Biochemical Pharmacology 64 (2002) 441-449

Inhibition of mitochondrial permeability transition and release
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Abstract

We have investigated whether nucleoside drugs that induce or protect neurones against apoptosis might directly activate or inhibit
mitochondrial permeability transition (mPT) since opening of the mPT pore can promote release of cytochrome c and apoptosis, while its
closure can prevent these changes. We found that the pro-apoptotic pyrimidine analogues cytosine -p-arabinofuranoside and cytosine
B-p-arabinofuranoside 5'-triphosphate, which activated apoptosis in post-mitotic neurones without incorporation into nuclear DNA,
induced rapid calcium-dependent mitochondrial swelling of isolated liver mitochondria in a dose-dependent manner. Induction of up to
50 and 80%, respectively, of maximal swelling induced by high calcium was obtained at 1 mM concentrations, which also promoted a
17-fold increase in the release of cytochrome c. Both activities were inhibited by cyclosporine A to unstimulated levels; dCTP had no
effect. In contrast, the anti-apoptotic adenine analogues, 3-methyladenine (3-MA) and olomoucine (but not iso-olomoucine), inhibited
swelling induced by calcium or phenylarsine oxide in a dose-dependent manner at concentrations that protect neurones from apoptosis.
Both compounds also inhibited the release of cytochrome ¢ (by 82%, 20 mM 3-MA and 95%, 0.9 mM olomoucine), similar to
the inhibition obtained with cyclosporine A, and 5 mM ADP or ATP. Similar inhibitory effects with olomoucine and 3-MA were found
in isolated heart mitochondria. These studies identify the mPT as an important target for hitherto untested pro- and anti-apoptotic
nucleoside-based drugs and suggest that screening for mPT modulation is an important component in the validation of a drug’s

mechanism of action.
© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Several chemotherapeutic agents that kill cells by apop-
tosis have been shown to act directly on the mitochondria
by inducing mPT (reviewed in [1]), making mPT activation
an attractive target for anticancer therapies. Amongst the
nucleosides, the adenosine derivative dATP has been
shown to promote release of cytochrome ¢ from isolated
mitochondria in a manner that is inhibited by the cyclo-
philin D inhibitor cyclosporine A (CsA), indicating mPT
and possibly adenosine nucleotide transporter (ANT)
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involvement [2]. In addition, chloro and fluoro derivatives
of deoxyadenosine metabolites were shown to reduce
mitochondrial membrane potential in whole cells [3],
suggesting possible involvement of mPT in addition to
activating Apaf-1 in lieu of dATP [4]. Little is known about
the efficacy of pyrimidines in mPT regulation, although
agents such as cytosine B-p-arabinofuranoside (araC) that
are used clinically are also capable of inducing apoptosis in
post-mitotic neurones [5—7] without their being incorpo-
rated into nuclear DNA [5,6] and can be toxic to the nervous
system [7].

In contrast to exploration of the pro-apoptotic effects of
some nucleoside analogues, little work has been done to
investigate the possibility that adenine-based analogues
that prevent neuronal apoptosis mimic the actions of ADP/
ATP, and inhibit mPT. This possibility is especially impor-
tant as CsA treatment, which can be neuroprotective in
rodent models of brain trauma [8], ischaemia [9] and
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hypoglycaemia [10] may also promote neurotoxicity [11—
14], and its delivery to the CNS may be problematic [15]
due in part to its effects on the blood-brain barrier [16,17].
One candidate adenine analogue of special interest is 3-
MA. 3-MA is best known as an inhibitor of autophagosome
formation [18], but it has also been shown to induce
alkalisation of lysozomes [19] and to inhibit various kinase
activities [20]. 3-MA also inhibits apoptosis induced by
TNFa in leukaemic cells [21] and by NGF deprivation or
araC treatment in SCG neurones [20]. Little is known
about the metabolic fate of 3-MA in the cells. It has been
proposed that mPT pore opening is the trigger for activa-
tion of autophagy [22,23]. Since mPT pore activity can
cause subsequent release of mitochondrial proteins such as
cytochrome ¢, we hypothesised that 3-MA might be inhi-
biting both autophagy and apoptosis (and hence preserve
mitochondrial function) by inhibiting mPT.

