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Abstract
Minocycline has been shown to be neuroprotective in
ischemic and neurodegenerative disease models and
could potentially be relevant for clinical use. We

revisited the hypothesis that minocycline acts through
direct inhibition of calcium-induced mitochondrial
permeability transition (mPT) resulting in reduced

release of cytochrome c  (cyt c). Minocycline, at high
dosage, was found to prevent calcium-induced
mitochondrial swelling under energized conditions

similarly to the mPT inhibitor cyclosporin A (CsA) in
rodent mitochondria derived from the CNS. In
contrast to CsA, minocycline dose-dependently

reduced mitochondrial calcium retention capacity
(CRC) and respiratory control ratios and was
ineffective in the de-energized mPT assay. Further,

minocycline did not inhibit calcium- or tBid-induced
cyt c release. We conclude that the neuroprotective
mechanism of minocycline is likely not related to direct

inhibition of mPT and propose that the mitochondrial
effects of minocycline may contribute to toxicity rather
than tissue protection at high dosing in animals and

humans.

Keywords: Neurodegeneration, Amyotrophic lateral
sclerosis, Huntington´s disease, Parkinson´s disease,
Motor neuron disease, Spinal cord injury, Ischemia,
Apoptosis, Cyclosporin, Minocycline,
Neuroprotection, Brain mitochondria

Introduction
Minocycline is a second-generation tetracycline
derivative that has displayed neuroprotective
properties in a broad range of models of neurological
disease e.g. global and focal ischemia, brain and
spinal cord trauma, as well as Alzheimer’s,
Huntington’s and Parkinson’s disease (Arvin et al.,
2002; Casarejos et al., 2006; Chen et al., 2000; Choi
et al., 2005; Du et al., 2001; Festoff et al., 2006; Ryu
et al., 2004; Sanchez Mejia et al., 2001; Teng et al.,
2004; Yong et al., 2004; Yrjanheikki et al., 1998;
Yrjanheikki et al., 1999). Furthermore, minocycline
has prolonged life span in the most widespread
model for amyotrophic lateral sclerosis (ALS), mice
carrying a human mutation of superoxide dismutase
(SOD) associated with familial ALS (Kriz et al.,
2002; Van Den Bosch et al., 2002; Zhu et al., 2002).
The mechanisms of the neuroprotective action are
currently unknown. Minocycline has been reported to
influence the expression and activity of e.g. caspases
and nitric oxide synthase, inhibit reactive
microgliosis, induce the anti-apoptotic protein Bcl-2
and display antioxidant properties (Chen et al., 2000;
Kraus et al., 2005; Tikka et al., 2001; Wang et al.,
2004).
Recently, several reports have concluded that
mitochondria are key targets for the neuroprotective
action of minocycline via direct inhibition of
mitochondrial permeability transition (mPT) and the
subsequent release of pro-apoptotic proteins from the
intermembrane space (Teng et al., 2004; Wang et al.,
2003; Zhu et al., 2002). Inhibition of mPT is a
feasible target for neuroprotection and its definition
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includes a sudden increase in permeability of the
inner mitochondrial membrane leading to loss of
electrochemical gradients and uncoupling of
oxidative phosphorylation, overt mitochondrial
swelling and release of Ca2+ and intermembrane
proteins such as cytochrome c  (cyt c ) to the
surrounding cytosol (Halestrap et al., 2004). The
mPT inhibitor cyclosporin A (CsA) has exhibited
neuroprotective properties when allowed to penetrate
the blood-brain barrier in several animal models of
ischemia, brain trauma and hypoglycemic coma
(Friberg et al., 1998; Matsumoto et al., 1999;
Sullivan et al., 2000; Uchino et al., 1998). Inhibition
of mPT may also prove to be a beneficial therapy for
neurodegenerative diseases. Mitochondria from the
spinal cord of transgenic ALS mice have been shown
to have an impaired Ca2+ retention capacity, possibly
contributing to neuronal degeneration (Damiano et
al., 2006). Intrathecal administration of CsA to
transgenic ALS mice (SOD1 G93A) extend the
remaining life span at late stage disease (Keep et al.,
2001) and delay onset of symptoms, prevent neuronal
death and increase overall life span by pre-
symptomatic treatment (Karlsson et al., 2004).
To investigate the mPT-related neuroprotective
mechanism for minocycline, its influence on the
release of certain pro-apoptotic proteins, e.g.
cytochrome c (cyt c), Smac/Diablo and apoptosis
inducing factor (AIF), has been studied in tissue
homogenates, cell cultures and preparations of
isolated mitochondria (Wang et al., 2003; Zhu et al.,
2002). One feature of the studies performed on
isolated brain (and liver) mitochondria is the
relatively high concentration/dose of minocycline
needed to prevent the mitochondrial release of
proteins following various triggering events (e.g.
Ca2+, tBid and oxidants) compared to concentrations
needed to reach its anti-inflammatory effect (Tikka et
al., 2001; Yrjanheikki et al., 1999). High systemic
dosing of minocycline has also been employed in
some animal models, e.g. 180 mg/kg i.p. in a spinal
cord injury study (Teng et al., 2004). A dosing
regimen of 90 mg/kg the first day followed by 45
mg/kg i.p. injections in the rat would correspond to
approximately 1.5 g/day (p.o.) in humans (Scarabelli
et al., 2004) which can be compared to the mean
tolerated dose of 387 mg/day (p.o.) in a clinical
phase II study (Gordon et al., 2004).
Minocycline is currently available for human use and
presently in, or planned for, human clinical trials in
neuroprotection (Gordon et al., 2004; Huntington

