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Abstract

Objectives There have been several previous studies showing that ciclosporin, a ligand
for cyclophilin D (CypD), reduces mitochondrial permeability transition (mPT) and
ameliorates delayed neuronal death. NIM811 is a non-immunosuppressive ciclosporin
derivative that also inhibits mPT, but has significantly less cytotoxicity than ciclosporin.
Actually, in animal experiments, several investigators have reported that NIM811
ameliorates central nervous system disorders, such as traumatic brain injury, transient
focal cerebral ischaemia and spinal cord injury. Therefore, we evaluated whether the
ciclosporin derivative, NIM811 reduces mPT and ameliorates delayed neuronal death in
the hippocampal CA1 sectors in mice when subjected to transient forebrain ischaemia.
Methods Male C57BL/6 mice were treated with 50 mg/kg ciclosporin, 10, 50 or 100 mg/kg
NIM811 or phosphate-buffered saline. At 30 min post-injection, all mice were subjected to
20 min bilateral common carotid artery occlusion (BCCAO). To estimate delayed neuronal
death, the sections were prepared for HE staining and terminal deoxynucleotidyl transferase-
mediated dUTP end-labelling (TUNEL) staining at 72 h after 20 min BCCAO. Furthermore,
using 5,50,6,60-tetrachloro-1,10,3,30-tetraethylbenzimidazolocarbocyanine iodide (JC-1) stain-
ing technique, we evaluated whether NIM811 (1, 10, 100 or 1000 μM) inhibited mPT in the
neurons exposed to 100 μM glutamate.
Results Both delayed neuronal injury and apoptosis in the hippocampal CA1 sectors were
significantly ameliorated at 72 h after transient forebrain ischaemia in the mice treated with
100 mg/kg NIM811 or 50 mg/kg ciclosporin. The treatments with 100 μM and 1000 μM
NIM811 significantly inhibited the reduction of mitochondrial membrane potential in the
neurons exposed to 100 μM glutamate.
Conclusions These findings strongly suggest that NIM811 inhibits mPT and ameliorates
delayed neuronal death in mice subjected to transient forebrain ischaemia.
Keywords delayed neuronal death; hippocampus; NIM811; reduced mitochondrial
permeability transition; transient forebrain ischaemia

Introduction

Delayed neuronal death has been attributed to many factors, including glutamate
neurotoxicity, calcium influx, expression of cell suicide genes, activation of apoptotic
proteins, mitochondrial dysfunction, endoplasmic reticulum dysfunction and oxygen free
radicals.[1–3] Above all, many investigators have suggested that mitochondrial permeability
transition (mPT) may be a final common pathway for apoptotic cell death of hippocampal
CA1 neurons after transient forebrain or global ischaemia.[4–8] Thus, previous studies have
shown that ciclosporin (cyclosporin A), a ligand for cyclophilin D (CypD), reduces mPT
and ameliorates delayed neuronal death.[8–11] Ciclosporin is an effective immunosuppres-
sant that has been clinically used to prevent allograft rejection and to treat autoimmune
disorders. However, there is clear clinical evidence for the neurotoxic effect of
ciclosporin,[12,13] so its therapeutic clinical efficacy is limited.[14]

NIM811 is a non-immunosuppressive ciclosporin derivative that inhibits mPT, but has
significantly less cytotoxicity than ciclosporin.[6,15,16] Actually, in animal experiments,
several investigators have reported that NIM811 ameliorated central nervous system
disorders, such as traumatic brain injury,[17] transient focal cerebral ischaemia[18] and
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spinal cord injury.[19,20] However, there have been no reports
showing that NIM811 ameliorates delayed neuronal death in
the hippocampal CA1 sectors.

Based on these considerations, therefore, we evaluated
whether the ciclosporin derivative NIM811 reduces mPT
and ameliorates delayed neuronal death in the hippocampal
CA1 sectors in mice subjected to transient forebrain
ischaemia. Furthermore, we ran an in-vitro experiment to
assess whether NIM811 inhibits mPT in cultured neurons
when exposed to the excitotoxic amino acid glutamate. The
findings strongly suggest that NIM811 may ameliorate
delayed neuronal death through inhibiting ischaemia-induced
mPT in the hippocampal CA1 sectors.