Olomoucine is another adenosine analogue which has
high affinity as a cdk inhibitor [24]. At higher concentra-
tions it also inhibits neuronal apoptosis [25,26]. Maas et al.
[25] have suggested that the neuroprotection is mediated
by inhibition of c-Jun N-terminal kinase (JNK) activity, but
whether this activity is sufficient to account for the protec-
tion observed is not entirely clear.

We have, therefore, tested these two hypotheses—that
araC and its derivatives induce mPT pore opening, and that
3-MA or olomoucine inhibit it—using isolated rat liver
mitochondria. The effects of olomoucine and 3-MA have
also been tested in heart mitochondria that respond to
ischaemia by opening of the mPT [27]. To follow mPT
pore activity, we have measured mitochondrial swelling
and cytochrome c release. Here, we show that araC deri-
vatives induce Ca2+—dependent, CsA-inhibitable mPT and
cytochrome c¢ release, whereas 3-MA and olomoucine
inhibit Ca®*- and oxidant-induced mPT.

2. Materials and methods
2.1. Preparation of mitochondria

Liver mitochondria were prepared from male Wistar rats
by homogenisation in medium containing 250 mM
sucrose, 5 mM Tris—=HCl, 5mM EGTA (pH 7.4) and
subsequent differential centrifugation as described pre-
viously [28]. The pellet was washed one time in EGTA-
free sucrose/Tris medium and resuspended in the EGTA-
free medium.

2.2. Assay for mPT

Mitochondria (1 mg protein) were incubated in 1.5 mL
of incubation buffer in a stirred cuvette at 37° and the
change in absorption at 540 nm was recorded continuously
using a Unicam 8625 UV/VIS spectrophotometer. Light
scattering by the mitochondria decreases as their volume

increases during the swelling process [30]. The incubation
buffer contained 120 mM KCI, 50 mM HEPES and 5 mM
nitrilotriacetic acid (pH 7.0), with 1 mM pyruvate and
I mM malate added as substrates for mitochondrial
respiration. Threshold levels of swelling were determined
by incubating mitochondria in the presence of 0.48 mM
KH,PO, and a series of small increments of 10 pM CaCl,
until the mitochondria were sufficiently sensitised so that
one further increment induced maximal swelling within 5—
8 min. The mitochondria were examined periodically
throughout the experiment by retesting the effects of the
subthreshold concentrations of CaCl, determined at the
beginning of the experiment (usually 30-40 pM) to ensure
that no changes had taken place during the experiment.
Heart mitochondria (0.1 mg) were incubated in 200 pL. of
buffer containing 110 mM KCl, 50 mM creatine, 5 mM
KH,PO,, 10 mM Tris—-HCI, 5 mM nitriloacetic acid,
2.24 mM MgCl,, with 1 mM pyruvate and 1 mM malate
(pH 7.2), and were induced to swell with 0.1 mM CacCl,. To
test the effects of mPT inducers and inhibitors, the drugs
were added to the incubation medium just before or
immediately after addition of mitochondria. AraC, cyto-
sine B-p-arabinofuranoside 5'-triphosphate (araCTP),
dCTP, 3-MA, ATP and ADP were obtained from Sigma
UK. Olomoucine, iso-olomoucine and CsA were pur-
chased from Calbiochem. Drugs were carefully buffered
and tested to ensure they did not alter the pH of the
incubation buffer before and after calcium was added.
To quantify the relative amount of swelling, the difference
between absorbance values before CaCl, addition and
those induced after 10-min treatment with the drug were
measured and the percentage of change was calculated
relative to the change in absorbance measured after max-
imal swelling was induced by 100 uM CacCl, final con-
centration (considered as 100%).

2.3. Western blot for cytochrome c release

At the end of the swelling assay, the mitochondrial
suspension was pelleted immediately at 10,000 g for
3 min and an aliquot of 10 pL (liver) or 20 uL (heart)
was analysed by SDS/PAGE on 14% acrylamide gels.
Proteins were transferred to a nitro-cellulose membrane
and probed with mouse antibody to cytochrome ¢ (Phar-
mingen 65981A) followed by ECL-based detection (liver)
or an infra-red detection (heart) system (Li-Cor Bios-
ciences) using an Alexa-680-conjugated secondary anti-
body (Molecular Probes). The intensity of bands was
quantified by densitometry using a Leica Q500 image
analysis system (liver) or using the Li-Cor software (heart).

