitochondria: the rates
of ROS release in the presence of Ca’* (1), in Ca-free medium (2) and after Ca’* removal with EDTA
(3). Incubation medium: 320 mM sucrose, 1 mM KH,PO, 5 mM of sodium succinate, 5 mM Tris-HCI
buffer (pH 7.4), 15 uM CaCl,, 1 uM cyclosporine A, Ca’*-ionophore, A-23187, and EDTA were added at
concentrations 1 uM and 1 mM (D). M£S.D., n =6. Correlation coefficients, R?, for linear approximation (A):
[0,]J() = —15.1t + 194.8 (1) and F,, ., (1) = 7.64t + 1.32 (2) are 0.9992 (1) and 0.9928 (2); for exponential
approximation (B): [0,J(t) = = 112,02e"%"" () and F,, ., (1) = 33.9¢"* (2) are 0.9753 (1) and 0.9793 (2).
On the abscissa axis: time, min. On the ordinate axis: oxygen concentration in the medium in nM (A, B,
left axis), DCF concentration in mitochondria, in arbitrary fluorescence units (A,B, right axis), the rates of
respiration in nmol O,min""mg' and DCF formation, in fluorescence units, F,, .- min' (C,D, left axis);
membrane potential, % (C, right axis)

and ROS formation was restored by the addition
of exogenous cytochrome ¢ (data are not shown).
Under non-equilibrium conditions of progressive
gating the electron flow between the complexes 111
and IV of respiratory chain, respiration inhibition
(Fig. 2, B, C, 1) and membrane depolarization
(Fig. 2, C, 3), dependent on the presence of cy-
tochrome c¢ (data are not shown), an exponential

rise in ROS formation is observed (Fig. 2, B, 2), in
accord with exponential increase in DCF concen-
tration, [DCF](t) = [DCF] ", and the decrease
in oxygen consumption rate within the same time
interval: [O,](t) = [O,],e* (Fig. 2, B, 1, 2).

There is much controversy in the literature
concerning the influence of membrane depolariza-
tion on ROS production in mitochondria. In ac-
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cord with the published [1, 7] and our own data
(Fig. 1), a close dependence of ROS release on
membrane potential is observed, with the decrease
in ROS production following membrane depolari-
zation, for example, in case of complex I inhibi-
tion by rotenone (Fig. 1, B, I). On the other hand,
in case of cytochrome ¢ depletion, gradual depo-
larization accompanied by the progressive inhibi-
tion of respiration together with sharp increase in
ROS production was also observed by us (Fig. 2,
B, 2) and other authors [8, 9, 11]. In our opinion,
these contradictoly facts could be, at least partially,
explained, taking into account that precise sites
in complexes I and III at which ROS formation
preferably takes place, might differ because of the
change in their redox-state, dependent on experi-
mental conditions, possibly different in case of res-
piration inhibition under steady-state conditions
and in the case of gradual gating the electron flow,
which are far from the equilibrium state.

It is well known that the reaction order would
be lowered by the excess concentrations of the
reagents. Then, plausible explanation of the shift
from linear to exponential time dependence of
ROS formation, due to the loss of cytochrome c
from mitochondria, and vice versa after the ad-
dition in excess of cytochrome ¢, is the change in
the concentration ratio of the components of re-
dox-reactions resulting in ROS production. Thus,
the exponential decrease in concentration and the
deficit of electron acceptors which arise following
the loss of cytochrome ¢, would explain both the
change in the reaction order of oxygen consump-
tion (Fig. 2, A, B, I) and that of ROS formation
which accounts for the simultaneous exponential
rise in ROS production (Fig. 2, A, B, 2), inde-
pendent of membrane depolarization (Fig. 1, B,
2). Consequently, depolarization might differently
influence kinetics of ROS production (Fig. 1, B, 2;
Fig. 2, B), depending on the concentration of elec-
tron acceptors, capable to transfer the electrons in
the respiratory chain. The gating of electron flow
because of the deficit in electron acceptors, due to
the loss of cytochrome ¢, possibly would favor the
electron transfer from free-radical intermediates in
the electron transport chain to oxygen with conse-
quent increase in ROS formation. Addition in ex-
cess of exogenous cytochrome c restores the elec-
tron flow and the linearity in time-dependence of
both oxygen consumption and ROS release in ac-
cord with null-order reactions kinetics (Fig. 2, A).
Thus, a seeming contradiction between the experi-
mental facts, concerning the influence of mem-
brane depolarization on ROS formation, could be,
at least partially, resolved, taking into account that
the increase in concentration of electron acceptors
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with the addition of cytochrome c shifts the equi-
librium in the redox-reactions involved in substrate
oxidation towards the end product, i.e. complete
two-electron reduction of oxygen, whereas deple-
tion of mitochondria in cytochrome c interrupts
the flow of the reaction at intermediate stages with
resulting ROS formation.