Materials and Methods

Drug preparation in-vivo

Ciclosporin was dissolved in dimethyl sulfoxide (DMSO;
Sigma, St Louis, USA) at a concentration of 5 mg/ml. NIM811
(N-methyl-4-isoleucine-cyclosporin) was a generous gift from
Novartis Pharma Ltd, (Basel, Switzerland) and was also
dissolved in DMSO at a concentration of 1, 5 and 10 mg/ml.

Surgical procedure

All animal experiments were approved by the Animal Studies
Ethical Committee at Hokkaido University Graduate School
of Medicine. All surgical techniques were performed under
aseptic conditions and all drugs were administered in a volume
of 10 ml/kg body weight (peritoneal injection). Male C57BL/
6 mice (20–25 g, 10–12 weeks old) were purchased from SLC
laboratories (Hamamatsu, Japan). Mice were allowed free
access to food and water and housed in a climate-controlled
environment (25°C). Anaesthesia was induced by inhalation
of 4.0% isofulurane in N2–O2 (70 : 30%); a surgical procedure
was performed under spontaneous ventilation in 1.5–2.0%
isoflurane in N2–O2 (70 : 30%).

Then, 30 mice were administered 10 ml/kg dilution,
including 50 mg/ml ciclosporin (n = 7), 10 mg/ml NIM811
(n = 5), 50 mg/ml NIM811 (n = 5), 100 mg/ml NIM811
(n = 5) or phosphate-buffered saline (PBS; n = 8). Therefore,
in this study, we classified them into five experimental
groups, including N10 (NIM811 10 μM), N50 (NIM811
50 μM), N100 (NIM811 100 μM), CsA50 (ciclosporin 50 μM)
and vehicle groups. At 30 min post-injection, all mice were
subjected to 20 min bilateral common carotid artery occlu-
sion (BCCAO). Under a surgical microscope, the bilateral
common carotid arteries were exposed after a midline
cervical skin incision. The bilateral common carotid arteries
were occluded with small aneurysmal clips. Aneurysmal
clips were removed 20 min after the start of BCCAO. Core
temperature was maintained at 36.5–37.5°C during the
procedures by using a thermometer connected to a heating
lamp and pad (BWT-100; Bio Research Center Co, Ltd,
Tokyo, Japan). In addition, cerebral blood flow (CBF) in
the PBS group was measured through the skull, using a
laser-Doppler flowmetry (FLO-C1; Omega Wave, Tokyo,
Japan). Also, we performed a sham operation in which the
bilateral common carotid arteries were only separated and
not occluded (n = 4).

Histological examination

At 72 h after 20 min BCCAO, the mice were deeply
anaesthetized by inhalation of 4.0% isoflurane in N2–O2

(70 : 30%) and were transcardially perfused with heparinised
saline followed by 4% buffered formalin solution (pH 7.4).
The brains were removed and embedded in paraffin, and
5-μm thick coronal sections were prepared for subsequent
staining.

To estimate delayed neuronal death in the hippocampal
CA1 sectors, the coronal sections at 72 h after 20 min BCCAO
were stained with hematoxylin–eosin (HE). Morphologically
viable neurons were identified on HE staining by a large round
perikaryon with a thin cytoplasmwithin a compact and regular
neuropil, whereas non-viable ischaemic neurons had shrunken
perikaryon, which were triangular in shape with vacuolation
of the neuropil. The numbers of morphologically normal
neurons and neurons showing the features of ischaemic cell
change were counted in the CA1 pyramidal cell layer.
Furthermore, to evaluate the distribution of apoptotic cells,
the sections at 72 h after 20 min BCCAO were also stained
using ApopTag Kit (Chemicon International, Inc, Temecula,
USA), according to themanufacturer’s instructions. Apoptotic
neurons were identified on deoxynucleotidyl transferase-
mediated dUTP end-labelling (TUNEL) sections by the
deeply brown-stained cells in the hippocampal CA1 region.
Owing to the possible occurrence of unilateral lesions or
asymmetric density of hippocampal neuronal cell death, the
values from the hemisphere with the worst damage were used
for the final analysis.