Study Group, 2004; Yong et al., 2004). The selection
of human dosing is limited by tolerability but pre-
clinical studies of its neuroprotective action will
naturally impact the target dosing. It is, therefore,
warranted to elucidate the relevant molecular targets
of minocycline.
In the present study we revisited the conclusion that
minocycline directly inhibits the induction of mPT
and release of pro-apoptotic proteins in brain-derived
rodent mitochondria. The objectives were to
investigate the effect of a wide concentration/dose
range of minocycline in several models of Ca2+-
induced mPT, as well as evaluate the effect of
minocycline on Ca2+- and tBid-induced release of cyt
c  and evaluate the influence of minocycline on
mitochondrial respiratory function.

Materials and methods
All animal procedures were approved by the
Malmö/Lund Ethical Committee for Animal
Research (M221-03, M230-03). Adult male Wistar
rats and C57 mice were used. Chemicals were from
Sigma (St. Louis, MO) unless otherwise indicated.
Isolation of rodent brain or spinal cord mitochondria
was achieved using a discontinuous Percoll gradient,
as previously described (Hansson et al., 2003; Sims,
1990). In brief, rats were decapitated and the brain or
the spinal cord was rapidly removed to ice-cold
isolation buffer (IB), containing 320 mM sucrose, 2
mM EGTA, 10 mM Trizma base, pH 7.4.
Approximately 600 mg of cortical or spinal tissue
was homogenized in IB (10% w/v) containing 12%
(v/v) Percoll. The homogenate was added to a Percoll
gradient, 40% and 26% respectively, and centrifuged
in a Beckman ultracentrifuge 100.3 rotor at 30700 g
for 7 min, yielding a dense fraction 3. The latter was
collected and washed twice in successive
centrifugational steps to remove remaining percoll,
16700 g for 12 min and 7400 g  for 7 min. 0.05%
BSA was present during the last centrifugation. The
final pellet was resuspended and diluted in IB to a
fixed concentration after protein quantification
according to Bradford (Bradford, 1976) using BSA
as standard.
A luminescence spectrometer LS-50B (Perkin-Elmer,
Emeryville, CA) with a temperature controlled
cuvette holder was used for all fluorescence
experiments. Ca2+-induced mPT was observed in
mitochondrial suspensions (25 µg/ml) by measuring
the decrease in 90° light scattering at 520 nm
reflecting mitochondrial swelling or by monitoring
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extramitochondrial Ca2+ with the fluorescent probe
Calcium Green 5N, (Molecular Probes, Eugene, OR,
100 nM) following a bolus dose of Ca2+. In addition,
in order to minimize bioenergetic influence of bolus
administration, mitochondria (50 µg/ml) were
exposed to a continuous (200 nmol/min/mg) Ca2+-
infusion and the mitochondrial Ca2+-retention
capacity was determined (Chalmers et al., 2003).
Ana lyses  o f  Ca2+- induced  mPT and
extramitochondrial Ca2+ following a bolus dose of
Ca2+ were performed under energized conditions
(Hansson et al., 2004), in a sucrose-based buffer (250
mM sucrose, 20 mM MOPS, 10 mM Trizma base, 2
mM Pi(K), 1 mM MgCl2, 1 µM EGTA, pH 7.2)
containing 1 µg/ml oligomycin and 20 µM ADP at
37° with 5 mM malate and glutamate as respiratory
substrates.
For de-energized conditions (Hansson et al., 2003),
an isotonic KCl buffer at 28°C, pH 7.3, containing
150 mM KCl, 20 mM MOPS and 10 mM Trizma
base was used. Addition of 2 mM nitrilotriatcetic
acid (NTA) provided calcium buffering. The
respiratory complexes were inhibited with 0.5 µM
rotenone and 0.25 µg/ml antimycin A. Two µM of
the Ca2+-ionophore (A23187) allowed free diffusion
of Ca2+ into the mitochondrial matrix. The ionophore
alamethicin (7.5 µg/ml) was added to induce a
standardized maximal swelling response of the
mitochondrial population.
Calcium-infusion experiments were performed under
energized conditions using KCl buffer (125 mM
KCl, 20 mM Trizma base, 2 mM Pi(K), 1 mM
MgCl2, 1 µM EGTA, pH 7.2) with 5 mM malate and
glutamate as respiratory substrates and 1 µg/ml
oligomycin and 200 µM ADP present.
Respiratory activities of brain and spinal
mitochondrial preparations (0.25 mg/ml), were
measured by determining O2 consumption in airtight
chambers at 30°C, using Clark-type O2 electrodes
(Hansatech, Norfolk, UK). 5 mM malate and
glutamate were present as respiratory substrates and
the same buffer was used as in the calcium-infusion
experiments. Respiratory control ratios (RCR) were
calculated as the ratio of O2 consumption during
active phosphorylation in presence of ADP (state 3)
to resting rate after ADP was consumed (state 4). The
effect of minocycline and CsA on respiration was
evaluated simultaneously to vehicle in parallel
chambers.
An ELISA kit (Quantikine® M, R&D Systems,
Abingdon, UK) was employed to measure cyt c

