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The effect of acute or/and chronic stress on the MnSOD protein
expression in rat prefrontal cortex and hippocampus
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Abstract. Manganese superoxide dismutase (MnSOD) is the major antioxidant in mitochondria that
protect brain from neuroendocrine stress. Although MnSOD is localized in the mitochondria, the
immediate subcellular distribution of MnSOD protein level in the prefrontal cortex and hippocampus
of Wistar male rats exposed to acute stressors immobilization or cold, chronic stress isolation or
their combinations (acute/chronic) have not been studied. Western immunoblotting revealed that
acute immobilization stress resulted in an increase in mitochondrial MnSOD protein level, whereas
chronic isolation compromises MnSOD protein level. Chronically stressed animals exposed to novel
acute stressors showed a significant decrease in mitochondrial MnSOD protein level and reciprocal
increase in this protein in the cytosolic fraction. At the same time, a significant increase in serum
corticosterone level was observed after acute stressors, whereas chronic isolation led to negligable
changes and caused a reduced responsiveness to a novel acute stressors. Presence of cytochrome cin
mitochondrial and cytosolic fraction of both brain structures was also confirmed. Results suggest that
chronic stress isolation results in mitochondrial dysfunction and MnSOD release into the cytosol.
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Introduction

Exposure to neuroendocrine stress (NES) leads to the
increased release of glucocorticoids (GCs) by activation
of hypothalamo-pituitary adrenal (HPA) axis. The effects
of GCs in any acute stressful situation can be classified as
protective for the organism (preserving homeostasis) against
the negative sequelae of stress, while prolonged periods of
exposure to elevated levels of GCs (such as occurs during
chronic stress) may have deleterious biological effects, in
which oxidative stress plays a major etiopathological role
(Sapolsky 1992; Pardon 2007). Neurodegeneration mediated
by GCs under stress conditions has been linked to an increase
in generation of reactive oxygen species (ROS), which can
directly damage lipids, nucleic acids and proteins (Blum-
berg 2004; Evans et al. 2004) resulting in mitochondrial
dysfunction, cytochrome c release in the cytosol (Fujimura
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etal. 1999; Chong et al. 2005) and biochemical cascade that
could lead to the apoptosis (Le Bras et al. 2005). The extent
of NES-triggered effects and the resulting vulnerability of
cells are related to the NES duration and intensity.

One of the primary intracellular sites for in vivo ROS
production is the mitochondria (Turrens 1997). Man-
ganese superoxide dismutase (MnSOD) is antioxidant
enzyme present in the inner membrane and matrix of
mitochondria (Slot et al. 1986; Okado-Matsumoto and
Fridovic 2001). It is encoded in the nuclear chromatin,
synthesized as a precursor in the cytoplasm, and imported
posttranslationally into the mitochondrial matrix in its
mature form subsequent to the removal of its 23-amino
acid NH;-terminal leader sequence by specific proteases
(Wispe et al. 1989). In the presence MnSOD, superoxide
radical (O;7) can be converted to the hydrogen peroxide
(H,0O,) which can then diffuse out of mitochondria in the
cytoplasm. In the presence of high iron concentrations,
H,0, can form the highly reactive hydroxyl radical (HO)
via the Fenton reaction. O,~ can also react with nitric oxide
to form the highly reactive peroxynitrite anion (ONOQO™),
as it has been demonstrated in brain after stress (Olivenza
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et al. 2000), causing oxidative/nitrosative damage (Liu et
al. 1996; Madrigal et al. 2001).

Chronic exposure to mitochondrial ROS leads to inacti-
vation of key mitochondrial enzymes and accumulation of
mitochondrial DNA mutation (Wallace 2005). It has been
shown that MnSOD knockout mice display degenerative
changes in large areas of the central nervous system, especially
in the basal ganglia (Lebovitz et al. 1996). Overexpression
of MnSOD results in neuroprotection by reducing cellular
apoptosis and decreasing brain ischemic damage (Keller et
al. 1998). Recent evidence has shown that chronic isolation
stress increases the activity of MnSOD, whereas it is not af-
fected by acute stressors in the brain (Pajovi¢ et al. 2006).
GCs have been shown to decrease the activity of antioxidative
enzymes in the hippocampus and brain cortex, both basally
and in the presence of an oxidative stressor (McIntosh et
al. 1998a,b). Moreover, dexamethasone can reduce basal or
cytokine-stimulated MnSOD mRNA expression, suggesting
that MnSOD is under glucocorticoid regulation (Valentine and
Nick 1994; Antras-Ferry et al. 1997). Consequently, a decrease
in the antioxidant capacity of the brain may be responsible for
the stress-related oxidative damage. A possible mechanism by
which stress-hormones may contribute to oxidative damage
may be due to compromised brain antioxidant defense system
(Michel et al. 2007; Sarandol et al. 2007).

