
190 J Nippon Med Sch 2007; 74 (3)

―Review―

Role of Mitochondrial Permeability Transition in the Immature

Brain Following Intrauterine Ischemia

Akihito Nakai

Department of Female Reproductive and Developmental Medicine, Graduate School of Medicine, Nippon Medical School

Abstract

Recirculation following 30 minutes of intrauterine ischemia due to uterine artery occlusion
has previously been found to be accompanied by delayed deterioration of the cellular
bioenergetic state and of mitochondrial function in the fetal rat brain. The objective of this
study was to assess whether the delayed deterioration is due to the activation of mitochondrial
permeability transition (MPT), which is observed ultrastructurally as mitochondrial swelling.
The respiratory activities and ultrastructure of isolated mitochondria and the cellular
bioenergetic state in the fetal rat brain were examined at the end of 30 minutes of intrauterine
ischemia and after 1, 2, 3 or 4 hours of recirculation. Cyclosporin A (CsA), a potent and specific
MPT blocker, or vehicle was given 1 hour after recirculation. In the vehicle-treated animals,
the transient ischemia was associated with a delayed deterioration of the cellular bioenergetic
state and mitochondrial activities 4 hours of recirculation. The number of swollen mitochondria
increased markedly after 4 hours of recirculation. Both the deterioration and swelling were
prevented by CsA. The present study indicates that treatment with CsA improves recovery of
energy metabolism and inhibits mitochondrial swelling following transient intrauterine
ischemia in the fetal brain. The results suggest that mitochondria and MPT may be involved
in the development of ischemic brain damage in the immature rat.
(J Nippon Med Sch 2007; 74: 190―201)
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Introduction

The developing brain is particularly resistant to
hypoxic-ischemic brain injury1―3, but the mechanisms
responsible for this resistance remain unclear.
Because intrauterine oxygen insufficiency is
accompanied by an increase in cerebral blood flow
and preferential streaming of well-oxygenated blood
in the fetal heart4, the fetal cerebrum is provided

with as much oxygen as possible. However, since
circulatory centralization may be partially ineffective
in fetuses, brain damage may develop during severe
or sustained hypoxia5.
Recent investigations have made significant

contributions to elucidating the molecular
mechanisms of hypoxia-ischemia-induced neuronal
injury6. The process starts with neuronal energy
failure, which triggers a cascade of events that may
culminate in either immediate or delayed neuronal
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death. Oxygen free radicals appear to play a central
role in this chain of events, and mitochondria
represent a target of attack7―9. Similar mechanisms
have been implicated in perinatal hypoxic brain
damage10. Indeed, our previous study, which
examined fetal cerebral energy metabolism during
intrauterine ischemia and reperfusion in rats,
indicated that after ischemia an initial, partial
resynthesis of ATP is followed by a secondary
deterioration in cellular bioenergy 11. This
deterioration was ameliorated by a free radical spin
trap agent, α-phenyl-N-tert-butyl-nitrone (PBN),
which has been shown to prevent mitochondrial
respiratory dysfunction due to ischemia-reperfusion
injury in an adult model8. These findings suggest
that mitochondrial activity plays a crucial role in
fetal survival after intrauterine ischemia-hypoxia.
Mitochondria are important mediators in necrotic

and apoptotic cell death12. There is extensive
evidence that damage to mitochondria is a major
cause of brain cell death due to ischemia and
reperfusion8,9,13―16. The impairment of mitochondrial
function is not necessarily present in the early
recirculation period, but may appear after a delay,
the duration of which varies with the length of the
ischemic period 16―18. In addition, the delayed
dysfunction that develops in the recirculation period
does not involve only a decrease in capacity for
oxidative phosphorylation but also an increase in
mitochondrial membrane permeability to large
molecules. This event, also known as the
mitochondrial permeability transition ( MPT ) ,
involves the opening of proteinaceous pores in the
mitochondrial inner membrane which allow the
passage of ions and molecules with a molecular mass
less than 1,500 Da12,19―23. The MPT dissipates the
proton motive force, uncoupling oxidative
phosphorylation, and causes mitochondrial swelling.
This swelling will rupture the outer membrane of
the mitochondria and cause the release of
mitochondrial intermembrane proteins that can
activate the initial steps of apoptosis24―27.
Both the MPT and mitochondrial swelling are