2.4. Assay for mitochondrial respiration
Respiration was measured using a Clark-type oxygen

electrode in the same medium as that used for the swelling
experiments. Mitohcondrial state 3 respiration was achieved
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Fig. 1. AraC and araCTP, but not dCTP, activate mitochondrial swelling and promote the release of cytochrome c. (A) Mitochondria were pre-incubated
without (“low Ca’) or with media containing 1 mM araC, araCTP, or dCTP, or with 3.2 uM CsA and 1 mM araCTP (dashed line) and then loaded with
0.48 mM KH,PO, and 30 uM CaCl, at time zero; “no Ca” indicates untreated mitochondria. (B) The differences in absorbance readings between 0 and 10 min
were used to calculate percentage swelling, 100% being the swelling induced with 50-100 pM CaCl,. Results are mean &= SD from four independent
experiments (P < 0.02, araC vs +Ca; P < 0.001, araCTP vs +Ca, two-tailed Student’s #-test). (C) Swelling induced by araCTP is dose dependent. Different
concentrations of araCTP were added and the swelling process was followed as in (A); “high Ca”, swelling in the presence of 0.48 mM KH,PO, and 100 pM
CaCl,. (D) Percent swelling was calculated as in (B) after addition of the indicated concentrations of araCTP. Results show mean =+ range from two independent
experiments. Dashed line shows swelling in the presence of low concentrations of CaCl,. (E) At the end of the swelling assay, an aliquot from the clarified
supernatants of the mitochondrial suspensions were analysed for cytochrome ¢ content by western blotting. Concentrations and conditions for lanes labelled—
no Ca, low Ca, AraC, araCTP and CsA—were as in panel (A). Equal input of mitochondria is indicated by the identical absorbance readings at time zero. (F)
Densitometric reading of band intensities normalised to the average value obtained from the control sample (mean =+ range of two independent experiments).
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by adding 1 mM ADP. Uncoupled respiration was measured
in the presence of 0.07 mM 2,4-dinitrophenol.

3. Results

3.1. Induction of mPT opening and cytochrome c release
by araCTP and araC

In SCG neurones, addition of 0.1-1 mM concentrations
of araC is required in order to induce apoptosis and this
process takes several hours [6,31]. Because araC is meta-
bolised rapidly to araCTP by cellular kinases, we examined
the ability of both araC and araCTP to induce mPT at
concentrations that were likely to be present in neuronal
cells. When 1 mM araCTP was added to the mitochondria,
it induced rapid mitochondrial swelling (Fig. 1A); the
percentage of swelling after 10 min being 80% of the
maximal rate of swelling induced by 55uM CaCl,
(Fig. 1B). The induction of mPT was dependent on the
concentration of araCTP, but the dose dependence was not
a simple function of concentration and showed both high-
(EDsg ~50 uM) and low-affinity (EDsy ~0.5 mM) sites
(Fig. 1C and D). The compound araC (1 mM) itself also
induced swelling, but the extent of swelling was about 50%
of that induced by 1 mM araCTP (Fig. 1A and B). In
contrast, neither 1| mM dCTP (Fig. 1A and B) nor 1 mM
CTP (data not shown) induced mitochondrial swelling.

The binding of CsA to mitochondrial cyclophilin D
inhibits mPT, inhibition of mitochondrial swelling by
CsA being a well-established indicator of mPT activity
(reviewed in [32]). Swelling induced by araCTP was
inhibited by addition of CsA indicating that swelling
was dependent on mPT. Interestingly, ATP which inhibited
mPT opening induced by CaCl, (see Fig. 2B) also blocked
the induction of mPT by araCTP (data not shown).

To determine whether araCTP and araC promote the
release of cytochrome ¢, mitochondrial suspensions were
collected rapidly after treatment with the various inducers,
spun, and an aliquot of the incubation medium was sepa-
rated on SDS/PAGE and western blotted. Fig. 1E and F
show that both araCTP and araC promoted the release of
cytochrome ¢ and that release induced by araCTP was
inhibited by CsA, indicating that it was related to mPT.

3.2. Inhibition of mPT by 3-MA and olomoucine

Isolated liver mitochondria were treated such that they
underwent very slow swelling by adding subthreshold
levels of CaCl,. Mitochondria were mixed with different
concentrations of 3-MA, or CsA, in the presence of sub-
optimal concentrations between 30 and 40 pM CaCl, in the
presence of 0.48 mM KH,PO, and induced to swell with
another 10-15 pM CaCl, (55 pM final concentration).
Fig. 2A shows that 3-MA inhibited mitochondrial swelling
in a dose-dependent manner, with 1 mM 3-MA causing
about 40% inhibition of swelling after 10 min compared to
inhibition by CsA (considered as 100%). The inhibitory
effect was dose dependent, but as much as 20 mM 3-MA
were required to obtain 90% inhibition of swelling. Hence,
3-MA had relatively low efficacy as a complete inhibitor of
the swelling process.