Taking into account the above studies, we investigated the
hypothesis that 2 h of acute stress immobilization or cold, 21
day of chronic stress isolation or their combinations (homo-
typic chronic stress followed by as heterotypic acute stress)
alter MnSOD subcellular protein level in the rat prefrontal
cortex as a center of cognitive brain and hippocampus which
comprises the numerous centers of emotional brain, as essen-
tial components of neural circuitry mediating stress (Jacobson
and Sapolsky 1991; Mizoguchi et al. 2003). We also measured
serum corticosterone (CORT) level in control and all stressed
rat groups, in order to examine the biological impact of
the stressor. The chronic isolation stress was chosen as the
model because it is a continuous stressor which contains both
psychological and physiological components (Popovi¢ et al.
2000; Chourbaji et al. 2005), and may enhance anxiety in rat
(Maisonnette et al. 1993; Haller and Halasz 1999) even after 7
days of isolation (Niesink and Van Ree 1982). The immediate
aim of the study was to define the kind of stress (acute, chronic
or combined) which led to the most pronounced changes in
serum CORT levels and MnSOD subcellular protein level.

Materials and Methods

Animal treatments

Adult Wistar male rats (2-3 months old, weighing 330-
400 g) were housed in groups of four individuals per cage

in a temperature 20 + 2°C, humidity 55 + 10% and offered
water and food ad libitum. The light was kept on between 7:00
a.m. and 7:00 p.m. The animal experiments were approved by
the Ethical Committee for the Use of Laboratory Animals of
the Institute of Nuclear Sciences “Vinca’, which follows the
guidelines of the registered “Serbian Society for the Use of
Animals in Research and Education”. For experimental pur-
poses, the animals were randomly divided into four groups:
in group I four animals were kept per cage representing the
unstressed animals (control, n = 6-8); group II was exposed
to 2 h of immobilization (IM) or cold (C; 4°C) representing
acute stressors (each one, n = 6-8); group III was exposed
to chronic isolation by individual housing for 21 day (IS; # =
6-8), according to the model of Garzon and del Rio (1981),
where the animals had relatively normal auditory and olfac-
tory experiences but could not at any time see, touch or be
touched by other colony animals; group IV was exposed
to chronic IS followed by only once for 2 h of acute IM or
C (4°C) stress, representing combined stressors (IS+IM,
IS+C, each one, n = 6-8). Experiments of acute stressors
were performed between 8:00 a.m. and 10:00 a.m., to avoid
CORT circadian rhythm. Rats were exposed to IM action by
introducing them in the prone position with all four limbs
fixed to the board with adhesive tape. The head was also
fixed with a metal loop over the neck area, with a consequent
limitation of head motion (Kvetnansky and Mikulaj 1970).
The animals exposed to C stress were initially kept at ambient
temperature (20 + 2°C) and then carefully transferred into
a refrigerator room at 4°C. Following stress procedure, the
whole brain was immediately removed and, the prefrontal
cortex and hippocampus were dissected on ice. Tissue were
frozen in liquid nitrogen and kept at -70°C.

Serum CORT assay

Immediately after stress, the animals were decapitated and
the trunk blood was collected. Blood samples were centri-
fuged at 4°C for 20 min at 1500 x g, and serum was separated
and kept at —70°C until CORT levels determination. Levels
of serum CORT were determined using the Octeia ELISA kit
(IDS, Boldon, U.K.) and the values were expressed as nano-
gram per milliliter. All samples were measured in duplicate
in one assay. The variation between duplicate samples was
less than 7%. The lower detection limit for hormone levels
in this assay system is 25 ng/ml.