inhibited by submicromolar concentrations of the
immunosuppressor cyclosporin A (CsA) and several
of its structural analogues19,28―30. This effect appears to

be mediated through the inhibition of the matrix-
specific cyclophilin D31,32, as the affinity of several
CsA analogues for this protein correlates with their
ability to inhibit the MPT30. In adult animal models,
CsA, when allowed to cross the blood-brain barrier,
also ameliorates damage due to forebrain or focal
ischemia33―35. In the immature brain the effect of CsA
during ischemia and reperfusion is, however,
unclear.
In the cerebral cortex of immature rats, the

preliminary data from our laboratory demonstrate
that recirculation after transient intrauterine
ischemia due to 30 minutes of uterine artery
occlusion is accompanied by an initial, partial
recovery of the cellular bioenergetic state and of
mitochondrial function, with secondary deterioration
during the first 4 hours of reflow11,36,37. These
secondary energy failures have been described in
human newborns after asphyxia38 and in neonatal
animal models2,39―41 and reflect poor
neurodevelopment42. Although these clinical and
experimental studies implicate the MPT in perinatal
hypoxic-ischemic insults, the possibility has not been
investigated.
The present article presents our data on cellular

bioenergetic response, mitochondrial activities, and
ultrastructural signs of the MPT in the fetal rat
brain during recirculation following transient
intrauterine ischemia.

Animal Preparation

Maternal hypertension, chronic renovascular
diseases, and several other conditions that are
associated with reduced uterine blood flow during
pregnancy, appear to be important pathophysiologic
events in the mechanism of injury to the immature
fetal brain43. To explore these mechanisms, maternal
uterine artery ligation has frequently been used in
several species of animals, including the rat. This
procedure has been shown to produce fetal hypoxia,
hypercapnia, and acidosis44―46, which likely affect fetal
cellular metabolism.
The experiments were performed on 10-week-old

pregnant Wistar rats (Sanyo Lab Service Tokyo,
Japan) weighing 250 to 300 g. The rats were housed
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separately at ambient temperature with a 12-hour
light cycle, and were allowed free access to water
and food. On the 20th day of gestation (term 21.5
days), the animals were anesthetized with 3%
halothane in a mixture of N2O : O2 (70 : 30) after
overnight fasting. They were then intubated and
artificially ventilated with 1.0% to 1.5% halothane
during the operation. The tail artery was cannulated
to measure arterial blood gases, pH, blood glucose,
and blood pressure. A midline abdominal incision
was made, and the two uterine horns were exposed
and kept moist with saline. Transient uterine artery
occlusion was induced according to the technique of
Tanaka et al.47. Briefly, two microvascular clips were
used to occlude the uterine vessels near the lower
and upper ends of the right uterine horn. The clips
were removed after 30 minutes of ischemia. During
the operation core temperature was regularly
maintained at 37.0℃ with a heating pad. For each
experiment the fetuses in the right uterine horn
served as the ischemia group and those in the left
horn as the control group. After predetermined
times of recovery (see below) the animals were
reanesthetized, tracheotomized, and artificially
ventilated. After the physiological variables had
been stabilized for at least 5 minutes, fetuses were
delivered by cesarean section.

Enzymatic Methods

At the time intervals chosen, corresponding to the
end of 30 minutes of uterine artery occlusion or 30
minutes of uterine artery occlusion followed by 1, 2,
or 4 hours of recirculation, respectively, the brain
was frozen in situ. Cerebral cortical tissue was
removed from the frozen brain at -22℃, weighed
(100～200 mg), extracted with 1.0 ml HCl-methanol
(0.1 mol�l HCl) and then at 0℃ with 4.0 ml (0.3 mol�l)
perchloric acid, as described by Folbergrova et al48.
The homogenate was centrifuged at 3,000 rpm for
10 minutes. The supernatant was neutralized with
KOH-imidazole (1.5 M KOH, 0.4 M imidazole, 0.3 M
KCl). To obtain a complete precipitation of potassium
perchlorate the neutralized supernatant remained in
ice water for 1 hour and was then centrifuged again
at 3,000 rpm for 10 minutes. The fluorometric

enzymatic techniques of Lowry and Passonneau49

were used to measure ATP, ADP, AMP, and lactate,
with analytical conditions as previously described48.