Primary culture of fetal neurons

Neuronal cells were obtained by dissociating a frozen form of
fetal mouse cerebral cortex (Nerve Cell CX <M>; Sumitomo
Bakelite Co., Ltd, Tokyo, Japan) according to the manufac-
turer’s protocol. The cells were seeded on poly-D-lysine-coated
dishes (1.7 cm2/well) at a cell density of 2 � 105/cm2.
According to the manufacturer’s guide, these neurons can be
used to evaluate glutamate cytotoxity after two weeks’ culture.
Therefore, they were cultured in Nerve-Cell Culture Medium
(Sumitomo Bakelite Co., Ltd, Tokyo, Japan) for 14 days. The
medium was replaced every three days.

Treatment with glutamate and NIM811

In our previous experiment,[21] glutamate-induced damage of
cultured neurons was dose dependent, and about half of the
neurons were damaged when exposed to 100 μM of glutamate
for 10 min. In this study, therefore, the cultured neurons were
exposed to 100 μM of glutamate for 10 min. To examine
whether NIM811 reduces mPT in vitro, four experimental
groups were studied as follows. In the control group, the
neurons were exposed to 100 μM glutamate for 10 min and
were cultured in culture medium lacking glutamate for
30 min. In the next group (Group N1), the neurons were
incubated with 1 μM NIM811 for 30 min. Subsequently, the
neurons were exposed to 10 μM glutamate for 10 min and
then were cultured in culture medium lacking glutamate for
30 min. In the other groups, the neurons were pre-incubated
with 10 μM (Group N10), 100 μM (Group N100) and 1000 μM
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NIM811 (Group N1000) for 30 min before glutamate
exposure, respectively, and then were cultured in culture
medium lacking glutamate for 30 min.

Measurement of mitochondrial
membrane potential

To estimate changes in mitochondrial membrane potential in
cultured neurons, 5,50,6,60-tetrachloro-1,10,3,30-tetraethylben-
zimidazolocarbocyanine iodide (JC-1) was used, as pre-
viously reported.[22] Briefly, JC-1 (Molecular Probes,
Eugene, USA) stocked in DMSO was diluted in media to a
concentration of 10 μM. Cells were incubated for 30 min in
the presence of 10 μM of JC-1 at 37°C, and then were washed
twice. Image of JC-1 fluorescence were acquired using a
confocal laser scanning microscope (MRC-1024; Bio-Rad,
Hemel Hempstead, UK) 30 min after glutamate exposure
with or without pre-treatment with various concentrations of
NIM811. As a monomer, JC-1 emits green light, but the
emission changes to red when JC-1 aggregates as JC-1
concentrates within the mitochondria. Cultured neurons were
excited with 488-nm light, and the emitted fluorescence was
imaged at 530 and 600 nm. Ratios of fluorescence from
aggregates to that from monomers (JC-1 ratio) were
calculated, and were normalized by comparison with the
control red/green ratio. The average of the normalized JC-1
ratio of randomly selected 10 neurons per well was used as
an estimate of the mPT of the well. The normalized JC-1
ratio in each well was quantified and values are expressed as
mean ± SD of a total of 4 wells.

Statistical analysis

Continuous data were expressed as mean ± SD. We used the
Kruskal–Wallis test to estimate the differences of the various
treatments, and then we used Dunn’s test to evaluate
individual differences between the treatments. P < 0.05 was
considered statistically significant.

Results

Physiological data during the procedure

Core temperature and CBF during and after transient
forebrain ischaemia in mice are presented in Table 1. Core
temperature in all groups was maintained at 36.5–37.5°C
during the procedures. The CBF markedly decreased to about

10% of the baseline value immediately after the initiation of
BCCAO and remained constant during ischaemia. After the
start of reperfusion, CBF recovered to about 105% of
the baseline value, and gradually decreased to about 90% of
the baseline value.

NIM811 ameliorates delayed neuronal injury
after transient forebrain ischaemia

All mice survived for 24 h following 20 min BCCAO.
However, two of eight mice in the PBS group, three of seven
mice in the CsA50 group and one of five mice in each of the
N10, N50 and N100 groups died during the next 48 h.
Mortality in the CsA50 group was higher than in the other
groups, although there was no significant difference in
mortality between the five experimental groups.