Mitochondria/cytosol fractionation

To prepare mitochondria and cytosol tissue protein extracts,
frozen prefrontal cortex and hippocampus were weighed and
homogenized in 2 vol. (w/v) of ice-cold homogenization
buffer I (0.25 mol/l sucrose, 15 mmol/l TRIS-HCI (pH 7.9),
16 mmol/lI KCl, 15 mmol/l NaCl, 5 mmol/l ethylenediamine-
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tetraacetic acid (EDTA), 1 mmol/l ethylene glycol tetraacetic
acid, 1 mmol/l dithiothreitol (DTT), 0.15 mmol/l spermine
and 0.15 mmol/l spermidine supplemented with following
protease inhibitors: 0.1 mmol/l phenylmethanesulpho-
nylfluoride, 2 pug/ml leupeptin, 5 pg/ml aprotinin, 5 ug/ml
antipain) by 40 strokes in the Potter-Elvehjem teflon-glass
homogenizer. Samples were centrifuged at 2000 x g, 4°C for
10 min. The supernatant was centrifuged at 15,000 x g, 4°C
for 20 min. The resulting mitochondrial pellet was washed
by resuspension in homogenization buffer I followed by
additional centrifugation at 15,000 x g, 4°C for 20 min and
resuspended in 250 pl of lysis buffer (50 mmol/l TRIS-HCI
(pH 7.4), 5% glycerol, 1 mmol/lEDTA, 5 mmol/l DTT, sup-
plemented with mentioned protease inhibitors and 0.05%
Triton X-100). The supernatant was further centrifuged at
100,000 x g for 60 min to obtain the pure cytosolic fraction.
Protein content in the mitochondrial and cytosolic fractions
was determined by the method of Lowry et al. (1951), using
bovine serum albumin (BSA; Sigma-Aldrich) as reference.

Electrophoresis and Western blot analysis

Equal amounts of protein of mitochondrial and cytosolic
fractions of unstressed control and all stressed groups iso-
lated from prefrontal cortex and hippocampus were electro-
phoresed on a 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and electrophoretically transferred to
a polyvinylidene difluoride membrane (Bio-Rad, Hercules,
CA). Membranes were blocked in a blocking buffer with 5%
BSA in TRIS-buffered saline (20 mmol/l TRIS, 137 mmol/l
NaCl (pH 7.6), containing 0.3% Tween 20) and incubated
with a rabbit polyclonal anti-MnSOD antibody (SOD-110;
Stressgen, Victoria, BC, Canada). Mouse anti-cytochrome ¢
antibody (6H2; Santa Cruz Biotechnology) was used to
confirm the presence of cytochrome c in mitochondrial
and cytosolic fractions of both brain structures. Western
blots were performed with horseradish peroxidase (HRP)-
conjugated anti-rabbit (7074; Cell Signaling Technology) or
goat anti-mouse immunoglobuline (SC-2005; Santa Cruz
Biotechnology) for 2 h. To confirm a consistent protein
loading for each lane, membranes were stained for B-actin
(primary monoclonal mouse anti-p-actin antibody, A5316
Sigma-Aldrich, followed by HRP-conjugated secondary goat
anti-mouse immunoglobuline). Antigen-antibody complex-
es were incubated with the LumiGLO substrate (7003; Cell
Signaling Technology) for 5 min and immediately exposed to
X-ray film. The immunoreactive bands were quantitated by
Image software. Results were expressed as MnSOD/[-actin
ratio. In the figures, the MnSOD levels in stressed animals
were expressed as percentage of change in relation to those
in unstressed animals taken as 100% (unstressed control).
The data are expressed as means + S.E.M. of 6-8 animals

per group.

Statistical evaluation

Data were analyzed by two-way ANOVA (the factors were
acute or chronic stress, and the levels for the acute stress were
none, IM and C, while for the chronic stress they were none
and IS). The Tukey post-hoc test was used to evaluate the
differences between the groups. Statistical significance was
accepted at p < 0.05. All data are given means + S.E.M.

