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Abstract Proteins of Bcl-2 family are crucial regulators

of intrinsic (mitochondrial) pathway of apoptosis that is

implicated among the mechanisms of ischemic neuronal

death. Initiation of mitochondrial apoptosis depends on

changes of equilibrium between anti-apoptotic and pro-

apoptotic proteins of Bcl-2 family as well as on translo-

cation of pro-apoptotic proteins of Bcl-2 family to mito-

chondria. The aim of this work was to study the effect of

transient global brain ischemia on expression and intra-

cellular distribution of proteins of Bcl-2 family in relation

to the ischemia-induced changes of ERK and Akt kinase

pathways as well as disturbances in ubiquitin proteasome

system. Using four vessel occlusion model of transient

global brain ischemia, we have shown that both ischemia in

duration of 15 min and the same ischemia followed by 1, 3,

24, and 72 h of reperfusion did not affect the levels of

either pro-apoptotic (Bad, PUMA, Bim, Bax, Noxa) or

anti-apoptotic (Bcl-2, Bcl-xl, Mcl-1) proteins of Bcl-2

family in total cell extracts from rat hippocampus.

However, significantly elevated level of Bad protein in the

mitochondria isolated from rat hippocampus was observed

already 1 h after ischemia and remained elevated 3 and

24 h after ischemia. We did not observe significant changes

of the levels of Puma, Bax, Bcl-2, and Bcl-xl in the

mitochondria after ischemia and ischemia followed by

reperfusion. Our results might indicate possible involve-

ment of Bad translocation to mitochondria in the mecha-

nisms of neuronal death following transient global brain

ischemia.
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Abbreviations

ER Endoplasmic reticulum

ERK Extracellular signal-regulated kinase

TGBI Transient global brain ischemia

UPS Ubiquitin-proteasome system

Cox I Cytochrome c oxidase subunit I

SDS–

PAGE

Sodium dodecyl sulfate–polyacrylamide gel

electrophoresis

Proteins of Bcl-2 family are crucial regulators of intrinsic

(mitochondrial) pathway of apoptosis that is induced by

global brain ischemia as documented in several previous

studies (Chen et al. 1998; Krajewski et al. 1999; Perez-

Pinzon et al. 1999; Sugawara et al. 1999; Cao et al. 2002;

Tanaka et al. 2004; Hetz et al. 2005; Endo et al. 2006a;

Miyawaki et al. 2008; Racay et al. 2009) and is often

implicated among the mechanisms of delayed neuronal

death induced by transient global brain ischemia (Nakka
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et al. 2008; Niizuma et al. 2010). In addition to mito-

chondrial apoptosis, proteins of Bcl-2 family play an

important role in regulation of other cellular pathways with

a strong impact on cell survival like autophagy (Rodriguez

et al. 2011), ER stress (Rodriguez et al. 2011), ER calcium

handling (Szegezdi et al. 2009; Bonneau et al. 2013),

energetic metabolism (Hardwick et al. 2012), and cell cycle

progression (Galluzzi et al. 2012). Initiation of mitochon-

drial apoptosis depends on changes of either equilibrium or

protein–protein interactions between anti-apoptotic and

pro-apoptotic proteins of Bcl-2 family as well as on

translocation of pro-apoptotic proteins of Bcl-2 family to

mitochondria (Taylor et al. 2008; Youle and Strasser

2008). The central mechanisms to modulate proteins of

Bcl-2 family at the levels of protein stability, intracellular

localization, and protein–protein interactions involve

pathways regulated by Akt (Duronio 2008) and extracel-

lular signal-regulated (ERK) kinases as well as by

ubiquitin–proteasome system (UPS) (Fennell et al. 2008;

Balmanno and Cook 2009). Transient global brain ische-

mia (TGBI) represents a form of severe metabolic stress

that has strong impact on post-translational modifications

of proteins (Lipton 1999) resulting in activation or inhibi-

tion of ERK (Sawe et al. 2008) and Akt kinase (Endo et al.

2006b) pathways. In addition, inhibition of 26S proteasome

(Kamikubo and Hayashi 1996; Asai et al. 2002; Ge et al.

2007) and depletion of free ubiquitin in pyramidal neurons

of hippocampus (Kato et al. 1993; Morimoto et al. 1996)

observed after transient global brain ischemia have been

considered to be main mechanisms responsible for

ischemia-induced dysfunction of UPS.

Therefore, the aim of this work was to study the effect of

transient global brain ischemia on expression and intra-

cellular distribution of selected proteins of Bcl-2 family in

relation to the ischemia-induced changes of ERK and Akt

kinase pathways as well as disturbances in UPS.