release. Experiments were run under energized
conditions. Rat and mouse brain mitochondria (50
µg/ml) were exposed to 1.4 and 1.2 µmol Ca2+/mg,
respectively, for 10 min. In addition, rat brain
mitochondria were exposed to 100 ng/ml truncated
Bid (tBid) for 30 min, conditions previously found to
induce maximal cyt c release (Brustovetsky et al.,
2003). A protease inhibitor cocktail (Sigma P-2714)
was added 60 s after the Ca2+ insult or after tBid
incubations. Mitochondria were pretreated with
minocycline, 1 µM CsA or vehicle to test for
inhibition of cyt c release. Following incubations,
mitochondrial suspensions were rapidly chilled and
centrifuged at 7000 g  for 10 min. A second
centrifugation of supernatants at 436,000 g for 60
min was performed before determining cyt c content.
Minocycline was prepared daily and dissolved in
Millipore water. Both concentration (µM) and dose
(nmol/mg mitochondrial protein) are provided as the
mitochondrial protein content varied between the
assays. Minocycline was evaluated using
concentrations of 1-100 µM (40-4000 nmol/mg
mitochondrial protein) in the energized swelling
assay, 2.5-250 µM (100-10,000 nmol/mg) in the de-
energized swelling assay, 0.2-20 µM (4-400
nmol/mg) in the calcium-infusion experiments, 1-20
µM (80-400 nmol/mg) for inhibition of cyt c release
and 15-150 µM (40-400 nmol/mg) for respiratory
measurements.
All experiments were replicated in 3-4 separate
mitochondrial preparations using malate and
glutamate as respiratory substrates. Statistical
analyses were performed using one-way ANOVA
with Bonferroni post hoc test.