Results

Serum CORT level in unstressed control and stressed
animals

The results on serum CORT level in unstressed control
and all stressed rat groups are presented in Fig. 1. Two-
way ANOVA analysis revealed a significant effect of
acute (F5 39 = 93.19, p < 0.001), chronic (F; 3y = 22.45,
P < 0.001) or combined stress (F, 39 = 6.44, p < 0.01) on
serum CORT secretion. In the acutely stressed animals,
IM acted as an extremely potent stressor, resulted in
a 5-fold increase in serum CORT level (p < 0.001), while
C stress led to a 2-fold increase in CORT level (p < 0.01),
compared to the unstressed control (Fig. 1, left panel). In
animals chronically exposed to IS, serum CORT level was
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Figure 1. Changes in serum CORT levels (ng/ml) of adult
Wistar male rats in unstressed control and rats exposed to acute
immobilization (IM) or cold (C) stressors, chronic isolation (IS)
or their combinations, as indicated. The results are expressed as
mean * S.E.M. of 6 animals per group. Symbols indicate a signifi-
cant difference between: respective stress treatment and unstressed
control * p < 0.001, ™" p < 0.001; combined stressors and those
respective acute stressors ** p < 0.01; combined stress isolation
followed by immobilization (IS+IM) and chronic isolation (IS)
" p < 0.001, by Tukey post-hoc test.
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not changed (p > 0.05), (Fig. 1, middle panel) when com-
pared to the unstressed control. Novel acute stressor IM
showed a significant elevation of serum CORT level in the
chronic IS-pretreated group and reached a 4-fold increase
compared to the unstressed control (p < 0.001), as well as,
3-fold increase compared to the chronic IS (""" p < 0.001).
On the other hand, consecutive exposure to acute C did not
significantly alter serum CORT level (p > 0.05) compared
of either unstressed control or chronic IS stress. When the
results of the combined stressors were compared to those
of acute stressors, it was observed a significant decrease
(** p < 0.01, Tukey post-hoc test).

MnSOD protein levels in mitochondrial or cytosolic fractions
of the prefrontal cortex

An immunoreactive band of ~25 kDa corresponding to the
predicted molecular mass of MnSOD protein was detected
in mitochondrial and cytosolic fractions of the prefrontal
cortex in unstressed control and all stressed rat groups (Fig.
2A). Two-way ANOVA analysis of mitochondrial MnSOD
protein levels revealed significant effect of chronic stress
(F1.30 = 87.01, p < 0.001), as well as, interaction effects of
acute x chronic stress (F, 30 =7.64, p <0.01). Post-hoc Tukey
analysis showed a significant increase in the mitochondrial
MnSOD protein level following acute IM (p < 0.01) (Fig.
2B, left panel), whereas acute C did not change this protein
level, compared to the unstressed control. In chronically
stressed animals, mitochondrial MnSOD protein level was
not changed in a statistically significant manner (p > 0.05)
compared to the unstressed control (Fig. 2B, middle panel).
Additional acute stress of either IM or C showed a significant
decrease in the mitochondrial MnSOD protein level in the
chronic IS-pretreated group (p < 0.01, p < 0.05), relative to
the unstressed control. The mitochondrial MnSOD protein
levels following both combined stressors were significantly
decreased from their levels after acute IM or C stressors,
as indicated by Tukey post-hoc test (*** p < 0.01). For the
cytosolic MnSOD protein levels in the prefrontal cortex,
ANOVA analysis indicated that the main effect of chronic
stress (F130 = 27.89, p < 0.001) exist in these animals. No
significant differences were found in cytosolic MnSOD
protein level between acute stressors and unstressed control
(p > 0.05, Fig. 2B, left panel). A trend towards an increase
in cytosolic MnSOD following chronic IS (Fig. 2B, middle
panel) was found but it was not statistically significant (p =
0.24). Exposure to novel IM or C stress led to a significant
increase in cytosolic MnSOD protein levels (p < 0.05) in the
chronic IS-pretreated group, compared to the unstressed
control (Fig. 2B, right panel). Statistically significant increase
in cytosolic MnSOD protein level between combined IS+IM
and acute IM stress was also observed (** p < 0.01, Fig. 2B,
right panel).
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Figure 2. MnSOD protein level in mitochondrial or cytosolic
fractions of the prefrontal cortex. A. Representative Western blots
of MnSOD protein normalized to B-actin protein. B. Relative
changes in MnSOD protein levels of rats exposed to acute im-
mobilization (IM) or cold (C) stressors, chronic isolation (IS) or
their combinations in both fractions, as indicated. The values are
expressed as means + S.E.M. of 6-8 animals. Symbols indicate
a significant difference between: the respective stress treatment
and unstressed control * p <0.05, - p < 0.01; combined stressors
and those respective acute stressors ** p < 0.01, ** p < 0.001, by
Tukey post-hoc test.