We have focused our interest on Bax that together with

Bak and Bok belongs to the group of pro-apoptotic pore-

forming proteins of Bcl-2 family responsible for perme-

abilization of outer mitochondrial membrane and release of

pro-apoptotic molecules from mitochondrial intermem-

brane space to cytosol (Youle and Strasser 2008). Bax is

widely expressed in the brain (Krajewski et al. 1995a)

while Bok is present only in ischemia-resistant CA3 neu-

rons (Lein et al. 2004). Full-length Bak is present only in

non-neuronal cells in brain, whereas neurons express an

unusual BH3-only splice variant of Bak which has anti-

apoptotic activity (Sun et al. 2001). Function of Bax is

suppressed by phosphorylation with Akt kinase (Tsuruta

et al. 2002; Gardai et al. 2004). Translocation of Bax to

mitochondria and consequent pore formation is inhibited

by anti-apoptotic proteins of Bcl-2 family. Among them,

Bcl-xl is the main anti-apoptotic protein expressed in CNS

(Krajewski et al. 1994). Deletion of Bcl-x gene by

homology recombination was associated with massive

death of neuronal cells (Motoyama et al. 1995) whereas

deletion of other genes coding for anti-apoptotic proteins of

Bcl-2 family had not any impact on survival of neuronal

cells (Youle and Strasser 2008). Despite low expression of

Bcl-2 and Mcl-1 (Krajewski et al. 1995b) as well as Bim

(Inta et al. 2006) in CNS, we have focused our interest on

these proteins as well. Bim is pro-apoptotic protein of Bcl-

2 family that is controlled by ERK at transcription level

(Balmanno and Cook 2009). In addition, its intracellular

localization is regulated by crosstalk between ERK and

UPS (Balmanno and Cook 2009). Stability of Mcl-1 is

controlled by both Akt and ERK pathways (Balmanno and

Cook 2009) whereas stability of Noxa depends on activity

of 26S proteasome and interaction with Mcl-1 (Craxton

et al. 2012). Finally, we have examined expression and

intracellular localization of Bad and PUMA. Intracellular

localization of Bad is controlled by ERK and Akt kinases,

while its stability depends on activity of UPS (Balmanno

and Cook 2009). Stability of PUMA does not depend on

activity of UPS (Fennell et al. 2008) but it is considered to

be an important mediator of the vulnerability of CA1

hippocampal neurons to proteasome inhibition in vivo

(Tsuchiya et al. 2011).

Materials and Methods

Ischemia–Reperfusion

Animal studies were performed under a protocol approved

by the State Veterinary and Food Department of Slovak

Republic. A total of 50 adult male Wistar rats from the

breeding house of the Institute of Experimental Pharma-

cology of Slovak Academy of Science (Dobra voda, Slovak

Republic) were used. All animals were maintained on a

12/12-h light/dark cycle. Food and water were available

ad libitum until the beginning of the experiment. Transient

global cerebral ischemia was produced using the four-

vessel occlusion model according to (Pulsinelli and Brier-

ley 1979) with some modifications. Briefly, on day 1, both

vertebral arteries were irreversibly occluded by coagulation

through the alar foramina after anesthesia with 2 % halo-

thane, 30 % O2, and 68 % N2O mixture. On day 2, both

common carotid arteries were occluded for 15 min by

small clips under anesthesia with 2 % halothane, 30 % O2,

and 68 % N2O mixture. Two minutes before carotid

occlusion, the halothane was removed from the mixture.

Body temperature was maintained using a homoeothermic

blanket. Global ischemia was followed by 1, 3, 24, and

72 h of reperfusion. After ischemia and particular time of

reperfusion, animals were sacrificed by decapitation under
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deep anesthesia with 2 % halothane, 30 % O2, and 68 %

N2O mixture. Both hippocampi were dissected and pro-

cessed immediately. Control animals underwent the same

procedure except of carotid occlusion.

Preparation of Protein Extracts and Isolation

of Mitochondria

Protein extracts were prepared by homogenization of both

hippocampi in homogenization buffer (10 mM Tris–HCl

pH = 7.4, 1 mM EDTA, 0.24 M sucrose) using a Potter

Teflon-glass homogenizer. Total cell extract were prepared

by addition of appropriate volume of 6X RIPA buffer (6X

phosphate buffered saline, 6 % (v/v) Nonidet P-40, 3 %

(w/v) sodium deoxycholate, 0.6 % (w/v) sodium dodecyl

sulfate (SDS)) to homogenate.

Mitochondria were isolated by differential centrifuga-

tion. Homogenate was first centrifuged at 400 g for 5 min

and supernatant was then centrifuged at 12,000 g for

10 min. Resulting sediment was resuspended in homoge-

nization buffer and centrifuged at 12,000 g for 10 min.

Final sediment was first resuspended in homogenization

buffer and proteins were solubilized by addition of

appropriate volume of 6X RIPA buffer.

Cytoplasmic proteins were isolated by centrifugation of

post-mitochondrial supernatant at 30,000 g for 60 min. The

resulted supernatant was used for experiments without any

further processing while sediment was discarded.