Results
Minocycline significantly reduced swelling in
energized, respiring brain mitochondria induced by
Ca2+ bolus load (Fig. 1A upper panel, 1B). The
inhibitory effect of minocycline was seen at the
higher concentrations tested, 25 and 100 µM (800
and 4000 nmol/mg mitochondrial protein) in mouse
and rat brain mitochondria, respectively. At lower
concentrations, there was a tendency for minocycline
to potentiate the swelling response to Ca2+, which
was significant at 2.5 µM in mouse brain
mitochondria. Spinal cord mitochondria exhibited a
similar dose-response relationship. However, no
significant reduction of swelling was detected, and 1
and 10 µM minocycline significantly increased the
swelling response (Fig. 1B).
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Figure 1
Minocycline reduces Ca2+-induced mitochondrial swelling at high doses but does not enable Ca2+ uptake. (A) Representative traces of

changes in light scattering (upper panel, arbitrary units, 520 nm) and changes in Calcium Green 5N fluorescence (lower panel, arbitrary

units) of isolated rat brain mitochondria. A decrease in scattering reflects mitochondrial swelling whereas a decrease in Calcium Green

fluorescence indicates a decrease in extramitochondrial Ca2+ (mitochondrial Ca2+ uptake). Mitochondria (25 µg/ml) were incubated in a

sucrose-based buffer at 37°C containing 1 µg/ml oligomycin, 20 µM ADP, and 5 mM malate and glutamate as respiratory substrates.

Mitochondria were pretreated with indicated doses of minocycline (nmol/mg) prior to exposure of 2.0 µmol Ca2+/mg protein (50 µM) for 10

min. Cyclosporin A and vehicle (H2O) were used as positive and negative controls, respectively. The ionophore alamethicin (7.5 µg/ml) was

added to induce a standardized maximal swelling response of the mitochondrial population. Trace disturbances during additions have been

deleted for clarity. (B) Calculations of the extent of swelling of the mitochondrial population (the decrease in light scattering following Ca2+

compared to that of alamethicin, expressed as % of maximal) for experiments with rat and mouse brain and rat spinal cord mitochondria.

Values are means ± SEM. * indicate p<0.05, treatment vs. vehicle (control).

Mitochondrial Ca2+ handling was investigated under
the same conditions used in Fig. 1A upper panel and
are illustrated in the lower panel of Fig. 1A.
Following the bolus dose of Ca2+, untreated
mitochondria were unable to sequester the added
Ca2+, which can be attributed to an mPT rapidly
counteracting the initial uptake. With the mPT
inhibitor CsA present, mitochondria sequestered and
retained the Ca2+ until they were unspecifically
permeabilized by alamethicin. At 100 µM
minocycline, which inhibited swelling, mitochondrial
sequestering of Ca2+ was not detectable.

In mitochondria exposed to a continuous Ca2+

infusion, minocycline dose-dependently decreased
the calcium retention capacity (CRC), which
approached zero at 20 µM (400 nmol/mg). CsA (1
µM) increased the CRC from 1.58±0.15 to 3.62±0.38
µmol Ca2+/mg mitochondria (Fig. 2). Blocking the
Ca2+ uniporter with 1 µM ruthenium red prevented
Ca2+ retention (Fig. 2A) as did uncoupling by the
protonophore CCCP (carbonyl cyanide m-
chlorophenylhydrazone) at 400 nM. Uncoupling
mitochondria prior to Ca2+ bolus exposure also
prevented swelling (data not shown).
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Figure 2
Minocycline dose-dependently reduces calcium retention
capacity of mitochondria exposed to a continuous calcium
infusion. (A) Representative traces of changes in Calcium Green
5N fluorescence (arbitrary units). An increase in fluorescence
indicates an increase in extramitochondrial calcium
concentration. Rat brain mitochondria (50 µg/ml) were incubated
in a KCl buffer at 37°C in the presence of 1 µg/ml oligomycin
and 200 µM ADP with 5 mM malate and glutamate as
respiratory substrates. Indicated doses of minocycline (nmol/mg)
were added prior to start of infusion. CsA (1 µM) was used as a
positive control, vehicle (H2O) as control and Ruthenium Red (1
µM) as negative control. Mitochondria were exposed to a
continuous CaCl2 infusion (200 nmol/min/mg). (B) Calculations
of mitochondrial Ca2+-retention capacity in relation to the dose
(inserted axis) or the corresponding concentration of
minocycline. Values are means ±  SEM. * indicate p<0.05,

treatment vs. vehicle (control).