The effects of olomoucine (which inhibits apoptosis in
primary neurones) were also investigated and compared
with those of 3-MA, CsA, ATP and ADP (Fig. 2B).
Olomoucine, but not its inactive analogue iso-olomoucine,
inhibited swelling as effectively as CsA, ADP or ATP when
it was added at a concentration of 1.2 mM, with half-
maximal inhibition occurring at a concentration of about
0.4 mM (Fig. 2D). In keeping with these results, olomou-
cine also inhibited cytochrome c release in a dose-depen-
dent manner (Fig. 2E and F), while the efficacy of 3-MA in
inhibiting cytochrome c¢ release was about 90% that of
olomoucine or CsA (Fig. 2E and F). Inhibition of mPT
opening by olomoucine and 3-MA was also provided when
phenylarsine oxide was used as the mPT inducing agent
(Fig. 2C), although the efficacy was reduced compared to
CsA. The possibility that olomoucine and 3-MA might be
inhibiting mPT by indirectly affecting respiration was
examined by comparing its effects on state 3 respiration
and uncoupled respiration with those of iso-olomoucine.
Uncoupled respiration was reduced by 31 &= 7% by 1.2 mM
olomoucine, 26 1% by 1.2 mM iso-olomoucine and
14 £ 2% by 20 mM 3-MA. State 3 respiration was also
inhibited by olomoucine (by 50 4= 6%), but once again this
effect was also induced by iso-olomoucine (42 4 1%) and to
a lesser extent by 3-MA (14 £ 5%). Thus, it is unlikely that
the effects of 3-MA and olomoucine on permeability transi-
tion are mediated entirely by their effects on respiration.

Fig. 2. 3-MA and olomoucine inhibit swelling induced by calcium or phenylarsine oxide. (A) Mitochondria were incubated without or with the indicated
concentrations of 3-MA or 3.2 uM CsA (dashed line) in pre-swelling medium containing 0.48 mM KH,PO, and 40 uM CaCl, and then induced to swell with
another 15 pM CaCl, (high Ca). (B) Mitochondria were incubated in the presence of 1.2 mM olomoucine (olo), 5 mM ATP, 5 mM ADP, 20 mM 3-MA or
3.2 uM CsA, and then induced to swell with 0.48 mM KH,PO, and 55 pM CaCl, (high Ca). Dashed line marked “low Ca” indicates mitochondria in pre-
swelling medium (0.48 mM KH,PO, and 37 uM CaCl,). (C) Mitochondria were pre-incubated with 1.2 mM olomoucine (olo), 20 mM 3-MA or 3.2 uM CsA
and then treated with phenylarsine oxide (PhAsO). (D) Dose response to olomoucine, with 100% swelling being the difference between swelling in the
presence and absence of CsA. Inset shows results from two independent experiments which compare the effects of 0.9 or 1.2 mM olomoucine (olo) with those
of 1.2 mM iso-olomoucine (iso-olo). (E) Cytochrome c release is inhibited by 3-MA and olomoucine. Upper panel, supernatants of mitochondria treated with
20 mM 3-MA, 1.2 mM olomoucine (olo) or 3.2 uM CsA. Bottom panel, supernatants of mitochondria shown in panels (B) and (D). (F) Quantification of
cytochrome ¢ release (1.2 mM olomoucine, 3.2 uM CsA, 20 mM 3-MA; mean +range of two to three independent experiments). Equal input of
mitochondria is indicated by the identical absorbance readings at time zero.
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Fig. 3. 3-MA and olomoucine inhibit swelling of heart mitochondria. (A) Mitochondria were added last to swelling medium containing 0.1 mM CaCl, (high
Ca) without or with one of the following drugs: 10 mM 3-MA, 20 mM 3-MA, 1 mM olomoucine (olo), 1 mM iso-olomoucine (iso-olo) and 1 pM CsA; “no
Ca” indicates medium lacking CaCl,. (B) Percent swelling was calculated by taking the difference in absorbance readings between 0 and 10 min, with 100%
swelling being the difference between the values measured in the absence and presence of 0.1 mM CaCl,. Results are mean =+ range from two independent
experiments. (C) Cytochrome c release: drugs concentrations are as indicated in panel (A), 3-MA was at 10 mM. Equal input of mitochondria is indicated by

the similarity in absorbance readings at time zero.