Independent of equilibrium, or non-equilibri-
um, conditions, the rate of ROS formation exhibits
a critical dependence on Ca?"-cycling rate. Elimi-
nation of Ca?*-cycling by the removal of Ca?* with
Ca?"-chelators at any stage of free-radical reactions
abolishes ROS overproduction and diminishes it to
basal level observed in Ca?"-free medium (Fig. 2,
D, 1, 2). Slow DCF oxidation in the absence of Ca*
in K*-free medium (Fig. 2, D, 3) is possibly due
to Ca’"-independent enzymatic or non-enzymatic
oxidation of fluorescent probe by matrix enzymes
and other oxidants [2, 3]. Thus the rate of ROS
formation is limited by the rate of Ca?"-uptake,
leading to the conclusion that potential-dependent
uptake of Ca?" in energized mitochondria, is the
rate-limiting step in ROS production.

When MPTP is closed, an increase in the
rate of oxygen consumption with increase in the
amount of added Ca?" is observed (Fig. 3, 4, 1),
consistent with the notion of stoichiometric pro-
portion between the oxygen consumption and
potential-dependent Ca?*-influx [16]. The rate of
Ca?"-cycling is limited by the maximum rate of
Ca?-uniporter and the Ca?*-accumulating ca-
pacity of mitochondria [16], which could be es-
timated from the oxygen consumption data based
on proportionality between the oxygen consump-
tion and Ca?*-transport rates [16, 17], as ~30 nmol
Ca?mg"! protein for maximum Ca?*-uptake which
correspond to maximum oxygen consumption rate
of 14.8 + 1.3 nmol O, min"mg™" protein. The rate
of ROS formation shows similar dependence on
Ca?"-concentration (Fig. 3, B, I), with saturation
at concentrations close to Ca’?"-accumulating ca-
pacity of brain mitochondria, i.e. ~30 nmol Ca?"mg’!
protein (Fig. 3, A).

With MPTP being in closed state, propor-
tionality is established between the rate of oxy-
gen consumption and that of ROS release (Fig. 4,
1). This is consistent with the notion that under
equilibrium conditions, provided steady-state rate
of oxygen consumption and constant A¥Y_, ROS
are released at a constant rate, depending on the
rate of respiration, as by-products of the multi-
ple redox-reactions in respiratory chain [2]. Thus,
with mitochondria being in metabolic State 2, the
rate of ROS production is shown to be potential-
dependent (Fig. 1) and proportional to the rate
of oxygen consumption (Fig. 4). It is controlled
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Fig. 3. The influence of MPTP opening on the oxygen consumption (A) and ROS formation (B-C) in the rat
brain mitochondria. A: The influence of MPTP opening on the rate of respiration. B-C: The influence of MPTP
opening on the rate of ROS formation under steady-state (B) and non-equilibrium (C) conditions. MPTP was
blocked by the addition of cyclosporine A (A-C, 1). Incubation medium: 320 mM sucrose, 1 mM KH,PO,,
S5 mM of sodium succinate, 5 mM Tris-HCI buffer (pH 7.4). Cyclosporine A (A, 1; B-C, 1,3) and A-23187
(B-C, 3) were added at IuM; CaCl, in nmol-mg' protein was added as shown on the abscissa (A-C). M£S.D.,
n =6, P < 0.05 relative to control (A-C, ).