Measurement of Tissue Oxygen Tension

In a separate series of experiments, the tissue
oxygen tension was continuously monitored with a
microelectrode to evaluate the blood flow changes in
placental and fetal cerebral tissues throughout the
whole period of 30 minutes of ischemia and 4 hour of
recirculation. The both oxygen tension monitoring
were performed simultaneously in a total of 6
animals.
Miniature monopolar electrodes for oxygen

tension were constructed according to the method
described by Rossem et al.50 (1992). Pure platinum
wire (length 15 mm; diameter 0.1 mm) was soldered
to a gold connector. After being stained with black
ink the wire was insulated by being dipped in
cyanoacrylate glue. The measuring tip of the
electrode was created manually under a microscope.
First, the insulation was removed with a scalpel at
the free end of the wire over a length of 0.2 mm.
The naked tip was then covered with a cellulose
acetate membrane by dipping it repeatedly into a
cellulose acetate solution (5% cellulose diacetate in
33.3% ethanol in acetone solution).
On the 20th day of gestation, pregnant rats were

kept under artificial ventilation with 0.5% to 1.0%
halothane and continuous infusion of muscle relaxant
(vecuronium bromide, 2 mg�h) through out the
experiment. The tail artery was cannulated to
measure arterial blood gases, pH, blood glucose, and
blood pressure. The right uterine horn was revealed
through a midline incision. Because the uterine wall
and the fetal cranial vault were thin, the fetal
bregma and the other superficial structures could be
seen through the uterine wall. Thereafter, the
microelectrode was stereotaxically implanted
through the uterine wall and fetal skull for fetal
cerebral tissue oxygen monitoring. The tip of the
microelectrode was placed on the right side 2 mm
lateral to bregma and inserted 1.5 mm below the
fetal brain surface into the parietal cortex. The
position of the microelectrode tip was previously



Mitochondrial Function in Fetal Brain

J Nippon Med Sch 2007; 74 (3) 193

determined by anatomical observation of the fetal
brain. For placental tissue oxygen monitoring, the
adjoining placenta in the right horn was used. The
microelectrode was carefully inserted into the
placental tissue through the uterine wall (2 mm in
depth). A reference electrode was placed in the
upper abdominal space. After implantation, the
electrode was connected to the recording circuit and
polarized at -700 mV. A 15- to 30-minutes
stabilization period was permitted before 30 minutes
of uterine artery occlusion was started. Then tissue
oxygen tensions were measured continuously
throughout the entire period of 30 minutes of
occlusion and 4 hours of recirculation. The changes
in tissue oxygen tension are expressed as
percentages of the control level.

Measurement of Mitochondrial
Respiratory Function

Preparation of brain homogenates. All pups were
decapitated after delivery. The whole brains were
removed within 60 seconds and transferred to an
ice-cold homogenization buffer containing 0.32 M
sucrose, 1 mM potassium-EDTA, and 10 mM Tris
(hydroxymethyl) aminomethane (Trizma BaseⓇ,
Sigma Co. St. Louis, MO, USA) that had been
adjusted to pH 7.4 with a pH monitor (Inter Medical,
Tokyo). The forebrain was dissected out and washed
free of blood with ice-cold homogenization buffer and
its surface was cleared of meninges and vessels. The
brains yielded 150 to 200 mg of wet tissue.
Tissue samples were homogenized in

homogenization buffer using an all-glass Dounce
homogenizer, according to a technique described by
Sims et al.51. These homogenates were used to
measure mitochondrial respiration. This technique
measures the function of the whole population of
free brain mitochondria8,9,51.

Measurement of mitochondrial oxygen consumption.
Mitochondrial respiration in prepared homogenates
was measured polarographically with an oxygen
microelectrode ( Presearch Ltd, Basingstoke,
Hampshire, UK) in a closed magnetically stirred
chamber of 770- µl capacity, at 28℃ (YSI
Hydrodata Ltd, Letchworth, Hertfordshire, UK).