3.3. Inhibition of mPT in heart mitochondria by
olomoucine and 3-MA

To examine whether the inhibition of mPT by the
adenine-based analogues extends to other types of mito-
chondria, heart mitochondria were induced to swell with
Ca”*" and phosphate and the effects of olomoucine, iso-
olomoucine and 3-MA were examined (Fig. 3). Heart
mitochondria were chosen as they are well documented
to contain a CsA-inhibitable mPT response that can be
assayed in vitro [29], while brain mitochondria do not swell
appropriately in vitro [33]. Although the swelling induced
by calcium was less pronounced, the inhibitory responses
to the drugs were still apparent. However, inhibition by 3-
MA was relatively stronger in heart compared to liver
mitochondria, while olomoucine inhibited less well, elicit-
ing an inhibition of about 40%. There was also a slight
inhibitory effect of iso-olomoucine.

4. Discussion

An increase in mitochondrial permeability is now estab-
lished as an important route by which stimuli can activate
apoptosis in mammalian cells. There is, therefore, much
interest in finding drugs that can regulate the opening and
closure of such permeability transitions in cancer and
degenerative diseases, respectively. The ANT is an impor-
tant component of mPT which is thought to constitute a
pore that initially permits solutes of 1.5 kDa to permeate
the inner mitochondrial membrane. Together with VDAC,

it allows permeability of the outer membrane to much
larger proteins (reviewed in [34]). The binding of ADP,
dADP and ATP to ANT prevents activation of mPT
induced by calcium loading or thiol oxidation reagents
such as phenylarsine oxide [35]. In addition, CsA inhibits
mPT pore activity by binding to cyclophilin D, a matrix
protein that binds to ANT. Recently, it was shown that in
contrast to ADP, dADP and ATP, which promote pore
closure, addition of dATP to isolated mitochondria induced
mPT pore opening and release of cytochrome c in a CsA-
inhibitable manner. Cytochrome ¢ release was sustained
even when swelling was prevented by treatment with
polyethylene glycol [2], indicating that the release of
cytochrome ¢ was not due entirely to non-specific mem-
brane rupture. However, Halestrap et al. [35] have reported
that a 1 mM concentration of other purines such as AMP,
GTP, GDP and NAD derivatives have no inhibitory effect
on calcium-induced mPT opening. Given these data, it is
clear that the function of many nucleoside analogues that
are being used in therapy in relation to mPT are impossible
to predict from their structures alone. This difficulty is also
observed when trying to account for the molecular actions
of fluoro- and chloro-based deoxyadenosine analogues [3].

Pyrimidines are also used as anticancer and antiviral
drugs [36,37], but hardly any work has been done on
pyrimidine analogues in relation to mPT, although it is
well established that at least human mitochondria have a
dCTP-specific transporter [38]. Thus, we thought it reason-
able to test whether some of the pyrimidine analogues that
activate apoptosis may induce mPT while adenine-based
nucleoside analogues, which inhibit neuronal apoptosis
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and prevent cytochrome c release from the mitochondria,
may prevent mPT opening.

We found that araC, but even more potently its active
metabolite araCTP, induced swelling of isolated liver mito-
chondria in a CsA-inhibitable manner indicating induction
of mPT opening. Swelling was accompanied by cytochrome
¢ release which was also inhibited by CsA. The precise
mechanism is still unclear. The mPT opening was unlikely
to involve Bax activation since we found that there was no
Bax in the membranes of these mitochondria, in keeping
with the results of Polster er al. [39]. Since araCTP is a
pyrimidine, it is not likely that it binds directly to the ADP-
binding sites in ANT as these have strict steric require-
ments. It is also unlikely that the effect is mediated via the
triphosphate moiety of the molecule as both araCTP and
dCTP share the same triphosphate structure, yet the latter
had no activity. Moreover, araC also had a toxic, although
partial, effect. Although arabinose is a closer mimetic of 2'-
deoxyribose compared to ribose, and dATP likewise
induces mPT, dADP also lacks a 2’-hydroxyl group, yet
it is a high-affinity inhibitor of ANT-dependent mPT, like
ADP. Because of the rapidity of the response to araC and
araCTP, it is not likely that the toxicity is associated with
damage of mitochondrial DNA as this effect takes several
days to manifest itself in cells and requires incorporation
into mitochondrial DNA [36]. It is possible that araCTP and
araC have a pro-oxidant effect [5,40], although the rapidity
of response would suggest this is unlikely. Clearly, the
precise mechanism of toxicity requires further study.