On the abscissa axis: the amount of added CaCl,, nmol-mg' protein. On the ordinate axis: the rate of respiration,
in % of maximum measured with cyclosporine A (A, 1); the rate of ROS formation, in arbitrary fluorescence

units, F

S04 /525~min” (B); the rate constant of ROS formation, k, min-'-10-?, under non-equilibrium conditions (C)

in presence of cyclosporine A (B-C, 1,3) and A-23187 (B-C, 3)

by the rate of potential-dependent Ca?*-uptake
(Fig. 2, D) and is limited by Ca?*-accumulating
capacity of mitochondria (Fig. 3, A, B, I).

MPTP opening differently influences ROS
production in the rat brain mitochondria, depend-
ing on Ca?* concentration. At low Ca>" concentra-
tions MPTP opening results in a sustained increase
in oxygen consumption rate by a cyclosporine
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A-sensitive component, AJ,, (Fig. 5) due to the
increase in Ca?"-cycling rate which, as we have
shown earlier in the rat liver mitochondria [18], is
supported by simultaneous work of Ca?"-uniporter
and MPTP as Ca?-influx and efflux pathways.
Functional activity of Ca?"-uniporter was proven
by the fact, that an addition of ruthenium red, a
specific Ca?*-uniporter blocker, decreased the rate
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Fig. 4. The influence of ROS production on the rate of
respiration under equilibrium conditions. Incubation
medium: 320 mM sucrose, 1 mM KH,PO, 5
mM of sodium succinate, 5 mM Tris-HCI buffer
(pH 7.4). Cyclosporine A was added at 1 uM (1).
M £ 8.D., n = 6. The difference in the rates of ROS
production in the presence (1) and the absence (2) of
cyclosporine A is statistically significant (P < 0.05).
On the abscissa axis: the rate of oxygen consumption,
in % of maximum measured with cyclosporine A; on
the ordinate axis: the rate of ROS formation, in % of
maximum measured with cyclosporine A

of oxygen consumption. Similarly, an addition of
cyclosporine A, specific MPTP inhibitor, also de-
creased the respiration rate by a cyclosporine A-
sensitive component (Fig. 5) which corresponds to
MPTP contribution to transmembrane exchange
of Ca’" and oxygen consumption.

In accord with established proportionality in
the rates of oxygen consumption and ROS forma-
tion (Fig. 4, I), an increase in ROS production
would be expected with cyclosporine A-sensitive
increase in respiration rate (Fig. 3, 4, 2; Fig. 5).
But on the contrary, instead of the increase in ROS
production, its decrease, also sensitive to cyclo-
sporine A under steady-state as well as non-equi-
librium conditions, was observed (Fig. 3, B-C, 2).
With MPTP opening at low Ca?>" concentrations,
a similar linear dependence between the ROS re-
lease and oxygen consumption was obtained, ex-
cept that less ROS production was detected at even
oxygen consumption rates (Fig. 4, 2).

To explain the observed decrease in ROS pro-
duction with MPTP opening at low calcium in the
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rat brain mitochondria, it should be taken in con-
sideration that MPTP opening is accompanied by
partial membrane depolarization (of about ~40%,
as determined with safranine [15]). Then, taking
into account the dependence of ROS production
on AY_ (Fig. 1, B, I), membrane depolarization
at constant electron transport rate could serve as
a plausible explanation for the decrease in ROS
formation due to MPTP opening at low calcium,
provided steady-state conditions, because of simul-
taneous change in the redox-state of the complexes
of respiratory chain.