Samples (usually 80～100 µl) were added to the
reaction buffer (usually 0.65～0.7 ml) containing 100
mM KCl, 75 mM mannitol, 25 mM sucrose, 5 mM
Tris-phosphate, 0.05 mM potassium-EDTA, and 10
mM Tris (hydroxymethyl) aminomethane (pH 7.4).
Substrates consisting of 10 µl of 0.5 M glutamate and
0.5 M malate (neutralized with KOH) were also
added. Stimulated (+ADP) respiration was initiated
by the addition of 0.1 M ADP (typically, 0.3 µl

followed by 5 µl). Non-stimulated (-ADP) respiration
was measured from tracings obtained after the ADP
added to stimulate respiration had been depleted
and the rate had declined to a constant value.
Uncoupled respiration was started with the addition
of 5 µl of 0.9 mM carbonyl cyanide m-
chlorophenylhydrazone8,9,51. The respiratory control
ratio (RCR) was calculated as the ratio of stimulated
to non-stimulated respiration. At the conclusion of
measurement, an aliquot (0.2 ml) was removed and
frozen (-18℃) for subsequent measurement of
protein content with a DC Protein Assay Kit (Bio-
Rad Laboratories, CA, USA)52.

Isolation of Forebrain Mitochondria

To isolate fetal forebrain mitochondria, all pups
were decapitated immediately after delivery. The
forebrain mitochondria were isolated according to
the procedure of Rosenthal et al.53 with the following
modifications. The whole brains were removed
rapidly, within 60 seconds, and transferred to an ice-
cold isolation buffer containing 150 mM sucrose, 10
mM HEPES (pH 7.4), 1 mg�ml bovine serum
albumin, 0.5 mM EDTA and 0.5 mM EGTA. The
forebrain was dissected out and washed free of
blood with the ice-cold isolation buffer, and the
surface was cleared of meninges and vessels. The
brains yielded 100 to 150 mg of wet tissue. Tissue
samples were homogenized using an all-glass
Dounce homogenizer, according to a technique
described by Sims and Blass51. The homogenate was
immediately centrifuged at 2,000 g for 3 minutes.
The supernatant was decanted and centrifuged at
12,000 g for 8 minutes. The resulting supernatant
was discarded and the pellet was resuspended into
the isolation buffer (10 ml�g tissue). The suspension
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Fig. 1 After 30 min of uterine artery occlusion, the 
ATP concentration (nmol/kg) decreased to 
26% of sham-operated controls. ATP 
concentration markedly improved, 
increasing to normal values after 1 h of 
recirculation. After 2 h of recirculation, 
ATP concentrations were maintained close 
to control values, but deteriorated again 
after 4 h of recirculation. The data on 
vehicle-treated animals suggest that a 
secondary deterioration of cellular energy 
state occurs after 4 h of recovery or longer. 

was centrifuged at 12,000 g for 10 minutes. The
resulting pellet was resuspended in 0.25 M sucrose
(10 ml�g tissue) and centrifuged at 12,000 g for 10
minutes. The mitochondrial pellets were then gently
rinsed with 0.25 M sucrose and suspended in 0.25 M
sucrose to yield 10 to 20 mg protein�ml. The entire
procedure was completed within 1 hour. Moreover,
this mitochondrial preparation was stable for at least
3 hours with little loss of functional activity.

Fixation of Mitochondria for
Electron Microscopy

Isolated mitochondrial preparations at
predetermined times of recovery were
ultrastructurally examined in the ischemia uterine
horn. Mitochondrial suspensions were then
centrifuged at 12,000 g for 10 minutes. The pellet
obtained was fixed overnight with 2.5%
glutaraldehyde, postfixed with 1% osmic acid in 0.1M
cacodylate buffer, dehydrated, and embedded in LX-
112 epoxy resin54,55. Thin sections were observed
with a transmission electron microscope (H-7000,
Hitachi Ltd, Tokyo).
To assess mitochondrial swelling, electron

micrographs were analyzed at 5,000 × magnification.
As described previously56,57, a swollen mitochondria
was defined as being rounded, with a diameter>0.8
µm. The number of swollen mitochondria in an area
measuring 10 × 10 µm was counted, and the mean
from three areas was calculated.