Figure 3
Minocycline does not inhibit Ca2+-induced swelling of de-
energized mitochondria. (A) Representative traces of changes in
light scattering (arbitrary units, 520 nm). Rat brain mitochondria
(25 µg/ml) were run under de-energized conditions at 28°C in an
isotonic KCl buffer. The respiratory complexes were inhibited
with rotenone and antimycin A, and the Ca2+-ionophore A23187
was added to ensure equilibration of Ca2+ across the inner
mitochondrial membrane. Traces of mitochondria treated with
1000 or 10,000 nmol minocycline/mg mitochondrial protein are
displayed. Vehicle (H2O) was used as negative control and 1 µm
CsA as positive control of mPT inhibition. Samples were
exposed to 100 µM Ca2+ for 5 min followed by alamethicin to
induce a standardized maximal swelling response. (B)
Calculations of swelling (% of maximal) in the de-energized
model for rat and mouse brain and rat spinal cord mitochondria
treated with indicated doses of minocycline, vehicle or CsA.
Values are means ± SEM. * indicate p<0.05, treatment vs.

vehicle (control).
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In de-energized mitochondria, where the Ca2+-
induced mPT is independent of electrophoretic Ca2+

uptake into mitochondria, minocycline up to 250 µM
(10,000 nmol/mg) did not inhibit mPT in the CNS-
derived mitochondria studied (Fig. 3).
Minocycline exhibited a dose-dependent reduction of
respiratory control ratios (RCR) in rat brain
mitochondria oxidizing NADH-linked substrates. At
150 µM (400 nmol/mg) minocycline significantly
increased resting respiratory rates (state 2 and 4) as
well as inhibited ADP-stimulated active
phosphorylating rates (state 3) (Table). Similar
changes were observed in spinal cord mitochondria,
where the same concentration/dose minocycline
siginificantly reduced RCR from 5.35±1.1 to
1.22±0.14. One and 10 µM CsA did not affect
respiratory states or RCR values (data not shown).
Both Ca2+ (Fig. 4A) and tBid (Fig. 4B) induced
significant increases in cyt c  detection from
background values in rat brain mitochondrial
suspensions, from 13.7 and 12.1 to 68.3 and 32.5
ng/ml, respectively. Minocycline did not inhibit cyt c
release following Ca2+-induced mPT at
concentrations up to 20 µM (400 nmol/mg), contrary
to 1 µM CsA (Fig. 4A). Similar results were obtained
for mouse brain mitochondria (data not shown).
Neither minocycline nor CsA reduced tBid induced
cyt c release in rat brain mitochondria (Fig. 4B). In
contrast, 20 µM minocycline increased the release of
cyt c. Control measurements of light scattering
revealed that this concentration of minocycline
induced slow swelling of energized mitochondria
during the incubation period (30 min), whereas tBid
alone had no effect on light scattering (data not
shown).

Discussion
Minocycl ine has  displayed convincing
neuroprotective properties, with varying
effectiveness in different species, experimental
models and routes of administration. However, recent
investigations in animal models of Huntington’s
disease (HD), Parkinson’s disease and hypoxic-
ischemic brain injury in neonates, have shown
minocycline to be ineffective, increasing morbidity
and mortality, and it is plausible that the variable and
sometimes negative effect of minocycline is related
to mode of administration and dose used (Diguet et
al., 2004; Smith et al., 2003; Tsuji et al., 2004; Yang
et al., 2003). High animal dosing, up to 180 mg/kg,
has been employed to reach maximal penetration of