At high Ca?* concentrations a “classical” pat-
tern of MPTP opening is observed, i.e. progressive
respiration inhibition, cyclosporine A-sensitive de-
crease in the rate of oxygen consumption (Fig. 3,
A, 2, Fig. 5), and the increase in ROS production,
due to the fast cytochrome c loss (Fig. 3, B-C, 2)
and gating the electron flow in respiratory chain
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Fig. 5. The contribution of MPTP opening to the
steady-state rate of oxygen consumption. The part of
MPTP in the rate of respiration (% of maximum in
the absence of cyclosporine A) was calculated as the
difference in the respiration rates in the absence and
the presence of cyclosporine A. Incubation medium:
320 mM sucrose, 1 mM KH,PO, 5 mM of sodium
succinate, 5 mM Tris-HCI buffer (pH 7.4). CaCl,
was added as shown on the abscissa. M + S.D.,
n =6, P < 0.05 relative to control (0%) in the
absence of cyclosporine A.

On the abscissa axis: the amount of added calcium,
in nmol-mg' protein. On the ordinate axis: the
difference in respiration rate, AJ,,, in the absence
and the presence of 1 uM cyclosporine A, in % of
maximum
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which was shown to be favorable for ROS forma-
tion (Fig. 2, B, 2).

At low calcium the effect of MPTP open-
ing on oxygen consumption and ROS production
in the rat brain mitochondria is similar to that of
Ca?"-ionophore, A-23187 (Fig. 3, A-C, 2, 3) under
equilibrium, at constant electron flow (Fig. 3, B),
and non-equilibrium (progressive respiration inhi-
bition) conditions (Fig. 3, C). It is most possible
that in case of A-23187 an additional cause to di-
minish ROS production (Fig. 3, B-C, 3) is matrix
acidification [1], due to Ca?*/H"-exchange which
directly inhibits superoxide formation [1,10] and
ROS metabolism. In case of MPTP opening, an
increase in Ca?*-cycling rate and uncoupling of
mitochondria would also decrease the uptake of
Ca?* [18] and would result in relative matrix acidi-
fication, but whether MPTP in the rat brain mito-
chondria could contribute to oxygen consumption
as a cyclosporine A-sensitive Ca?*/H*-exchange (as
it is the case with the rat liver mitochondria [18])
needs a more detailed study. It is necessary to take
into account possible multiple conductance states
of MPTP with different regulation of membrane
permeability, membrane potential and other mito-
chondrial functions [13]. The regulatory effect of
MPTP opening on ROS production in mitochon-
dria is also complicated because of concomitant
water uptake and osmotic matrix swelling even at
low calcium [18], K*-influx under physiological
conditions (~150 mM of cytosolic K* [15]), more
easy release of cytochrome ¢ from intermembrane
space due to the rupture of the outer membrane
[19] and the interruption of electron flow which
is favorable for ROS production [8] (Fig. 2, B, 2).

As it was mentioned earlier, MPTP opening,
even at low calcium, is accompanied by partial
membrane depolarization, which is in accord with
the observed decrease in ROS production (Fig. 1,
B, I, Fig. 4, 2). Thus, membrane depolarization
and “mild uncoupling” due to Ca?'-cycling, as
well as relative matrix acidification because of cy-
closporine A-sensitive Ca?"/H*-exchange would
make the effect of MPTP opening at low Ca?*
concentrations similar to that of Ca?"-ionophore
(Fig. 3, B-C, 2, 3).