We also found that 3-MA, and more potently olomou-
cine, are capable of inhibiting calcium- (and phosphate)-
induced swelling of liver mitochondria almost as well as
ADP or ATP. Inhibition of cytochrome ¢ release by olo-
moucine was as strong as that mediated by CsA. Because
suppression of the respiratory chain can lead to a decrease
in mitochondrial membrane potential and, hence, inhibi-
tion of calcium accumulation [41] which causes swelling,
we tested the effects of the drugs on respiration. All three
drugs had some inhibitory effects on respiration. As they
inhibited both ADP-dependent (state 3) and uncoupled
respiration, the inhibition was due to an effect on the
electron transport chain rather than the phosphorylating
subsystem. However, as iso-olomoucine inhibited respira-
tion almost as potently as olomoucine, yet it had no effect
on swelling, it is unlikely that inhibition of respiration is
solely responsible for the inhibition of mPT and cyto-
chrome c release.

The results with 3-MA support the view expressed by
Lemasters and colleagues [22,23] that autophagic signals
are emitted from mitochondria following mPT but the
exact course of events is not known. Although 3-MA
inhibits mPT with very low potency in the range of 5-
20 mM, the dose response matches its efficacy in inhibiting
autophagy (and apoptosis) in SCG neurones [20] and also
its inhibition of JNK phosphorylation (we calculated an
ICs value of 6.5-7 mM for both effects). However, it is

possible that in cells 3-methyl-adenosine is metabolised,
for example, to 3-MA, which might also be more effica-
cious in inhibiting mPT. In keeping with this notion,
olomoucine (an adenosine analogue which inhibits
cyclin-dependent kinase 2 at low micromolar concentra-
tions [24]) inhibited mPT with an EDsy of ~0.5 mM. This is
about twice the concentration that inhibits apoptosis
induced by trophic-factor deprivation in neurones (ICsq
of ~200 puM in rat SCG neurones and several types of
chick neurones [26]). Olomoucine also inhibits the activity
of the stress kinase JNK with the same 1Csq as it inhibits
apoptosis, and this inhibition has been suggested to be the
reason for its anti-apoptotic effects [26]. Our data suggest
that, in addition, olomoucine might inhibit mPT, thereby
sparing mitochondria from damage that leads to cyto-
chrome c release and apoptotic death.

Since it has been shown that isolated brain mitochondria
cannot be induced to swell by calcium in a manner that is
inhibited solely by CsA [33,39,42]—although CsA is able
to prevent cell death and mitochondrial swelling through
regulation of mPT after ischaemia in the CNS [10] and in
cultured neurones [43]—we used isolated heart mitochon-
dria to examine whether we could generalise our observa-
tions. Damage to the heart following an ischaemic insult or
nitric oxide treatment causes a CsA-inhibitable release of
cytochrome ¢ which can be assayed in isolated mitochon-
dria [29]. We found that 3-MA completely inhibited swel-
ling of heart mitochondria at 10 mM, while olomoucine (at
1 mM) inhibited swelling by 40%. Similarly, cytochrome ¢
release was inhibited by both drugs. Excluding the simple
explanation that the differences observed might be because
of the different conditions required in the two swelling
assays, these results suggest that mitochondria from dif-
ferent tissues possess both common and specific features.
Nevertheless, it appears that assays on liver mitochondria
can be used to screen for drugs that are likely to have
similar effects on mitochondria from other tissues.

Preventing damage to mitochondria is of paramount
importance for preservation of cell function in face of
degenerative insults. In the nervous system, CsA treatment
can provide protection against some forms of insult, but its
use can be problematic. Given the direct effects on mPT of
the cytidyl and adenine analogues used in this study, our
observations not only suggest alternative mechanisms of
actions for these well-known drugs, but also highlight the
importance of screening for effects on mPT when design-
ing drugs that induce, or prevent, cell death.
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