Cellular Bioenergetic Response to
Ischemia and Reperfusion

Ishemic period. The developing brain is particularly
resistant to hypoxic-ischemic brain injury, but the
mechanisms responsible for this resistance are
unclear. The present results demonstrate that the
ATP concentration decreased to 26% of sham-
operated controls at the end of 30 minutes of
transient ischemia (Fig. 1)11. Recently, Kunievsky et
al.58 demonstrated that a transient and complete
occlusion of the circulation of a single uterine horn
was accompanied by a slow and moderate
dissipation of energy levels in the fetal brain. The

more moderate decline in ATP levels during in
utero ischemia including that in our study was
consistent with the changes in high-energy
phosphates in the fetal rat brain measured in vivo
with 31P-nuclear magnetic resonance spectroscopy59.
A similar moderate fall in energy metabolites has
been reported after short episodes of uterine blood
flow arrest in the near-term guinea pigs60. These
data from the fetal brain are in contrast to those in
the adult brain in which a precipitous fall in ATP
levels occurs after complete cerebral ischemia61,62.
The slow and moderate dissipation of energy
metabolites is a reflection of the resistance of the
developing brain to ischemic insults and is
presumably the underlying mechanism for the
apparent protection. The delay in the decrease in
tissue oxygen tension in the fetal cerebrum
observed in the present study during the ischemic
period is implicated in the slow and moderate
dissipation of energy metabolites, suggestive of
circulatory centralization11.
The measured rise in cerebral lactate

concentration at the end of ischemia in the present
study11 is consistent with measurements in adult
animals, in which the increase in tissue lactate
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Fig. 2 Changes in tissue oxygen tension of 
placenta (top) and fetal cerebrum (bottom) 
during ischemia and recirculation. Values 
are presented as the means ± SD. During 
early ischemic period, tissue oxygen tension 
in fetal cerebrum showed delayed decrease 
compared with those in placenta. At the end 
of occlusion, placental and fetal cerebral 
tissue oxygen tension decreased to about 
30% and 50% of control levels, respectively. 
After recirculation, the both tissue oxygen 
tensions increased gradually close to control 
values and remained almost constant 
throughout the whole period of 4 h of 
recirculation.

concentration is the earliest sign of tissue hypoxia63,64.
However, the rise in the cerebral concentration of
lactate during hypoxemia is less in fetuses than in
adults65,66. This difference may be due to the lower
fetal cerebral metabolic rate.

Early reperfusion period. The complete restoration of
ATP during the early reperfusion period (1 and 2
hours of recirculation) in the present study11 is
similar to that previously observed in a fetal
hypoxia-ischemia model58. This complete restoration
is in contrast to the partial restoration observed in
models of adult ischemia, particularly with respect to
ATP concentrations and the sum of nucleotides67,68.
The present results regarding lactate, which
remained high during the entire period of
recirculation, are also in good agreement with
previous experimental results in fetal rats and
primates58,60,69. A more complete recovery of the
lactate level has been observed in adult models of
ischemia during the early reperfusion period68. It
seems likely that the expense of anaerobic glycolysis
is dominant for the maintenance of fetal cerebral
energy metabolism at these time points.
Other components of the resistance to ischemia in

fetuses may include the absence of postischemic
hyperemia. In adult models of brain ischemia, a
pronounced hyperemia occurs in the early
postischemic reperfusion period9,70,71. In contrast, the
present study, and a previous study5, of tissue
oxygen tension in fetal cerebrum indicate no
hyperemia or hypoperfusion. The absence of
postischemic hyperemia may be beneficial in light of
observations by Kuroiwa et al.72, who observed a
decrease in tissue edema and blood-brain barrier
disruption when postischemic hyperemia was
prevented by constriction of the middle cerebral
artery following the ischemic episode. The
spontaneous limitation of postischemic blood flow in
the fetus may have a similar protective effect.
Although these unique characteristics of the

intrauterine environment during ischemia and
reperfusion exist, secondary deterioration of the
cellular bioenergetic state developed in the
immature fetal brain after 4 hours of recirculation.
These findings are in good agreement with the
results reported by Folbergrova et al.68 (1995), who

used 2 hours of middle cerebral artery occlusion in
adult rats. To explain the secondary deterioration,
they suggested two possible mechanisms: secondary
microcirculatory obstruction and delayed
mitochondrial dysfunction. In the adult model, the
first possibility seems less likely in view of reports
showing an adequate return of blood flow to tissue73