The role of Kf-uptake in mitochondria in
the regulation of ROS production will be studied
later. With relevance to physiological conditions,
it is important that reversible regulation of ROS
production by MPTP open state was observed.
In accord with the data (Fig. 6), MPTP blockage
after its opening resulted in the increase of ROS
release. In view of the obtained results, this could
be explained by blockage of cyclosporine-sensitive
component of Ca?"-cycling (Fig. 5), prevention of
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Fig. 6. The influence of reversible MPTP opening on
the rate of ROS production in rat brain mitochondria.
Incubation medium: 320 mM sucrose, I mM KH,PO,,
5 mM of sodium succinate, 5 mM Tris-HCI buffer
(pH 7.4), 15 uM CaCl,. I uM cyclosporine A was
added to the medium to prevent MPTP opening (1),
or after MPTP opening as shown by the arrow (3).
M *+ S.D., n = 3. On the abscissa axis: time, min.
On the ordinate axis: the rate of ROS formation, in

. o
fluorescence units, F,, . - min

cytochrome ¢ loss and membrane repolarization
(Fig. 1, B, I), which all together lead to the in-
crease in the rate of ROS formation. These data
well correlate with our earlier observations that
blockage of MPTP in vivo increased the level of
ROS produced in mitochondria [20].

Thus, it was shown that kinetics of ROS pro-
duction in the rat brain mitochondria is dependent
on the kinetics of oxygen consumption and the
electron transport in the respiratory chain. Un-
der steady-state conditions a linear dependence
between the rate of respiration and that of ROS
formation was established, which was shown to be
potential-dependent. Under non-equilibrium con-
ditions of progressive gating the electron transport
due to the deficit of cytochrome ¢, a non-linear,
exponential, time-dependence of ROS formation
was observed, as well as the increase in ROS pro-
duction together with respiration inhibition and
membrane depolarization. Different influence of
MPTP opening on ROS production could also be
explained by different regulation of electron trans-
port and oxygen consumption kinetics, depending
on calcium concentration, with the maintenance
of steady-state conditions at low calcium and the
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transition to non-equilibrium state with the in-
crease in Ca?" concentration, possibly due to the
change in the conductance state of MPTP [13]
with consequent increase in membrane permea-
bility and mitochondrial volume. Obtained results
give convincing evidence that under physiological
conditions, at low intracellular level of calcium,
MPTP opening could attenuate oxidative stress
and the impairment of neurons by diminishing
ROS formation in mitochondria.