Representative photomicrographs on HE staining at 72 h
following 20 min BCCAO are shown in Figure 1 (a–j). In
the PBS group, there were numerous numbers of damaged
neurons that had shrunken perikaryon and were triangular in
shape with vacuolation of the neuropil, whereas such cells
were fewer in the N100 and CsA50 groups. As shown in
Figure 2a, the percentage of the viable neurons was
23.6 ± 22.6% in the PBS group, being significantly lower
than the 83.4 ± 3.2% noted in the N100 group (P = 0.003)
and 63.1 ± 26.4% in the CsA50 group (P = 0.04).

Furthermore, representative findings on TUNEL staining
are presented in Figure 1 (k–o).

In the PBS group, the number of TUNEL-positive neurons
was 83.0 ± 51.0 in the hippocampal CA1 sectors. However,
the values were 13.5 ± 4.7 and 13.3 ± 5.4 neurons in the
N100 and CsA50 group, respectively. As shown in Figure 2b,
the number of TUNEL-positive cells in the hippocampus was
significantly smaller in the N100 and CsA50 groups than in
the PBS group, respectively (P = 0.04, 0.041).

On the other hand, in the sham operation group we
observed no ischaemic changes on histological examination
(data not shown).

NIM811 maintains mitochondrial membrane
potential in glutamate-exposed neurons

The cultured neurons were exposed to 100 μM glutamate for
10 min, and the effect of NIM811 on their mPT as examined
using the JC-1 staining technique. Representative confocal
images of JC-1 fluorescence are shown in Figure 3. In the

Table 1 Core temperature and cerebral blood flow during and after transient forebrain ischaemia in mice

Time (min) Core temperature(°C) Cerebral blood flow (%)

PBS CsA50 N10 N50 N100 Significance PBS

0 (just before BCCAO) 37.1 ± 0.4 37.0 ± 0.4 37.0 ± 0.2 37.0 ± 0.3 37.1 ± 0.5 none 100%

5 37.2 ± 0.1 37.1 ± 0.3 37.3 ± 0.2 37.3 ± 0.1 37.3 ± 0.1 none 9.3 ± 2.9%

10 37.3 ± 0.2 37.1 ± 0.3 37.3 ± 0.1 37.3 ± 0.1 37.2 ± 0.2 none 9.6 ± 3.3%

15 37.3 ± 0.1 37.1 ± 0.3 37.2 ± 0.1 37.3 ± 0.1 37.3 ± 0.2 none 8.9 ± 2.8%

20 37.1 ± 0.3 37.0 ± 0.3 37.2 ± 0.2 37.1 ± 0.2 37.1 ± 0.3 none 8.7 ± 2.9%

25 (5 min after BCCAO) 37.0 ± 0.3 37.0 ± 0.2 37.0 ± 0.2 37.0 ± 0.2 37.1 ± 0.2 none 104.6 ± 6.0%

30 (10 min after BCCAO) 37.0 ± 0.2 37.0 ± 0.2 37.0 ± 0.2 37.0 ± 0.2 37.0 ± 0.2 none 94.7 ± 14.3%

Mice were administered: PBS, phosphate-buffered saline (n = 8); CsA50, ciclosporin 50 μM (n = 7); N10, 10 μM NIM811 (n = 5); N50, 50 μM
NIM811 (n = 5); N100, 100 μM NIM811 (n = 5). Data are means ± SD.
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control group, mPT markedly decreased when exposed to
100 μM of glutamate. The normalized JC-1 ratio decreased to
0.39 ± 0.05 at 30 min after glutamate exposure (Figure 4). In
Groups N1 and N10, the normalized JC-1 ratio also decreased
(0.41 ± 0.14 and 0.36 ± 0.07, respectively) when the neurons
were treated with 1 μM NIM811 before glutamate exposure. In
Group N100, the normalized JC-1 ratio was 0.63 ± 0.06 when
treated with 100 μM NIM811, this being significantly higher
than the value in the control group (P = 0.002). In Group
N1000, the normalized JC-1 ratio was 0.55 ± 0.10 when treated
with 1000 μM NIM811, this being significantly higher than the
value in the control group (P = 0.02). Consequently, treatment
with 100 μM and 1000 μM NIM811 significantly inhibited the
reduction of mitochondrial membrane potential due to 100 μM
glutamate exposure.

