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Abstract

Ca**-induced mitochondrial depolarization was studied in single isolated rat brain and liver mitochondria. Digital imaging techniques and
rhodamine 123 were used for mitochondrial membrane potential measurements. Low Ca®>* concentrations (about 30—100 nM) initiated
oscillations of the membrane potential followed by complete depolarization in brain mitochondria. In contrast, liver mitochondria were less
sensitive to Ca®"; 20 pM Ca®" was required to depolarize liver mitochondria. Ca>" did not initiate oscillatory depolarizations in liver
mitochondria, where each individual mitochondrion depolarized abruptly and irreversibly. Adenine nucleotides dramatically reduced the
oscillatory depolarization in brain mitochondria and delayed the onset of the depolarization in liver mitochondria. In both type of
mitochondria, the stabilizing effect of adenine nucleotides completely abolished by an inhibition of adenine nucleotide translocator function
with carboxyatractyloside, but was not sensitive to bongkrekic acid. Inhibitors of mitochondrial permeability transition cyclosporine A and
bongkrekic acid also delayed Ca*"-depolarization. We hypothesize that the oscillatory depolarization in brain mitochondria is associated with
the transient conformational change of the adenine nucleotide translocator from a specific transporter to a non-specific pore, whereas the non-

oscillatory depolarization in liver mitochondria is caused by the irreversible opening of the pore.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Among other mitochondrial functions, energy production
and Ca”" uptake are crucial for maintaining neuronal
viability. Both of these functions are critically dependent
on mitochondrial membrane potential (A¥ ). The respira-
tory chain, located in the inner mitochondrial membrane,
creates the membrane potential of ~150 mV negative to the
cytosol, which drives the phosphorylation of ADP to ATP
[1]. ATP synthesized by mitochondria is a main source of
energy in brain, where oxidative phosphorylation supplies

Abbreviations: [Ca2+]7 external Ca®" concentration; mPTP, mitochon-
drial permeability transition; ANT, adenine nucleotide translocator; AY,,,
mitochondrial membrane potential, HBS, HEPES-buffered solution;
Rh123, rhodamine 123; CA, carboxyatractyloside; BA, bongkrekic acid;
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95% of total ATP [2]. Additionally, A¥,, provides the
electrical gradient for mitochondrial Ca®" uptake via the
Ca*"-uniporter. Mitochondrial Ca?" sequestration buffers
cytoplasmic Ca”" elevations in neurons under physiological
conditions [3—6]. However, excessive Ca’" sequestration
occurs in some pathological conditions and makes a critical
contribution to neuronal injury [7—10].

Mitochondrial Ca®" overload in combination with
oxidative stress and ATP depletion induces opening of
mitochondrial permeability transition pore (mPTP) [11,12].
The mPTP is a large conductance nonspecific pore formed
in mitochondrial membranes by a conformational change of
several proteins that putatively include the adenine nucleo-
tide translocator (ANT), cyclophilin D and porin [12,13].
mPTP can operate in two modes, with both high con-
ductance and low conductance forms of the pore [11].
Persistent opening of mPTP in high conductance mode is
involved in many forms of cell injury, including ischemia—
reperfusion, oxidative stress and apoptosis [12,14]. Tran-
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sient mPTP opening in a lower conductance mode may
contribute to physiological Ca”* signaling [15,16].

The AY,, is a dynamic parameter. Recent data show that
AV, can change spontaneously in a number of different cell
types. Spontaneous changes in AY, were reported in neu-
roblastoma cells [17,18], cardiomyocytes [19-22], astro-
cytes [21,22], neurons [23], smooth muscle cells [24—26]
and pancreatic B-cells [26]. A range of mechanisms has
been reported to be responsible for the transient changes in
AY ... Several laboratories have concluded that this phe-
nomenon is caused by mitochondrial mPTP [16,18]. Others
reported the involvement of the FF,ATPase [23], Ca’'-
influx through mitochondrial Ca®-uniporter [19], mito-
chondrial membrane anion channels [27] and free radicals
released from the matrix side of mitochondria [20].