BIIJINB BIAKPUTTA
MITOXOH/IPIAJIBHOI ITOPU HA
T'EHEPAIIIIO AKTUBHUX ®OPM
KHNCHIO B MITOXOHAPIAX MO3KY
IyPIB
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JocaigXeHo  BIUIMB  BIOKPUTTI  MiTO-
XoHApiasbHOI nopu (mitochondrial permeability
transition pore, MPTP) Ha reHepalilo aKTUBHUX
dopm kucHIo (ADK) y MiTOXOHAPiSIX MO3KY LLIYPiB.
TTokazaHo, 110 B 3aJieXXHOCTI BiJ CTalliOHapHUX
Y¥ HEPiBHOBAXHUX yMOB mpoaykuis ADPK mo-
Pi3HOMY pPEryJIIOETbCS  LIBUIKICTIO CITOXMBaH-
HS KHUCHIO i MeMOpaHHMM TIOTeHLiajioM. 3a
YMOB CTalliOHApHOI piBHOBAaru, IO BiJAIIOBiga€e
MOCTiIMHIN WBUIAKOCTI LUKJIIUHOTO TPAHCHOPTY-
BaHHs1 Ca’" Ta CIIOXMBAHHSI KUCHIO, MPOAYKILis
ADK € ToTeHI1ian3aIeXkHOI0 i 3HMKYETHCS Pa3oM
3 MPUTHIYEHHSIM IMXaHHS 1 MIiTOXOHApPiaJbHOIO
JIeTIosipr3alli€lo. ITpu bOMY MHoCTiliHa
LWIBUAKICTb yTBOpeHHsT ADK mipsiMo mpornopuiiiHa
IIBUAKOCTI CIOXMBaHHSA KucHio. IlopyleHHs
CTalliOHApHOTO CTaHy BHACJIIOK BUBiJIbHEHHS
LIUTOXPOMY ¢ 1 MOCTYIIOBOIO TajJibMyBaHHS M-
XaHHS NPU3BOAUTHL 10 €KCIOHEHIiaJIbHOro 3po-
cranHs B yaci mpomykuii A®K. HesamexHo
Bil CTalliOHApHMX YM HEPiBHOBAXXHUX YMOB,
WBUAKICTE yTBOpeHHS A®MK KOHTPOIIOETHCS
LIBUJAKICTIO  TMOTEHLiad3aJeXHOI  aKyMyjasuii
Ca?, gKa € IBUAKICTBIIMITYIOUOIO CTaIi€lo
yrBopeHHsS A®MK. Iloka3zaHo, 10 BigKpUTTS
LM KJOCIIOPMHYYTAUBOI OPU MTO-Pi3HOMY BILJIMBAE
Ha mponykirito ADK 3anexxHo Bim KOHIEHTparii
Ca?". 3a gii Hu3bKMX KOoHUeHTpaniit Ca?" 3HU-
JKeHHS BHAKOCTI yTBopeHHs ADK kopemoe 3
YaCTKOBOIO JIETIOJISIpU3alli€l0 MiTOXOHIpiii, He3Ba-
JKAalouM Ha LMKJIOCIOPUHUYYTIMBE MPUCKOPEHHS
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JUXaHHSI BHACHiOK omHoudacHoi poboTtu Ca’*-
yHinoptepa it MPTP K misgxiB Bxomy i BUXo#y
Ca?". EdexT BigKpUTTS UUKJIOCTIOPUHYYTINBOI
nopu 3a Jii HU3bKMX KOoHLeHTpauiil Ca?" 0iu3b-
Kuit no epexkry Ca?"-ioHodopa A-23187. 3a nii Bu-
COKMX KOHLeHTpauiii Ca’* BiIKpUTTS MOPU TIPU-
3BOIUTD JI0 IIIBUAKOTO MOPYILIEHHS CTallioOHApHOTO
CTaHy BHACIiJOK BHUBiIJIbHEHHSI LIMTOXPOMY C,
0JI0KyBaHHSI TPaHCIIOPTYBaHHSI €JIEKTPOHIB i 3po-
craHHs npoaykuii APK. Otxe, BIIKpUTTS TTOPU B
YMOBaX HU3bKOIO PiBHSI BHYTPIILIHbOKJIITUHHOIO
Ca?" Moxe IOM’SIKINYBAaTU OKCUAATUBHUI CTpec
1 VIIKOIXKEHHSI HEUPOHIB ILLISIXOM MPUTHIYECHHS
nponykiii ADK y MiTOXOHIpIsSIX.