MnSOD protein levels in mitochondrial or cytosolic fractions

of the hippocampus

The representative hippocampal Western blots of MnSOD
protein level in unstressed control and stressed Wistar
male rat groups are presented in Fig. 3A. Two-way ANOVA
analysis of mitochondrial MnSOD protein levels revealed
significant effect of chronic stress (F; 39 = 17.66, p < 0.001).
Post-hoc Tukey analysis showed a significantly increase in
mitochondrial MnSOD protein level following acute IM
stress compared to the unstressed control (p < 0.05) (Fig.
3B, left panel), whereas acute C did not change the level of
this protein (p > 0.05). In chronically stressed group, mito-
chondrial MnSOD protein level was unchanged compared
to the unstressed control level (p > 0.05) (Fig. 3B, middle
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Figure 3. MnSOD protein level in mitochondrial or cytosolic
fractions of the hippocampus. A. Representative Western blots
of MnSOD protein normalized to B-actin protein. B. Relative
changes in MnSOD protein levels of rats exposed to acute im-
mobilization (IM) or cold (C) stressors, chronic isolation (IS)
or their combinations in both fractions, as indicated. The values
are expressed as means + S.E.M. of 6-8 animals. Symbols indi-
cate a significant difference between: acute immobilization (IM)
and unstressed control * p < 0.05; combined stressors and those
respective acute stressors * p <0.05, # p <0.001, e p <0.001;
combined stressors and chronic isolation (IS) stress " p < 0.05,
by Tukey post-hoc test.

Cytosolic fraction

panel). In combined stress experiments, only IM led to de-
crease in the MnSOD protein level following IS compared
to its level after acute IM stress (** p < 0.01) (Fig. 3B, right
panel). Similarly to the prefrontal cortex, we found presence
of hippocampal MnSOD protein in the cytosolic fraction of
unstressed control and all stressed groups (Fig. 3A). Two-way
ANOVA analysis revealed significant interaction effects of
acute X chronic stress (F» 35 =8.7, p < 0.01). Post-hoc Tukey
analysis showed a significant increase in cytosolic MnSOD
level following both combined stressors (Fig. 3B, right panel)
compared to either chronic IS (" p < 0.05) or those acute
stressors ("% p < 0.001, * p < 0.05), respectively.

Western blots demonstrating release of mitochondrial
cytochrome ¢

To confirm the absence of mitochondrial contamination in our
preparations, the same membrane from mitochondrial and
cytosolic samples was reprobed with anti-mouse cytochrome ¢
oxidase subunit I (COX I; molecular probe 1 : 500), as the mito-
chondrial marker which is tightly bound to the inner mitochon-
drial membrane (Jin et al. 2005). The absence of COX I in the
cytosolic fraction in unstressed control and all stressed groups of
both brain structures confirmed that there was not contamina-
tion of mitochondria in the cytosolic fraction (Fig. 4).

As shown in Fig. 5, cytochrome ¢ immunoreactivity
was evident as a single band of molecular mass 15 kDa in
the cytosolic fraction of all stressed groups of both brain
structures, whereas it was barely detected in the unstressed
control. The mitochondrial fractions of cytochrome c were
also detected.

Discussion

This study compares the acute, chronic or combined stress
models and determines the most effective stress model ac-
cording to serum CORT level and subcellular distribution
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Figure 4. Cytochrome ¢ oxidase subunit I (COX I) Western blots of mitochondrial or cytosolic fractions in unstressed control and all
stressed groups from prefrontal cortex and hippocampus. B-actin was used as loading control. COX I was expressed in the mitochondrial

fractions but not in the cytosolic fractions of both brain structures.
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Figure 5. Cytochrome c (cyt-c) Western blots of mitochondrial and cytosolic fractions in unstressed control and all stressed groups
from prefrontal cortex and hippocampus. cyt-c was detected in mitochondrial and cytosolic fractions in all stressed groups of both brain

structures, whereas it was barely detected in unstressed control.