An important limitation in using intact cells to study of
AV, dynamics is a lack of direct access for drug application
to mitochondria and potentially also interference from the
cellular environment. These can be avoided in isolated
mitochondria preparations. In most studies on isolated
mitochondria, A¥,, was measured as an average signal
from mitochondrial suspension. This method does not
capture AY,, dynamics from individual organelles. The
first report of transitory mitochondrial depolarization in
individual mitochondria was published in 1997 by Ichas et
al [16]. By imaging of mitochondria isolated from Ehrlich
cells the authors showed a propagated depolarization and
calcium wave in mitochondria immobilized in a gel which
was dependent on transient opening of mPTP. mPTP was
also involved in CsA-sensitive spontaneous short-lasting
and prolonged depolarizations in isolated heart mitochon-
dria [28,29]. However, other studies suggested that transient
depolarizations in isolated heart mitochondria are result
from transient opening of a pH sensitive and proton
conductive channel [30,31].

Recently, we have applied fluorescence imaging techni-
ques to monitor AY¥, in single isolated brain mitochondria.
We have shown [32,33] that low concentration of Ca*"
(~30 nM) triggers fluctuations of A¥,, in isolated brain
mitochondria. These fluctuations are inhibited by both ATP
and ADP; carboxyatractyloside, a blocker of ANT, reversed
the adenine nucleotide effect. We have also shown that free
radical over-production and mitochondrial K(ATP) chan-
nels are not involved in this phenomenon. CsA was not
able to stop the oscillation activity when applied after the
onset of fluctuations. Also, we did not detect a leakage of
calcein during the fluctuations, indicating that the fluctua-
tions in A¥,, do not reflect opening of large conductance
mPTP. However, the exact mechanisms of the AW¥,,
fluctuations remained unclear. In the present study, we
compared Ca**-induced changes of AY,,, in liver and brain
mitochondria in order to gain further insight into the
mechanism of the depolarization. We show here that the
dynamics of Ca**-induced depolarization in brain mito-
chondria is different from that in liver mitochondria. We
suggest that Ca*" induces transient conformational change

of ANT to a nonspecific pore in brain mitochondria,
whereas in liver mitochondria this transformation of ANT
is non-reversible.

2. Materials and methods
2.1. Materials

All materials and reagents were purchased from Sigma
(St. Louis, MO) unless otherwise specified. Carboxyatrac-
tyloside and bongkrekic acid were obtained from Calbio-
chem (La Jolla, CA), and rhodamine 123 (Rh123) was
purchased from Molecular Probes (Eugene, OR).

2.2. Isolation of mitochondria

All procedures using animals were in accordance with
the National Institutes of Health Guide for the Care and
Use of Laboratory Animals and were approved by the
University of Pittsburgh’s Institutional Animal Care and
Use Committee.

Rat brain mitochondria were isolated from the cortex of
male Sprague—Dawley rats using a Percoll gradient method
described by Sims [34] with minor modifications. The
isolation buffer contained (in mM): mannitol 225, sucrose
75, EDTA 0.5, HEPES 5, 1 mg/ml fatty acid free BSA, pH
adjusted to 7.3 with KOH. Brain tissue was homogenized
using a glass/glass homogenizer in isolation buffer contain-
ing 12% Percoll and carefully layered on the top of a 12%/
24%/42% discontinuous gradient of Percoll. After 11 min of
centrifugation at 31,000xg, the mitochondrial fraction was
collected from the top of the 42% Percoll layer of the
gradient and then washed twice. For the final wash, we used
isolation buffer where BSA was omitted and the concen-
tration of EDTA was reduced to 0.1 mM.

For isolation of rat liver mitochondria, we used the same
isolation buffer as was used for brain mitochondria. The
liver tissue was homogenized using glass/glass homoge-
nizer, centrifuged for 10 min at 1300xg, then the pellet
was discarded, and the supernatant was centrifuged again
for 10 min at 10,000xg. The resulting supernatant was
removed together with the top layer of the pellet, which
contains damaged mitochondria, and the dark-brown
“dense” mitochondrial pellet was resuspended in isolation
buffer and centrifuged again for 10 min at 10,000xg. For
the final spin (11,000xg for 10 min), the pellet was
resuspended in the isolation buffer where BSA was omitted
and the concentration of EDTA was reduced to 0.1 mM.
The mitochondrial pellet obtained was then gently resus-
pended in the isolation buffer and stored on ice prior the
experiments.

All isolation procedures were carried out at 0—-2 °C.
During experimentation, mitochondria were stored on ice at
a final concentration of 15-20 mg protein/ml in isolation
medium until use. The experiments were performed up to
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1-5 h after preparation. The protein concentration in each
preparation was determined by the Biurett method using a
plate reader.