Knio4yoBi ciioBa: akTuBHI pOopMU KUC-
HIO, MiTOXOHApiaJibHA Mopa, KaJbLii, MITOXOHIPi1
MO3KY.
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HM3yyeHO BIUSIHUE OTKPBITUS MUTOXOH-
IpuaibHOW mopbl (mitochondrial permeability
transition pore (MPTP) Ha mponyKLnio aKTUBHBIX
dbopm kucmoponga (APK) B MUTOXOHAPUSIX MO3ra
Kpbic. ITokazaHo, 4YTO B 3aBUCMMOCTH OT CTaIlMO-
HapHbIX JTMOO HEPABHOBECHBIX YCJIOBUU, MPOAYK-
st APK mo-pazHOMY peryiImpyeTcss CKOPOCThIO
NoTpedsieHUsT KUCIopoaa U MEMOpPaHHbBIM MOTEH-
11MaJIOM MUTOXOHAPUiA. B ycioBUsIX cTallMOHapHO-
r0 paBHOBECHsI, COOTBETCTBYIOIIUX ITOCTOSTHHOM
CKOpPOCTH LIMKJINYecKoro TpaHcrmopta Ca’*t u mo-
TpebaeHust Kuciaopona, nmpoxykiuss ADPK sBisget-
Csl TIOTEHLIMAJI3aBUCUMON U CHUKAETCSI BMECTE C
MOJABJEHUEM JbIXaHWSI U MUTOXOHIpUAJIbHON e~
noJsisipuzauueit. I[lpy 3ToM MOCTOSIHHAsE CKOPOCTD
obpazoBannsa A®K 1mipsamMo TporopiroHaIbHa
CKOPOCTU MOTpedsieHus kKucjopona. Ilepexonm k
HEPABHOBECHBIM YCJIOBUSIM BCJIEICTBUE BbICBO-
OOXIEHHS IIUTOXPOMA ¢ U3 MUTOXOHIPUI M MPO-
rpeccupylolero nojJaBaeHus AblXaHUS TPUBOAUT
K HapyueHUWIO MPSIMONPOIOPLIMOHAIBHOU 3aBU-
CUMOCTU cKopocTu obpaszoBanus ADPK ot ckopo-
CTU JbIXaHUS$ U K KCIIOHEHIMaJbHOMY BO3pacTa-
HUIO BO BpemeHU npoaykuuu ADK. He3zaBucumo
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OT PABHOBECHBIX JIMOO HEPAaBHOBECHBIX YCJIOBUI,
cKopocTh obOpazoBaHuss A®MK KoHTpoiupyercs
CKOPOCTBIO TTOTEHIIMAI3aBUCUMOM aKKyMYJISILINU
Ca?", gBIsIOlIEiCcs CTaauell, JTUMUTUPYIOLIEH
ckopocTh obOpazoBaHus A®K. IlokazaHo, 4TO
otkpeiTue MPTP mo-paszHomMy peryaupyer mpo-
aykinio ADK B 3aBUCMMOCTU OT KOHLIEHTPALIUKU
Ca?". Ilpu Hu3kux KoHueHTpauusax Ca?* oTKpbI-
e MPTP npuBoaAUT K CHMXKEHMIO HPOAYKIIMU
A®K BciencTBie Y4aCTUYHON MUTOXOHIpUATIBHOMN
JETOJISIpU3alIMi, HECMOTPS Ha LIUKJIOCTIOPUHYYB-
CTBUTEIBLHOE TOBBILLIEHUE CKOPOCTU IObIXaHMS 3a
cUYeT ogHOBpeMeHHOoI paboThl Ca?*-yHumnoprepa u
MPTP kak niyteii Bxoga v Beixoga Ca?*. OTKpbITHE
MPTP npu Hu3kux KoHUeHTpanusax Ca>" 0JIM3Ko
K a¢pdexty Ca?* -uoHocdopa A-23187. Ilpu BwICO-
Kux KoHuUeHTpanusx Ca** orkpeitue MPTP npu-
BOIMUT K MOBbIIeHUIO TTpoaykKuuu ADPK 3a cuer
OBICTPOro mepexona K HEPaBHOBECHBIM YCIOBUSIM
BCJIEACTBME BBIXOIA IIMTOXpOMAa ¢ U TIPOrPECcCH-
PYIOIIETO TOPMOXKEHU S TPAHCIIOPTA JEKTPOHOB B
JIbIXaTeJbHOW uenu. Takum oOpa3zoM, B (usuo-
JIOTUYECKUX YCIOBUSX OTKpbiTe MPTP npu Hu3-
KUX BHYTPUKJICTOUHBIX KOHLUEHTPAIIUSX KaTbLIMSI
MOXET CMST4aTh OKMCIUTEIbHBINA CTpecc U Hapy-
lIeHUEe HeUpOHAJIbHBIX (PYHKLUI MyTeM CHUXKE-
Hus nponykiuu APK B MUTOXOHIPUSIX.

KniouyeBbie cinoBa: akKTHBHBIE (HhOPMEI
KWCJIOPOIA, MUTOXOHIPWANIbHAS TTOpa, KaJbIIW,
MUWTOXOHAPUW MO3Ta.
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