the drug into the CNS (Yrjanheikki et al., 1998) or in
order to inhibit cyt c release post injury (Teng et al.,
2004). The latter objective can be related to the
hypothesis that minocycline inhibits cyt c release via
mPT inhibition (Teng et al., 2004; Wang et al., 2003;
Zhu et al., 2002). In vitro, considerably higher
concentrations, 200 µM, have been used to achieve
inhibition of cyt c  release from isolated brain
mitochondria (Zhu et al., 2002) than concentrations,
0.02 µM, needed to prevent microglial activation and
excitotoxicity (Tikka et al., 2001; Yrjanheikki et al.,
1999). In humans with HD a recent clinical study
found that 200 mg/day is well tolerated, and in a
phase II study of ALS patients the mean tolerated
dose was 387 mg/day (Gordon et al., 2004;
Huntington Study Group, 2004). The dose commonly
used in humans is 3 mg/kg/day which corresponds to
estimated peak CSF concentrations below 10 µM
(Fagan et al., 2004).
In search of the relevant mechanism for the
neuroprotection displayed by minocycline in animal
models of ALS and HD, Zhu et al. (Zhu et al., 2002)
report inhibition of Ca2+-induced mitochondrial
swelling and cyt c release by 200 µM minocycline in
isolated rat brain mitochondria. They further report
an inhibition of tBid-induced cyt c release by 10 µM
CsA and 100 µM minocycline in mouse liver
mitochondria. Using the same concentrations, Wang
et al. (Wang et al., 2003) detected inhibition of tBid-
induced SMAC release in mouse brain mitochondria.
In the present study, we replicate the finding that
high minocycline dosage can reduce Ca2+-induced
swelling in respiring isolated rat and mouse brain
mitochondria. However, the characteristics of
minocycline were not comparable to those of the
classically studied mPT inhibitor CsA. Minocycline
increased the swelling response to Ca2+ at lower
doses and longer incubations, an effect more
pronounced in spinal cord mitochondria. A similar
finding has been demonstrated in isolated liver
mitochondria where concentrations ≥10 µM
minocycline induced swelling (Cornet et al., 2004).
In energized mitochondria, Ca2+-induced mPT
(measured e.g. as swelling) is dependent on the
membrane potential-driven Ca2+ transport into the
mitochondrial matrix. Any agent interfering with
mitochondrial respiration or Ca2+ transport can
consequently diminish activation of mPT regardless
of interaction with the mPT pore complex. In the
present experiments, where minocycline inhibited
Ca2+-induced swelling, it concomitantly inhibited
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Figure 4
Minocycline does not inhibit cyt c release from isolated rat brain
mitochondria induced by Ca2+ or tBid. Release of cyt c from
mitochondria (50 µg/ml) was evaluated under energized
conditions in a sucrose-based buffer at 37°C in presence of 1
µg/ml oligomycin, 20 µM ADP and 5 mM malate and glutamate.
The indicated concentrations/doses of minocycline were
compared to vehicle (H2O) and CsA. Dashed lines indicate cyt c
release in control experiments without Ca2+ or tBid additions. (A)
Mitochondria were exposed to 1.4 µmol Ca2+/mg protein (70
µM) for 10 min or (B) 100 ng/ml tBid for 30 min. The
suspensions were then rapidly chilled, centrifuged twice and the
supernatants measured for cyt c content. Values are means +
SEM. * indicate p<0.05 for CsA or minocycline treatment
compared to vehicle.

mitochondrial Ca2+ uptake. Thus, minocycline did
not appear to act through increased mitochondrial
resistance to calcium overload. In contrast,
minocycline was found to dose-dependently decrease
mitochondrial Ca2+ retention capacity (CRC) with a
significant reduction already at 40 nmol/mg (2 µM)
i.e. the mitochondria underwent mPT at a lower Ca2+

threshold.
The CRC as determined in the calcium-infusion
experiments would be expected to be very sensitive
to depolarization as a decreased proton gradient will
acidify the mitochondrial matrix and hence reduce
the ability to retain free calcium ions as calcium
phosphate complexes (Chalmers et al., 2003). Indeed,
previous reports have demonstrated a dose-dependent
depolarizing effect of minocycline at concentrations
lower than those required for inhibition of Ca2+-
induced swelling and show an inhibition of
respiratory complex II/III at high concentration
(Fernandez-Gomez et al., 2005; Zhu et al., 2002).
Here, we demonstrate a dose-dependent reduction in
respiratory control by minocyline, with a pronounced
uncoupling effect (increased resting respiratory rates)
detected at 400 nmol/mg (150 µM). At this dose of
minocycline, the CRC was abolished. Depolarization
of the membrane potential also sensitizes
mitochondria to mPT induction (Petronilli et al.,
1993). However, the uncoupling and depolarization
caused by 4000 nmol/mg (100 µM) likely lowers the
electrophoretic driving force for Ca2+ below the
threshold for its uptake, thereby preventing mPT.
The degree of uncoupling can thereby explain the
dual effects of minocycline in the mPT assays; partial
uncoupling sensitizes the mitochondria to Ca2+ at
lower concentrations whereas extensive uncoupling
inhibits mPT by completely inhibiting calcium
uptake. Extensive uncoupling by the protonophore
CCCP (0.4 µM) similarly inhibited swelling and
calcium uptake, whereas lower concentrations
increased sensitivity towards Ca2+ (data not shown).
CsA on the other hand increased mitochondrial CRC
as has previously been demonstrated for brain and
liver mitochondria (Chalmers et al., 2003) and did
not affect respiratory parameters.
The de-energized (non-respiring) model employed in
the present study is another well-characterized
approach to examine mPT (Bernardi, 1992; Halestrap
et al., 1990; Hansson et al., 2003; Hunter et al.,
1979).
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Minocycline

nmol/mg µM

State 2
(no Minocycline)