2.3. Fluorescence measurements

All imaging experiments were performed at room temper-
ature in KCl-based HEPES-buffered solution (HBS) con-
taining (in mM): KCI 125, K,HPO, 2, HEPES 5, MgCl, 5,
EGTA 0.2, malate 5, glutamate 5, pH 7.0. To attach the
mitochondria to the coverslip, 31 mm glass coverslips were
washed with 70% ethanol, then with H,0 and dried prior to
use. The brain mitochondria were added to HBS at a final
concentration of 0.75—1 mg protein/ml immediately before
each experiment. A 20-ul drop of brain mitochondrial
suspension was placed in the middle of the coverslip for
5—7 min. The liver mitochondrial suspension was placed on
the coverslip at a concentration of 15—20 mg protein/ml for
about 1 min. The coverslips with the mitochondrial sus-
pension were placed into a 700-ul perfusion chamber that
was then mounted onto a microscope fitted for fluorescence
imaging as described below. The mitochondria were perfused
with HBS buffer at 7 ml/min; after 1 min of perfusion,
mitochondria which had not adhered to the coverslip were
effectively washed out of the recording chamber. Typically,
the density of attached mitochondria was 400,000—500,000
mitochondria per square millimeter. Thus, approximately
2,000 mitochondria were present in a field observed with a
100x objective.

For AY,, measurements, we used the potentiometric
probe rhodamine 123 (Rh123, Molecular Probes, Eugene,
OR). For fluorescence recording, we used a BXS50WI
Olympus Optical (Tokyo, Japan) microscope fitted with an
Olympus Optical LUM PlanFI 100x water immersion
quartz objective. The fluorescence was monitored using
excitation light provided by a 75 W xenon lamp-based
monochromator (T.I.L.L. Photonics GmbH, Martinsried,
Germany), and emitted light was detected using a CCD
camera (Orca; Hamamatsu, Shizouka, Japan). Mitochondria
were illuminated at 490 nm, and emitted fluorescence was
passed through a 500-nm-long pass dichroic mirror and a
535/25 nm band pass filter (Omega Optical). Fluorescence
data were acquired and analyzed using Simple PCI software
(Compix Inc, Cranberry PA). Fluorescence was measured in
100—150 individual mitochondria for each coverslip. The
objects smaller than 0.3 pm were not analyzed. Background
fluorescence, determined from 3 to 4 mitochondrion-free
regions of the coverslip, was subtracted from all signals. All
experiments were repeated 4—6 times using mitochondria
prepared from different animals.

AY ., was monitored using an unquenched concentration
of Rh123. Rh123 was present in the perfusion medium
during the experiment; no preloading was necessary. Since
AY ., in brain and liver mitochondria was different in our
preparation, an unquenched concentration of Rh123 was
determined as 200 nM for brain and 100 nM for liver

mitochondria. We also adjusted the exposure time for the
imaging of Rh123 fluorescence singly for both types of
mitochondria to obtain an optimal fluorescence level
between 0 and 150 units. An intensity of Rh123 fluores-
cence is represented by an arbitrary value and is not directly
comparable between the two types of mitochondria. Since
Rh123 was used at concentrations below the quench limit, a
decrease in fluorescence intensity indicated mitochondrial
depolarization and the increase in intensity represented
mitochondrial hyperpolarization.

2.4. Calculation of divalent ion concentration

Free Ca®" and Sr** in the medium, containing EGTA, ATP
and ADP, was estimated using the Max-Chelator program
(Webmaxc Standard by C. Patton, http://www.stanford.edu/
~cpatton/maxc.html). EGTA-free buffer was assumed as a
nominal Ca**-free and contaminant [Ca®"] was not taken into
account.

2.5. Statistics

Statistical analysis was performed using Prism 3.0
(Graph Pad Software, San Diego CA). All the data are
presented as mean*S.E. Comparisons were made using
Student’s ¢-test, with P values less than 0.05 taken as
significant.