Discussion

As stated, previous studies have shown that ciclosporin
blocks mPT and ameliorates delayed neuronal death.[8–11]

However, this is the first report showing that the ciclosporin
derivative NIM811 ameliorates delayed neuronal death in the
hippocampal CA1 sectors in mice subjected to transient
forebrain ischaemia. In-vitro experiments support the spec-
ulation that NIM811 may do this through preventing
glutamate-induced reduction of mPT.

Many investigators have suggested that mPT may be
implicated in the intrinsic cell death pathway that contributes
to injury after transient forebrain or global ischaemia.[4–8] It is
suggested that Ca2+ overload, inorganic phosphates, reactive
oxygen species (ROS), loss of mitochondrial membrane
potential and changes in mitochondrial matrix pH could all
promote mPT,[23–29] which was defined as a sudden increase
in permeability of the mitochondrial inner membrane to
solutes with molecular weights of 1.5 kDa or less.[4,24,30]

Szabo et al. reported that mPT was due to the opening of a
nonselective megachannel called the mPT pore.[31–33] Several
proteins are thought to comprise the mPT pore, including the
adenine nucleotide translocator (ANT) in the inner mitochon-
drial membrane and the voltage-dependent ion channel in the
outer mitochondrial matrix.[34–36] Ciclosporin is believed to
inhibit mPT by binding to CypD and preventing the opening
of the mPT pore.[30,37] Actually, ciclosporin has been shown to
provide significant protection in several models of transient
cerebral ischaemic injury,[10,38–40] although there is clear
clinical evidence for the neurotoxic effect of ciclosporin.[12,13]

NIM811 inhibits Ca2+-induced mitochondrial swelling and
mPT with significantly less cytotoxity than ciclosporin.[15,16,41]

NIM811 is a ciclosporin derivative with a substitution of
N-methyl-leucine in position 4 by N-methyl-isoleucine.[15]

Unlike ciclosporin, its neuroprotective actions appear to be
specific to its effects on mPT as NIM811 does not inhibit
calcineurin, and its immunosuppressive activity is > 3000 times
less than ciclosporin.[42] Recently, Argaud et al. have shown
that specific inhibition of mPT pore opening by NIM811 at
reperfusion following acute myocardial infarction ameliorates
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Figure 2 Percentage of viable neurons and number of TUNEL-

positive cells in the hippocampus of mice with bilateral common carotid

artery occlusion. Data are presented as means ± SD. The percentage of

the viable neurons 72 h after 20 min forebrain ischaemia in the

hippocampus was significantly higher in the CsA50 and N100 groups

than in the PBS group (*P < 0.05, **P < 0.01). The number of TUNEL-

positive cells in the hippocampus was significantly smaller in the CsA50

and N100 groups than in the PBS group (*P < 0.05)
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Figure 1 Representative findings on HE staining (a–j) and TUNEL staining (k–o) at 72 h after 20 min forebrain ischaemia in coronal sections of

mice with bilateral common carotid artery occlusion. The sections of PBS group mice (a, f, k), CsA50 group mice (b, g, l), N10 group mice (c, h, m),

N50 group mice (d, i, n) and N100 group mice (e, j, o) are shown. In the PBS group mice, there were numerous damaged neurons that had shrunken

perikaryon and were triangular in shape with vacuolation of the neuropil, and TUNEL-positive cells, whereas such cells were few in the CsA50 and

N100 groups. Scale bar: upper panels, 400 μm; middle and lower panels, 200 μm

488 Journal of Pharmacy and Pharmacology 2010; 62: 485–490



necrotic and apoptotic cell death.[43] Because mPT has been
implicated in the mechanisms of apoptotic delayed neuronal
death,[4–8] NIM811 has been suggested as a novel agent against
central nervous system disorders. Several investigators
revealed the neuroprotective effect of NIM811 in several
central nervous system disorders in animal experiments.[17–20]