of MnSOD protein level in the prefrontal cortex and hip-
pocampus. Western blot analysis of mitochondrial MnSOD
protein level following acute IM stress showed up-regulation
in both brain structures. The increased serum CORT level
following both acute stressors is in accordance with previ-
ous studies (Dronjak et al. 2004; Sahin and Giimiislii 2004)
showing that serum CORT is important indicator of stress.
IM as combined physical and emotional stress seems to be
stronger stressor, while C is assumed to be a mild stressor,
as judged by serum CORT level. Since the acute stress in-
creases the production of ROS in the brain (McEwen 2001),
increased mitochondrial MnSOD protein levels in both brain
structures following acute IM are required to remove these
high levels of ROS, generated under the high CORT level,
and may reflect a protective response to oxidative stress, aim-
ing to restore the cell homeostasis (Greenlund et al. 1995).
Because MnSOD is localized in the inner membrane and ma-
trix of mitochondria (Melov et al. 1999; Okado-Matsumoto
and Fridovich 2001) we were surprised to find MnSOD
protein level in the cytosolic fractions of unstressed control
or both acute stressors of both brain structures. Absence
of COX I from cytosolic fraction of unstressed control and
all stressed groups showed that mitochondria fractionation
procedure itself was not responsible for the release of mito-
chondrial MnSOD protein into the cytosolic compartment of
brain (see Fig. 4). Since the MnSOD is encoded in the nuclear
chromatin, synthesized as a precursor in the cytoplasm and
transported to mitochondria via mitochondria targeting
sequence, the presence MnSOD protein level in cytosolic
fraction of unstressed control and following acute stressors
in both brain structure, could be the results of identification
of MnSOD protein that is in transit to the mitochondria after
nuclear synthesis (Jin et al. 2005).

Opposite to the acute stressors, chronically stressed
animals showed unchanged serum CORT level, relative to
unstressed control, Furthermore, the effects of social IS on
CORT level in the adult rats are not consistent among stud-
ies. Increased CORT level has been reported (Gamallo et al.

1986), whereas other groups observe no changes (Holson
et al. 1991; Malkesman et al. 2006) or reduced CORT level
(Sanchez et al. 1998). At the same time, chronic IS stress did
not produce any significant changes in mitochondrial as well
as in cytosolic MnSOD protein level of the prefrontal cortex
and hippocampus, compared to the unstressed control. On
the other hand, MnSOD activity data in response to the same
acute or chronic stressor published by Pajovi¢ et al. (2006)
were not followed by MnSOD protein expression data after
either acute or chronic stressor determined in this study. The
explanation for those discrepancies could be due to subcel-
lular redistribution of the MnSOD protein in mitochondria
and cytosol fraction of both brain structures examined in
this study and its activity in whole extract of same brain
structures performed by Pajovi¢ et al. (2006). Also, the
MnSOD activity may be regulated at posttranslation level
via phosphorylation or dephosphorylation independently of
regulation of its protein synthesis (Hopper et al. 2006).