3. Results

3.1. Ca®" induces different events in brain and liver
mitochondria

As we have shown previously, about 70—80% of single
isolated brain mitochondria attached to the coverslip were
initially polarized as detected by Rh123 fluorescence
[32,33]. Non-fluorescent, presumably depolarized, mito-
chondria were excluded from analysis. In the presence of
200 pM, EGTA in the perfusion medium the Rh123
fluorescence was stable in all polarized mitochondria. An
increase of the external free Ca®" concentration ([Ca*']) by
about 30 nM triggered AY, oscillations in brain mitochon-
dria (Fig. 1A). Fig. 1B shows that an increase in [Ca®'] by
about 120 nM completely depolarized mitochondria within
5 min; in some mitochondria, A¥,, oscillated prior to
complete depolarization. The number of mitochondria that
underwent this oscillatory activity, as well as the amplitude
and the duration of the oscillations diminished with
increased [Ca®"]. In all other experiments on brain
mitochondria we increased [Ca®"] by 30 nM Ca", which
completely depolarized about 90% of mitochondria within
10 min (see for example Fig. 2C).

As in brain mitochondria, Rh123 fluorescence was
detected in about 80% of liver mitochondria attached to
the coverslip. However, liver mitochondria were not
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Fig. 1. Ca*"-induced depolarization in brain and liver mitochondria. (A, B) Oscillatory depolarization in brain mitochondria in response to the increase of
[Ca**] by about 30 nM and 120 nM. (C, D) Non-oscillatory depolarization in liver mitochondria evoked by 5 1M and 25 uM Ca®". Each trace represents the
changes in AY,, (Rh123 fluorescence) in individual mitochondrion. Near zero fluorescence level indicates a complete AY, depolarization.

sensitive to very low [Ca®']. 5 uM Ca*" was required to
induce a visible mitochondrial response within 10 min of
the Ca®" application (Fig. 1C). An increase in [Ca’']
decreased the latency of AW, depolarization (Fig. 1D).
However, none of liver mitochondria underwent an
oscillatory depolarization and the Ca**-induced change in
AV, was rapid and irreversible. The time between the
beginning of Ca*" application and the onset of mitochon-
drial depolarization varied within the mitochondrial pop-
ulation and depended on Ca*" concentration. In subsequent
experiments on liver mitochondria, we used 20 uM Ca**
to depolarize the whole mitochondrial population within
7—10 min.

The mechanism of Ca®*-induced collapse of A¥,, in
liver mitochondria is believed to result from the activation
of mPTP opening [11]. In contrary, the mechanism of
Ca”"-induced oscillations in brain mitochondria is not
clear. However, in both cases Ca®" induced an abrupt
change in AY,, at the level of the individual mitochond-
rion; the key difference is the reversibility of the loss of
A¥,.. A comparison of the Ca®*-induced oscillatory depo-
larization in brain mitochondria with the non-oscillatory
depolarization in liver mitochondria could thus potentially
clarify the mechanism of Ca®"-induced changes in brain
AY ..

3.2. Adenine nucleotides diminish the effect of Ca’"

As we have reported previously [33], 100 uM ATP or
ADP reversibly inhibited the AY,, oscillations in brain
mitochondria. Here, we treated both brain and liver
mitochondria with 100 uM adenine nucleotides for 5 min
before and during the Ca”" application. To exclude the
possible role of the ATP synthase/ATPase in the effects of
adenine nucleotides, ATP and ADP were used in the
presence of the ATP synthase blocker oligomycin (2 uM).
Both ATP and ADP greatly reduced the Ca®" effect in brain
mitochondria (Figs. 2A—C) and profoundly delayed the
onset of the depolarization in liver mitochondria (Figs. 2B—
F). In brain mitochondria, both ATP and ADP reduced the
number of oscillating mitochondria and the frequency of the
AV, oscillations to the same extent and with similar
potency. In liver mitochondria, ADP reduced the depolariz-
ing action of Ca>* more effectively than ATP (Fig. 2F). It
should be noted that in about 50% of ATP or ADP-treated
liver mitochondria, the depolarizations were biphasic: a
slow phase followed by the second phase of abrupt and
more complete depolarization (Fig. 2E). A similar biphasic
depolarization was reported by Huser and Blatter in heart
mitochondria [29]. The inhibitory effect of ADP on transient
depolarizations in heart mitochondria was also shown by
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Fig. 2. Adenine nucleotides decrease the effect of Ca*" in brain (A—C) and liver (D—F) mitochondria. Representative traces of individual mitochondria show
Ca**-induced changes in Rh123 fluorescence in the control (A, D) and in the presence of ADP+oligomycin (B, E). Summarized data (C, F) show the
percentage of oscillating and (or) depolarized mitochondria during Ca** application. ATP or ADP (100 1M) in the presence of oligomycin (2 pM) were present
5 min before and during Ca" application. [Ca"] was elevated by 30 nM in brain and 20 uM in liver mitochondria. 100 individual mitochondria were analyzed
in each experiment. Mean+S.E. is calculated from 4 experiments.
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Hattori et al. [31], however, this effect was counteracted by
oligomycin, and AY, oscillations were not sensitive to
Ca®",