and a marked increase in tissue oxygen tension
during recirculation9,70,71. The present results in a
fetal model confirm and extend these observations
because tissue oxygen tension remained unchanged
during the entire period 4 hours of recirculation
although secondary bioenergetic failure developed in
the immature fetal brain (Fig. 2)11. This results
leaves us with the likely possibility that secondary
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Fig. 3 Changes in respiratory control ratio (RCR) 
of fetal brain tissue in each group after 30 
min of transient intrauterine ischemia or 1, 
2, or 4 h of recirculation. Bar indicates the 
mean value in each group, and open circles 
represent the values of individual animals. 
Significant differences were found among 
the experimental groups (one-way ANOVA 
followed by Scheffés F test; ＊ p<0.001 and 
＊＊p<0.05, respectively).

mitochondrial dysfunction causes bioenergetic
failure.

Secondary Mitochondrial Dysfunction

In adult animals, recirculation enhances the
production of reactive oxygen species that can cause
membrane damage or enzyme inactivation due to
lipid peroxidation or protein oxidation or both74.
Similar mechanisms have been implicated in
perinatal hypoxic brain damage. Ishimoto et al.46

have demonstrated an increase oxygen free radicals
following transient intrauterine ischemia in rats.
Maulik et al.3, who have directly measured oxygen
free radicals with electron spin resonance
spectroscopy, have also demonstrated similar
changes in the fetal guinea pig brain.
This secondary deterioration of the cellular

bioenergetic state after transient intrauterine
ischemia can be explained by one of two events:
secondary microcirculatory obstruction following
upregulation of adhesion molecules for
polymorphonuclear leukocytes 75, or delayed
mitochondrial dysfunction because of oxidative
stress. The first possibility seems less likely in view
of reports showing an adequate return of blood flow
to the fetal cerebrum and the placenta11,46. Indeed, in
our previous study11, the tissue oxygen tension was
continuously monitored by a microelectrode to
evaluate the blood flow changes in fetal cerebral
tissues throughout the entire 30 minutes of
intrauterine ischemia and 4 hours of recirculation.
The present study has demonstrated that during
ischemia tissue oxygen tension in fetal cerebrum
falls to about 50% of the control level. However, after
recirculation tissue oxygen tension in the fetal
cerebrum increased gradually to near-control values
and remained almost constant throughout the entire
4 hours of recirculation. In addition, the changes in
the mitochondrial activities of the present results
(Fig. 3)36,76 were similar to previously reported
changes in the bioenergetic state of the fetal brain11.
This results suggests that the secondary
deterioration of the cellular bioenergetic state after
transient intrauterine ischemia in the immature fetal
brain is due to delayed mitochondrial damage.

The mechanisms leading to mitochondrial damage
are not known, but several possibilities can be
considered. One is that ischemia and recirculation
lead to calcium uptake by cells and mitochondria54,77.
Accumulation of large amounts of calcium in
mitochondria is potentially detrimental. First, by
activating phosholipase A2, Ca2+ can trigger
degradation of the lipid skeleton of mitochondrial
membranes and cause a cascade of events, including
accumulation of arachidonic acid and its break down
products78. Some of these lipid metabolites are
inhibitors (or uncouplers) of electron transport in the
mitochondria, and some are formed in reactions that
lead to the production of oxygen free radicals78.
Second, by activating nitric oxide synthase (NOS),
calcium can cause accumulation of nitric oxide (NO).
The reaction between ・NO and ・O2- leads to the
formation of peroxynitrite, a reactive metabolite that
can nitrosylate proteins and whose composition
yields a molecular species with the same chemical
reactivity as ・OH79. Indeed, our previous report
demonstrated that recirculation following transient
intrauterine ischemia enhances production of NO in
the term fetal brain80. Third, calcium is a trigger of
the MPT. The MPT involves the opening of a large
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Fig. 4 Mean number of swollen mitochondria in an 
area measuring 10 μm × 10 μm after 30 
minutes of intrauterine ischemia as well as 
after 1, 2, 3, and 4 hours of recirculation (R). 
Effects of CsA were evaluated after 4 hours 
of recirculation. Values are mean ± SD. 
＊Significant difference against control (one-
factor ANOVA followed by Scheffé’ s F test; 
p<0.05). †Significant difference against the 
vehicle treated animals at 4 h of recircu-
lation (Mann-Whitney U test; p<0.05).

conductance pore in the inner mitochondrial
membrane, which allows the passage of ions and
molecules with a molecular mass of less than 1,500
Daltons22. The opening of the pore also leads to
membrane changes allowing the release of proteins,
increasing cytochrome C, some of which can act as
transcription factors leading to gene expression and
to nuclear changes observed in apoptotic cell death24.