Actually, spinal cord contusion was ameliorated by pre-
treatment with 40 mg/kg NIM811[20] and post-treatment with
20 mg/kg NIM811.[19] Furthermore, Mbye et al. reported that
acute mitochondrial dysfunction after traumatic injury in mice
was attenuated by NIM 811 (10 mg/kg, i.p.) and ciclosporin
(20 mg/kg, i.p.).[17] Concerning focal transient cerebral ischae-
mia, Korde et al. revealed the neuroprotective effect of post-
treatment with 50 mg/kg NIM811.[18] They reported that the
concentration of NIM811 achieved after administration of
50 mg/kg NIM811 was ~40 μM. This dose of NIM811 was
based on the identical molecular weight and similar structure to
ciclosporin and the observation that treatment with 50 mg/kg
ciclosporin conferred neuroprotection against transient focal
cerebral ischaemia, albeit with high mortality.[40,44] Regarding
transient forebrain ischaemia, Kobayashi et al. reported that
simple injection of 50 mg/kg ciclosporin 30 min before
ischaemic insult showed significantly reduced CA1 hippocam-
pal neuron injury in gerbils.[8] A recent report showed that the

concentration of ciclosporin in the brain after injection of
50 mg/kg ciclosporin was approximately 10 μM, which is
known to be a sufficient concentration to prevent mPT
in vitro.[45] Based on these considerations, therefore, we
administered 10, 50 and 100 μM NIM811, and we expected
that the effective dose ofNIM811would be equivalent to that of
ciclosporin or a little lower. However, our results were the
opposite. The present study confirmed that 50 mg/kg of
ciclosporin and 100 mg/kg of NIM811 ameliorated delayed
neuronal death in the hippocampal CA1 sectors in mice when
subjected to transient forebrain ischaemia. The reason for this
discrepancy is probably because three of seven mice in the
ciclosporin 50 group were excluded (dying), or this result may
be biased by the immunosuppressive effect of ciclosporin.

Conclusions

In conclusion, we demonstrate that NIM811 markedly
inhibits mPT and ameliorates delayed neuronal death in the
hippocampal CA1 sectors in mice. Further studies are
necessary to clarify the role of NIM811 in maintaining
brain mitochondrial function for clinical application.

Declarations

Conflict of interest

The Author(s) declare(s) that they have no conflicts of
interest to disclose.

Funding

This study was supported by Grant-in-aid from the Ministry
of Education, Science and Culture of Japan (No.17390389,
No.18390387 and No.19390371).

References

1. Abe K et al. Ischemic delayed neuronal death. A mitochondrial

hypothesis. Stroke 1995; 26: 1478–1489.

2. Chan PH. Role of oxidants in ischemic brain damage. Stroke

1996; 27: 1124–1129.

0
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

N
o

rm
al

iz
ed

 J
C

-1
 r

at
io

Control
N1
N10
N100
N1000

Figure 4 Normalized JC-1 ratio in each condition 30 min after

exposure of cultured neurons to glutamate. Data are presented as

means ± SD. The treatment with 100 μM and 1000 μM of NIM811

produced significantly less deterioration in normalized JC-1 ratio when

the neurons were exposed to 100 μM glutamate (*P < 0.05, **P < 0.01)

(a) (c)

(d)

(b)

(e) (f)

Figure 3 Representative JC-1 fluorescence overlay image of cultured neurons (at 530 and 600 nm) exposed to 100 μM glutamate for 10 min and

the effect of NIM811 on their mitochondrial permeability transition. (a) JC-1 fluorescence overlay image of control. (b–f) Overlay image 30 min after

glutamate exposure. (b) NIM811 0 μM. (c) NIM811 1 μM. (d) NIM811 10 μM. (e) NIM811 100 μM. (f) NIM811 1000 μM. Note that the R/G ratio in

b, c and f are remarkably deteriorated, whereas those in d and e are relatively maintained. Scale bar, 50 μm

NIM 811 reduced delayed neuronal death after transient forebrain ischaemia Masaaki Hokari et al. 489



3. Siesjo BK et al. Mechanisms of secondary brain damage in

global and focal ischemia: a speculative synthesis. J Neuro-

trauma 1995; 12: 943–956.