3.3. Effect of the modulators of adenine nucleotide
translocase (ANT)

We have shown previously that carboxyatractyloside
(CA), which inhibits ATP/ADP translocation by ANT,
prevented the stabilizing action of ATP and ADP on Ca®'-
induced oscillations in brain mitochondria [33]. This raises
the question of the involvement of the ANT in the effect of
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adenine nucleotides. Here, we compared the effect of ANT
inhibition in both brain and liver mitochondria. For this
purpose, we used CA and bongkrekic acid (BA), ANT
ligands which bind to different states of the ANT. Fig. 3
shows the effect of CA and BA on the Ca®'-induced
depolarization in the brain and liver mitochondria and the
combined effect of CA and BA with adenine nucleotides.
BA significantly reduced both oscillatory depolarization in
brain mitochondria and non-oscillatory depolarization in
liver mitochondria. CA had an opposite effect compared to
BA in the liver mitochondria, where it accelerated Ca”*-
depolarization, but had no effect alone in the brain
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Fig. 3. Effect of CA and BA on the percentage of oscillating and (or) depolarized mitochondria during Ca®" application in brain (A—C) and liver (D—F)
mitochondria. (A, D) Controls (@) represent the response of untreated mitochondria to Ca*". In other experiments mitochondria were treated with 100 uM ATP
(O) or with a combination of ATP and 2 uM CA (A) or ATP and 2 uM BA (0O). (B, E) Effect of 100 uM ADP (¢), ADP+CA (A) and ADP+BA (O) on brain
and liver mitochondria exposed to Ca®". (C, F) Effect of CA and BA on the percentage of mitochondria responded to Ca**. [Ca®"] was increased by 30 nM in
brain and 20 uM in liver mitochondria. In all experiments adenine nucleotides were used in combination of 2 uM oligomycin. Each curve represents the
mean=*S.E. calculated from 4 to 5 experiments with 100 individual mitochondria analyzed in each experiment.
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mitochondria (Figs. 3C, F). Next, we checked the effect of
ANT ligands on action of adenine nucleotides. As demon-
strated in Figs. 3A—B and D—E, CA fully abolished the
stabilizing effect of ATP and ADP in the both brain and liver
mitochondria. In contrast, BA did not change significantly
the ATP effect in either type of mitochondria or the effect of
ADP in liver mitochondria. BA slightly reduced the effect of
ADP in the brain mitochondria, but this change was much
smaller than the complete reversal produced by CA.

The different effect of CA and BA cannot be explained
simply by the depletion of matrix ATP and ADP, but other
mechanisms must be involved. ANT ligands affect (CA
facilitating and BA impeding) a Ca”*-triggered conforma-
tional change of the ANT which converts the ANT from a
specific transporter to a non-specific pore [12,35]. Adenine
nucleotides decrease the probability of the conformational
change of the ANT to the mPTP [12,14,35]. Thus, it is
possible that the conformational change of the ANT is
involved in the effects of CA and BA on AW ,,,. To test this
hypothesis, we next used CsA, which influences the
transformation of ANT to mPTP by a different mecha-
nism—CsA prevents binding of cyclophilin-D to ANT,
which inhibits mPTP opening.

3.4. Effect of cyclosporin A

Brain and liver mitochondria were treated with CsA (1
uM) for 5 min before and during the Ca*" application. As
illustrated in Figs. 4A—C, CsA produced a modest delay in
the onset of the Ca®" oscillations in the brain mitochondria.
This effect was more modest than that produced by adenine
nucleotides. In the liver mitochondria (Figs. 4D—F), CsA
more substantially delayed the Ca”*-induced depolarization.
An example of the AY, changes in single liver mitochon-
dria (Fig. 4E) shows that CsA made the initial slow phase of
depolarization more apparent, although this slow phase was
still followed by the abrupt dissipation of AY .. This slow
phase of AY,, depolarization was never observed in brain
mitochondria. In liver mitochondria, the effect of CsA was
similar in magnitude to the effect of adenine nucleotides.
This result supports the suggestion that adenine nucleotides,
CA and BA all produce their effect by influencing of the
transformation of ANT to the mPTP.