Role of the MPT

The present results indicate that although soon
after transient intrauterine ischemia the fetal
cerebral cellular bioenergetic state and
mitochondrial function are maintained at close to
preischemic control levels, the delayed deterioration
of energy metabolism develops in the immature fetal
brain. The delayed deterioration is accompanied by
mitochondrial swelling that is prevented by CsA.
Because pathophysiological swelling of mitochondria
is associated with the activation of the MPT and
because the MPT is inhibited by CsA, our data
suggest that mitochondria and the MPT may be
involved in the development of ischemic brain
damage in the immature rat (Fig. 4)81.
It has been hypothesized that long-term opening

of the MPT or long-term mitochondrial swelling may
cause release of apoptogenic substances such as
cytochrome c from mitochondria into the
cytoplasm24―27. Cytochrome c released from
mitochondria into the cytoplasm, together with other
apoptotic factors, activates caspase-3 and results in
apoptosis82. This induction of apoptosis appears to
consistent with the results of electron microscopic
observation in the present study. The present
results have demonstrated that although
mitochondria are still compact in the vehicle-treated
animals during ischemia, the number of swollen
mitochondria was markedly greater after 4 hours of
recirculation. These findings suggest that the
delayed dysfunction of mitochondrial activities is
associated with the opening of the MPT pores in
this experimental paradigm. However, the results
also raise the possibility that mitochondrial swelling
is due to the MPT, which is believed to activate the
initial step of apoptosis, because the ultrastructural

changes include both apoptotic and necrotic
features83,84. To explore this possibility, the present
study examined the effects of CsA, a potent and
specific MPT blocker, on the energy metabolism and
the ultrastructural changes after transient
intrauterine ischemia.
CsA is an effective immunosuppressant that has

been used to prevent allograft rejection and, more
recently, to treat auto-immune disorders. Major
mechanisms of CsA include inhibition of the immune
system, particularly suppression of cytokine gene
expression and the activation of T lymphocytes.
However, as mentioned in the introduction, the drug
has more general effects of potential importance in
the protection against ischemia33―35. Furthermore,
CsA has recently been shown to ameliorate damage
to mitochondria in ischemia with reperfusion20,85. This
protective effect might be attributed to the
inhibitory effect of CsA on the MPT and
mitochondrial swelling19,28―30. On the other hand, CsA
has a restricted passage into the brain
parenchyma86,87, but it accumulates to
pharmacological concentrations in the brain at high
blood levels88. Recent studies have also demonstrated
a dose-dependent increase of CsA levels in the brain
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Fig. 5 Mitochondrial permeability transition in the immature brain.

parenchyma after single intravenous injections,
clearly showing permeability of CsA across the
blood-brain barrier at high doses34,35,57. In the present
study, I therefore used a high dose of CsA, which is
sufficient to inhibit MPT in vivo57, and demonstrated
that CsA improves recovery of the fetal cerebral
cellular bioenergetic state and mitochondrial
function and inhibits mitochondrial swelling
following transient intrauterine ischemia, even when
administered 1 hour after the start of recirculation.
The protective effects are in agreement with results
reported by Friberg et al.57, who have demonstrated
that CsA inhibits the MPT and mitochondrial
swelling during hypoglycemic coma in vivo. Thus,
the present results, which demonstrated CsA-
sensitive swelling of brain mitochondria during
recirculation following intrauterine ischemia, suggest
that the MPT is involved in the development of
ischemic brain damage in the immature rat (Fig. 5).
These results suggest that the delayed

mitochondrial dysfunction after transient
intrauterine ischemia is a trigger for apoptotic cell
death, which causes the neurologic deficit apparent
in neonates.
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