4. Bernardi P. The permeability transition pore. Control points of a

cyclosporin A-sensitive mitochondrial channel involved in cell

death. Biochim Biophys Acta 1996; 1275: 5–9.

5. Gunter TE, Pfeiffer DR. Mechanisms by which mitochondria

transport calcium. Am J Physiol 1990; 258: 755–786.

6. Shalbuyeva N et al. Calcium-dependent spontaneously rever-

sible remodeling of brain mitochondria. J Biol Chem 2006; 281:

3747–3758.

7. Zoratti M, Szabo I. The mitochondrial permeability transition.

Biochim Biophys Acta 1995; 1241: 139–176.

8. Kobayashi T et al. Calcium-induced mitochondrial swelling and

cytochrome c release in the brain: its biochemical character-

istics and implication in ischemic neuronal injury. Brain Res

2003; 960: 62–70.

9. Li PA et al. Cyclosporin A enhances survival, ameliorates brain

damage, and prevents secondary mitochondrial dysfunction

after a 30-minute period of transient cerebral ischemia. Exp

Neurol 2000; 165: 153–163.

10. Uchino H et al. Amelioration by cyclosporin A of brain damage

in transient forebrain ischemia in the rat. Brain Res 1998; 812:

216–226.

11. Yamaguchi T et al. Effect of cyclosporin A on immediate early

gene in rat global ischemia and its neuroprotection.

J Pharmacol Sci 2006; 100: 73–81.

12. Atkinson K et al. Cyclosporin-associated central nervous

system toxicity after allogeneic bone marrow transplantation.

Transplantation 1984; 38: 34–37.

13. Kunzendorf U et al. Cyclosporin metabolites and central-

nervous-system toxicity. Lancet 1988; 1: 1223.

14. Serkova NJ et al. Biochemical mechanisms of cyclosporine

neurotoxicity. Mol Interv 2004; 4: 97–107.

15. Hansson MJ et al. The nonimmunosuppressive cyclosporin

analogs NIM811 and UNIL025 display nanomolar potencies

on permeability transition in brain-derived mitochondria.

J Bioenerg Biomembr 2004; 36: 407–413.

16. Waldmeier PC et al. Inhibition of the mitochondrial perme-

ability transition by the nonimmunosuppressive cyclosporin

derivative NIM811. Mol Pharmacol 2002; 62: 22–29.

17. Mbye LH et al. Attenuation of acute mitochondrial dysfunction

after traumatic brain injury in mice by NIM811, a non-immunosup-

pressive cyclosporin A analog. Exp Neurol 2008; 209: 243–253.

18. Korde AS et al. Protective effects of NIM811 in transient focal

cerebral ischemia suggest involvement of the mitochondrial

permeability transition. J Neurotrauma 2007; 24: 895–908.

19. Ravikumar R et al. Post-treatment with the cyclosporin

derivative, NIM811, reduced indices of cell death and increased

the volume of spared tissue in the acute period following spinal

cord contusion. J Neurotrauma 2007; 24: 1618–1630.

20. McEwen ML et al. Pretreatment with the cyclosporin derivative,

NIM811, improves thefunctionofsynapticmitochondria following

spinal cord contusion in rats. J Neurotrauma 2007; 24: 613–624.

21. Hokari M et al. Bone marrow stromal cells protect and repair

damaged neurons through multiple mechanisms. J Neurosci Res

2008; 86: 1024–1035.

22. Kikuchi S et al. Effect of geranylgeranylacetone on cellular

damage induced by proteasome inhibition in cultured spinal

neurons. J Neurosci Res 2002; 69: 373–881.

23. Bernardi P. Modulation of the mitochondrial cyclosporin

A-sensitive permeability transition pore by the proton electro-

chemical gradient. Evidence that the pore can be opened by

membrane depolarization. J Biol Chem 1992; 267: 8834–8839.

24. Bernardi P et al. Recent progress on regulation of the

mitochondrial permeability transition pore; a cyclosporin-

sensitive pore in the inner mitochondrial membrane. J Bioenerg

Biomembr 1994; 26: 509–517.