3.5. 8" depolarizes mitochondria in a different manner

Ca*" is required to bind the ANT to convert it from the
carrier mode into a nonspecific pore [35]. However, other
divalent metals such as Sr**, Mn*", Ba*" and Mg”" do not
activate mPTP, even though several are transported by the
calcium uniporter into the matrix. Instead, these metals
inhibit mPTP by competing with Ca®" for the trigger site
[36]. To depolarize mitochondria by a mechanism presum-
ably different from that induced by Ca®", we used the non-
mPTP trigger Sr**. In contrast to Ca>*, Sr*" induced slow
changes in the AY , in each individual brain mitochondrion

with no sign of the oscillatory activity (Fig. SA). This figure
shows that the time-course of the decline in AW, was
concentration-dependent; higher concentrations caused
faster depolarization, but no oscillations appeared before
complete depolarization. Sr**-induced depolarization of
liver mitochondria was also different from the Ca®*-induced
depolarization. A¥, decreased slowly in each mitochond-
rion without a delay. As in brain mitochondria, the time-
course of the A¥,,, in liver mitochondria depended on Sr**
concentration (Fig. 5C). The brain mitochondria were more
sensitive to Sr*" compared to the liver; 60 uM Sr**
depolarized brain mitochondria almost completely within
10 min, whereas liver mitochondria required 320 pM Sr**
(Figs. 5B, D). A blocker of the mitochondrial Ca®'-
uniporter, ruthenium red, completely abolished the Sr*'-
induced depolarization (data not shown), indicating that
Sr** enters to the matrix through the Ca®"-uniporter. Sr**-
induced depolarization was not sensitive to adenine nucleo-
tides or CsA (Figs. 5B, D) suggesting that this depolariza-
tion is not associated with mPTP.

4. Discussion

In the present study, we have demonstrated that Ca”'-
induced depolarization of mitochondria is not the same in
mitochondria from different tissues. Through measurements
of A¥,, in single isolated mitochondria, we have shown that
very low concentrations of Ca®" trigger reversible depola-
rization (oscillations) in brain mitochondria, and that these
reversible events precede complete mitochondrial de-energ-
ization. The duration of the oscillations and the percentage
of mitochondria that oscillated before complete depolariza-
tion were dependent on [Ca®"], diminishing with the
increase of [Ca”"]. In contrast, Ca** did not initiate transient
depolarization in liver mitochondria. Instead, each individ-
ual mitochondrion depolarized rapidly and irreversibly.
Transient mitochondrial depolarizations have been observed
in different cell types [17—26] and in isolated mitochondria
[16,28-33]. Although the exact role of this phenomenon is
unknown, an involvement in cell signaling was suggested.
The observation that Ca**-induced A¥,, oscillations are
typical for brain, but not for liver mitochondria raises the
possibility that this phenomenon plays a specific role in
neuronal function.

Many investigations of spontaneous changes in AY ,
have concluded that the mPTP plays a critical role in this
phenomenon [16,18,28,29]. We had previously suggested
that oscillatory activity in AY,, of brain mitochondria
initiated by low doses of Ca®" reflects an intermediate,
unstable state of mitochondria possibly associated with
neuronal injury. We also investigated the possible role of the
mPTP in this event. The lack of calcein movement across
the mitochondrial membrane during Ca*"-oscillations and
an inability of CsA to stop the oscillations [32] argued
against the ‘classical” mPTP, which has been largely defined
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by studies in liver mitochondria. In this work, we compared
the properties of Ca®'-depolarization in brain and liver
mitochondria. As expected, CsA delayed Ca*'-depolariza-
tion in liver mitochondria, consistent with the involvement
of mPTP. The present studies used more sensitive
approaches for detecting the effects of modulatory agents.
With these more sensitive analytical methods we found that
if CsA is applied a few minutes before the onset of
oscillations, it can slightly delay the oscillatory activity.
Furthermore, adenine nucleotides had basically similar
inhibitory effects on both brain and liver depolarization.
Additionally, BA and CA had essentially similar influences
on adenine nucleotides effects in both types of mitochon-
dria. These new observations renewed the question about a
possible role of mPTP in the AY,, oscillations in brain
mitochondria.