It has been shown that animals chronically exposed to
a homotypic stressor display an exaggerated response of the
HPA axis after exposure to heterotypic novel stressor (Marti
et al. 1994; Bhatnagar and Dallman 1998). In our study,
chronically isolated animals were also exposed to novel acute
IM or C as heterotypic stressors. Since the chronic IS stress
leads to the deregulation of glucocorticoid negative feedback
mechanisms at the level of HPA axis in the prefrontal cor-
tex and hippocampus of stressed rats (Sanchez et al. 1995;
Filipovi¢ et al. 2005), novel acute stressors cannot generate
appropriate answer to stimuli. This is represented by lower
increase in serum CORT level than in acutely stressed ani-
mals. Our data are in agreement with the findings of Sanchez
et al. (1998) who reported that 2 months of isolated rats
also resulted in reduced plasma CORT concentration to 15
min of restrain stress, compared to the controls which were
exposed to the acute restrain stress. Nevertheless, it is hard
to say that it is a protective phenomenon, since altered acti-
vation of HPA axis is correlated with some major disorders
(Tanke et al. 2008). Other possible explanation for lower
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CORT levels is due to decreased secretion of corticotrophin
releasing hormone that also occurs in long-term IS (Sancez et
al. 1995). Moreover, novel acute IM stress produced a higher
increase in serum CORT level of chronically isolated rats,
comparing to the novel C stress, suggesting that response
of the chronically stressed animals additionally exposed to
novel acute stressors depend on the applied stress stimuli
(Pacak and Palkovits 2001; Gavrilovi¢ and Dronjak 2005). At
the same time, there was significant decrease in mitochon-
drial MnSOD protein levels in chronically stressed animals
exposed to either IM or C in the prefrontal cortex, relative
to the control or those levels after acute stressors, while in
hippocampus it was observed only between chronic IS fol-
lowed by IM and acute IM. Nevertheless, it may be claimed
that our preparations reflect the average MnSOD protein
changes in whole hippocampus, which could potentially
mask MnSOD protein changes, and that detailed histochemi-
cal pictures would reflect protein expression more precisely.
It could be speculate that chronic stress-induced changes in
homeostatic mechanism could contribute to MnSOD protein
inactivation by peroxynitrite (MacMillan-Crow et al. 1998;
Yamakura et al. 1998; Knirsch and Clerch 2001; Filipovi¢ et
al. 2007). Peroxynitrite-related MnSOD has been suggested
to be related to the phosphorylation of superoxide dismutase
binding proteins and to the induction of dityrosine forma-
tion and tyrosine oxidation in MnSOD. Accordingly, com-
promised mitochondrial MnSOD protein level could lead
to the increased oxidant production within mitochondria,
which could lead to nitration of other mitochondrial proteins
(Madrigal et al. 2001; Cruthirds et al. 2003).

At the other side, a reciprocal increase in cytosolic
MnSOD protein level between combined stressors and un-
stressed control in the prefrontal cortex, as well as between
combined stressors and chronic or acute stressor in hip-
pocampus, was shown. To assess whether presence of the
MnSOD in the cytosol was a consequence of loss of mito-
chondrial membrane integrity under the combined stressors
and mitochondrial MnSOD release into the cytosol, we used
another mitochondrial marker, cytochrome ¢, to document
mitochondrial damage (Jin et al. 2005). Therefore, the blots
of mitochondrial/cytosolic fractions of the unstressed control
and all stressed groups of prefrontal cortex and hippocampus
were stripped of primary antibody and reprobed with the
cytochrome ¢ antibody. Like MnSOD, cytochrome ¢ was
observed in cytosol fraction following acute, chronic or com-
bined stressors, whereas it was barely detected in unstressed
control (Fujimura etal. 1999). It seems tempting to speculate
that ROS generated under prolonged neuroendocrine stress
could contribute to the release of cytochrome c to the cytosol
after opening of the permeability transition pore (Yang and
Cortopassi 1998; Cassarino et al. 1999; Petrosillo et al. 2001).
This release may results in further ROS production by inhi-
bition of the respiratory chain (Cai and Jones 1998). Taken

together, increased cytosolic MnSOD protein level could be
derived from mitochondrial MnSOD and/or inappropriate
transport of newly synthesized MnSOD into mitochondria
(changes in mitochondrial targeting domain). Regardless of
the mechanism, the appearance of MnSOD in the cytosolic
fraction clearly indicates a loss of mitochondrial membrane
integrity (Cruthirds et al. 2003; Jin et al. 2005).

The results suggest that, different stress models have dif-
ferent degree in influences on serum CORT and MnSOD
subcellular protein level in the prefrontal cortex and hippoc-
ampus. The increased mitochondrial MnSOD protein level
following acute stress might reflect a protective response to
increased oxidative stress. Chronic neuroendocrine stress
compromises induction of mitochondrial MnSOD protein
whereas its cytosolic localization is significantly increased
following combined stressors. Release mitochondrial
MnSOD as well as intermembrane protein cytochrome ¢
into the cytosol could serve as biochemical markers for
mitochondrial dysfunction. Moreover, mitochondrial Mn-
SOD protein level could serve as index for discrimination
of previous chronic stress exposure. The lack of MnSOD
in mitochondria may lead to further biochemical cascade
causing cytochrome c release (Fujimura et al. 1999), which
isknown to be apoptogenic (Liu et al. 1996). Further studies
are necessary to clarify whether cytochrome c plays a role in
inducing the mitochondrial-dependent apoptosis cascade in
acute or chronic stressed rat brain.
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