25. Kowaltowski AJ et al. Opening of the mitochondrial perme-

ability transition pore by uncoupling or inorganic phosphate in

the presence of Ca2+ is dependent on mitochondrial-generated

reactive oxygen species. FEBS Lett 1996; 378: 150–152.

26. Kristian T et al. Acidosis promotes the permeability transition

in energized mitochondria: implications for reperfusion injury.

J Neurotrauma 2001; 18: 1059–1074.

27. Kuroda S, Siesjo BK. Reperfusion damage following focal

ischemia: pathophysiology and therapeutic windows. Clin

Neurosci 1997; 4: 199–212.

28. Scorrano L et al. On the voltage dependence of the mito-

chondrial permeability transition pore. A critical appraisal.

J Biol Chem 1997; 272: 12295–12299.

29. Zorov DB et al. Reactive oxygen species (ROS)-induced ROS

release: a new phenomenon accompanying induction of the

mitochondrial permeability transition in cardiac myocytes.

J Exp Med 2000; 192: 1001–1014.

30. Hunter DR et al. Relationship between configuration, function,

and permeability in calcium-treated mitochondria. J Biol Chem

1976; 251: 5069–5077.

31. Szabo I et al. Modulation of the mitochondrial megachannel by

divalent cations and protons. J Biol Chem 1992; 267: 2940–2946.

32. Szabo I, Zoratti M. The giant channel of the inner mitochondrial

membrane is inhibited by cyclosporin A. J Biol Chem 1991;

266: 3376–3379.

33. Szabo I, Zoratti M. The mitochondrial megachannel is the per-

meability transition pore. J Bioenerg Biomembr 1992; 24: 111–117.

34. Crompton M. On the involvement of mitochondrial intermem-

brane junctional complexes in apoptosis. Curr Med Chem 2003;

10: 1473–1484.

35. Crompton M et al. Mitochondrial intermembrane junctional

complexes and their involvement in cell death. Biochimie 2002;

84: 143–152.

36. Halestrap AP et al. The permeability transition pore complex:

another view. Biochimie 2002; 84: 153–166.

37. NicolliAetal. Interactionsof cyclophilinwith themitochondrial inner

membrane and regulation of the permeability transition pore, and

cyclosporinA-sensitive channel. J Biol Chem 1996; 271: 2185–2192.

38. Ogawa N et al. The preventive effect of cyclosporin A, an

immunosuppressant, on the late onset reduction of muscarinic

acetylcholine receptors in gerbil hippocampus after transient

forebrain ischemia. Neurosci Lett 1993; 152: 173–176.

39. Uchino H et al. Cyclosporin A dramatically ameliorates CA1

hippocampal damage following transient forebrain ischaemia in

the rat. Acta Physiol Scand 1995; 155: 469–471.

40. Yoshimoto T, Siesjo BK. Posttreatment with the immunosup-

pressant cyclosporin A in transient focal ischemia. Brain Res

1999; 839: 283–291.

41. Shalbuyeva N et al. Calcium-dependent spontaneously rever-

sible remodeling of brain mitochondria. J Biol Chem 2006; 281:

37547–37558.

42. RosenwirthBetal. Inhibitionofhumanimmunodeficiencyvirus type

1 replication by SDZ NIM 811, a nonimmunosuppressive cyclos-

porine analog.Antimicrob Agents Chemother 1994; 38: 1763–1772.

43. Argaud L et al. Specific inhibition of the mitochondrial

permeability transition prevents lethal reperfusion injury.

J Mol Cell Cardiol 2005; 38: 367–374.

44. Matsumoto S et al. Blockade of the mitochondrial permeability

transition pore diminishes infarct size in the rat after transient middle

cerebralarteryocclusion.JCerebBloodFlowMetab1999;19:736–741.

45. Friberg H et al. Cyclosporin A, but not FK 506, protects

mitochondria and neurons against hypoglycemic damage and

implicates the mitochondrial permeability transition in cell

death. J Neurosci 1998; 18: 5151–5159.

490 Journal of Pharmacy and Pharmacology 2010; 62: 485–490



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