It is widely considered that mPTP is a non-specific pore
that opens in the mitochondrial membrane under conditions
of elevated intramitochondrial Ca**, especially when this is
accompanied by oxidative stress and depleted adenine
nucleotides. Although it was reported by Kokoszka et al.
[37] that ANT is not essential for the mPTP, the data from
several other laboratories show that ANT is the pore-

forming component of the mPTP [12,14,35]. Mitochondrial
Ca”" overload triggers the interaction between mitochon-
drial cyclophylin D (CyP-D) and the ANT, leading to the
transformation of the ANT from a selective ADP-ATP
antiporter to a non-selective pore [35]. Adenine nucleotides
inhibit Ca*" binding to the ANT, preventing pore opening
[12,35]. CsA inhibits the mPTP by preventing CyP-D
binding to the ANT. In our experiments on liver mitochon-
dria both adenine nucleotides and CsA had similar effects
on Ca*"-induced depolarization, indicating that the delay in
the depolarization was related to the inhibition of the mPTP.
It is also interesting that only when mPTP was inhibited,
Ca®" induced slow changes in A, (the first phase of
mitochondrial depolarization) in liver mitochondria, which
was followed by the typical collapse of AY . Presumably,
the fast phase reflects the mPTP opening. Despite of the
different sensitivity of Ca**-induced depolarization of brain
mitochondria, the basic properties of adenine nucleotides
and CsA modulation are qualitatively similar to those seen
in liver mitochondria.

We also examined the effects of specific ANT ligands
BA and CA on Ca®*-induced depolarization in both types of
mitochondria (Fig. 3). Both CA and BA inhibit the transport
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of adenine nucleotides across the inner mitochondria
membrane. However, in our experiments, CA and BA had
opposite effects: CA enhanced Ca”'-depolarization and
abolished the stabilizing action of adenine nucleotides,
whereas BA reduced the depolarization and did not alter
adenine nucleotides effects. Therefore, the effects of CA and
BA on AY, cannot be explained by the depletion of matrix
ADP and ATP caused by lack of ADP-ATP transport. It is
known that ANT ligands inhibit function of ANT by
changing its conformational state. CA binding to the ANT
from the cytosolic surface decreases ADP binding affinity
and activates mPTP opening; BA binding to the matrix
surface of the ANT increases ADP binding affinity and
inhibits mPTP [14]. Based on this, we hypothesize that the
effects of adenine nucleotides, CA and BA on Ca®"-induced
depolarization in liver and brain mitochondria are due to the
modulation of ANT transformation from a selective ADP-
ATP antiporter to a non-selective pore. The difference in
Ca®" sensitivity could be the result of a difference in the
extent of Ca®" uptake by the mitochondria, or possibly even
a difference in the Ca*" sensitivity of the ANT isoforms that
dominate in each tissue. Unfortunately, the methods used in
this study cannot distinguish these possibilities.

The hypothesis that the actions of Ca*' are due to
modulation of mPTP is supported by the experiments where
mitochondria were depolarized by Sr**. Sr** does not
activate mPTP, but instead competitively inhibits the mPTP
[36]. We have shown here that the depolarization, which is
not associated with mPTP, is different from that induced by
Ca*" in both brain and liver mitochondria. Sr**-induced
depolarization was characterized by slow kinetics, did not
show the oscillatory activity, and was not sensitive to
adenine nucleotides or CsA. The time-course of Sr*'-
induced depolarization was similar with the slow phase of
depolarization observed in liver mitochondria treated with
CsA or adenine nucleotides. This observation supports the
suggestion that the slow phase of Ca®*-induced depolariza-
tion is not related to mPTP activation.

Finally, the similarities in the Ca®*-induced depolariza-
tion in brain and liver mitochondria suggest that the
oscillatory depolarization in brain mitochondria, as well as
the non-oscillatory depolarization in liver mitochondria, is
associated with the transformation of ANT to the non-
selective pore. However, the foremost conclusion from this
work is that Ca®"-induced depolarization in brain mitochon-
dria is different from that in liver mitochondria. Depolariza-
tion of brain mitochondria at the early stage is reversible and
transient. A¥,, can be restored completely by the removal
of Ca®" during the AY,, oscillations [33]. On the contrary,
liver mitochondria do not show the intermediate state of
depolarization; the removal of Ca®" cannot restore AV,
(data not shown). We suggest that Ca>" induces conforma-
tional change of ANT which can be transient in brain
mitochondria, reflecting a ‘low conductance’ state of mPTP.
In liver mitochondria, this transformation of ANT from
antiporter to a non-selective pore is non-reversible, suggest-

ing an important difference in the functional consequences
of Ca®" loading.
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