State 2 State 3 State 4 RCR

0 0 20.4 ± 4.0 21.8 ± 3.8 150.7 ± 24.1 22.0 ± 2.8 6.83 ± 0.24

40 15 22.8 ± 6.7 25.1 ± 4.7 148.9 ± 13.9 22.9 ± 0.86 6.51 ± 0.81

200 75 21.6 ± 2.2 29.4 ± 0.76 114.9 ± 13.4 29.3 ± 1.6 3.92 ± 0.25*

400 150 22.8 ± 4.9 38.3 ± 3.3* 91.5 ± 13.5* 47.8 ± 5.8* 1.95 ± 0.48*

Table
Minocycline dose-dependently interferes with mitochondrial respiration. Respiratory rates of brain mitochondrial preparations

(0.25 mg/ml) oxidizing 5 mM malate and 5 mM glutamate. State 2 (no minocycline) denotes oxygen consumption prior to
minocycline addition. Rates are means ± SD (nmol O2 / min / mg). * = statistically significant from respective control value.

Here, respiration is purposely pharmacologically
blocked and a Ca2+ ionophore is usually used to
ensure free Ca2+ equilibration over the inner
membrane so that mitochondrial Ca2+ uptake no
longer depends on respiration or membrane potential.
The de-energized model thus minimizes the
possibility of confounding influence and enables
more direct effects of minocycline on mPT to be
studied in a very wide concentration range. No
inhibition of mPT in brain or spinal cord
mitochondria was detected by minocycline in this
model.
Zhu et al. report an inhibition of Ca2+-induced cyt c
release by 200 µM minocycline in isolated rat brain
mitochondria and tBid-induced cyt c release by 10
µM CsA and 100 µM minocycline in mouse liver
mitochondria (Zhu et al., 2002). Using the latter
concentrations Wang et al. (Wang et al., 2003)
detected inhibition of tBid-induced SMAC release in
mouse brain mitochondria. Similarly to the swelling
experiments, the concentrations of minocycline used
(also when converted to dose/mg protein) would be
expected to affect mitochondrial respiration,
membrane potential and consequently Ca2+ uptake. In
our hands, minocycline did not inhibit Ca2+-induced,
mPT-mediated cyt c release, when evaluated at doses
up to 400 nmol/mg (20 µM). Neither did minocycline
nor CsA prevent tBid-induced cyt c release from
isolated brain mitochondria. Higher doses than 400
nmol/mg were not tested due to the effect of
minocycline on respiration and Ca2+ uptake, and as
the highest dose of minocycline significantly

increased cyt c release in the tBid experiments due to
slow induction of swelling. In agreement with our
findings, Brustovetsky et al. (Brustovetsky et al.,
2003) has previously demonstrated that tBid-induced
cyt c release is CsA and mPT independent.
We conclude that minocycline does not demonstrate
features of mPT inhibition in isolated CNS
mitochondria even though an apparent inhibition of
swelling can be detected at a dose where
mitochondrial respiration is affected and Ca2+ uptake
inhibited. One may argue that the resulting inhibition
of Ca2+ uptake can be beneficial, but at least under
the experimental conditions employed in this study,
mitochondria were more sensitive towards mPT
induct ion at  in termediate  minocycl ine
concentrations. Further, the negative effects of
minocycline on the respiratory states of CNS
mitochondria are likely not compatible with the high
energy demand of neuronal cells, in particular motor
neurons of the spinal cord, and could contribute to
the toxicity of minocycline in animals and humans at
high dosing. Minocycline may prove to have direct
beneficial mitochondrial targets at clinically relevant
concentrations but the results in this study argue
against a direct inhibition of mPT, mPT-mediated or
tBid-induced cyt c release.
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