Protein concentrations were determined by protein Dc

assay kit (Bio-Rad) using BSA as standard.

Quantitative Western Blot Analysis

Isolated proteins were separated by sodium dodecyl sul-

fate–polyacrylamide gel electrophoresis (SDS-PAGE).

After electrophoresis, separated proteins were transferred

on nitrocellulose membranes using a semi-dry transfer

protocol. The membranes were controlled for even load

and possible transfer artefacts by staining with Ponceau

Red solution. After blocking with BSA blocking buffer

(50 mM Tris–Cl, pH 7.5, 150 mM NaCl, 0.05 % Tween

20, 2 % BSA), membranes were first incubated for 90 min

with primary mouse monoclonal antibodies against ubiq-

uitin (1:500, sc-8017), b-actin (1:2000, sc-47778), Bcl-2

(1:200, sc-7382), p-ERK (1:200, sc-7383), Bad (1.200, sc-

8044) (all Santa Cruz Biotechnology), and Cox I (1 lg/ml,

459600, Invitrogen) or rabbit polyclonal antibodies raised

against Bax (1:200, sc-493), Bcl-xl (1:200, sc-7195), Bim

(1:200, sc-11425), PUMA (1:200, sc-28226), p-Akt (1:200,

sc-100629), ERK (1:200, sc-93), Mcl-1 (1:200, sc-20679)

(all Santa Cruz Biotechnology), Noxa (1:500, PRS2437),

and Akt (1:1000, SAB4500802) (all Sigma-Aldrich) dis-

solved in BSA blocking solution. Membranes incubated

with primary antibodies were washed using TBS-T solution

(50 mM Tris–Cl, pH 7.5, 150 mM NaCl, 0.05 % Tween

20) and then incubated with secondary antibodies conju-

gated with horse radish peroxidase (1:5000, Santa Cruz).

After extensive washing with TBS-T solution (4 times

15 min), membranes were incubated in SuperSignal West

Pico Chemiluminescent Substrate (Thermo) solution for

3 min. After exposition of membranes on Chemidoc XRS

(BioRad), the intensities of corresponding bands were

quantified using Quantity One software (BioRad). Intensi-

ties of bands of interest were normalized by corresponding

intensities of bands of either b-actin or Cox I.

Statistical Analysis

All statistical analyses were done using GraphPad InStat

V2.04a (GraphPad Software). For the comparison of

ischemia-induced changes among all groups, a one-way

ANOVA test was first carried out to test for differences

among all experimental groups. Additionally, the unpaired

Tukey’s test was used to determine differences between

individual groups. Significance level was set at p \ 0.05.

Results

Ischemia-induced disturbance of UPS are manifested by

accumulation of ubiquitinylated proteins (Asai et al. 2002;

Ge et al. 2007; Racay 2012) as well as depletion of free

ubiquitin (Kato et al. 1993; Morimoto et al. 1996). The

pattern of ubiquitinylated proteins in total cell extracts of

samples derived from hippocampus of control animals and

experimental animals subjected to 15 minutes of transient

global brain ischemia and 1, 3, 24, or 72 h of reperfusion is

shown in Fig. 1a. Massive accumulation of ubiquitinylated

proteins was observed in hippocampus 1 and 3 h after

ischemia (Fig. 1a). The quantitative analysis of the levels

of ubiquitinylated proteins in hippocampal total cell

extracts has revealed that ischemia did not significantly

affect the levels of ubiquitinylated proteins (Fig. 1b).

However, significant increase of ubiquitinylated protein

levels to 310.2 % (p \ 0.001), 329.3 % (p \ 0.001),

193.9 % (p \ 0.05), and 178.2 % (p \ 0.05) of control

was observed after 1, 3, 24, and 72 h of reperfusion,

respectively (Fig. 1b). Accumulation of ubiquitinylated

proteins was paralleled with the decrease of the level of

free ubiquitin. As shown at Fig. 1c, significantly decreased

level of free ubiquitin was documented 1 and 3 h after

ischemia to 32.6 % (p \ 0.001) and 36.6 % (p \ 0.001) of

control, respectively. Since UPS works often in hand with

ERK and Akt kinase pathways, the time course of phos-

phorylation pattern representing active state of both kinases

was investigated. Unlike accumulation of ubiquitinylated
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proteins, different time courses of the levels of phosphor-

ylated forms of both ERK and Akt kinases were observed

(Fig. 2a). We have observed transient decrease of Akt

kinase phosphorylation at Ser472 after 15 min of ischemia

(51.6 %, p \ 0.01) that was followed with significant

increase of p-Akt to 147.5 % (p \ 0.01) after 3 h of

reperfusion. Finally, p-Akt level has decreased to 54.7 %

after 72 h of reperfusion (Fig. 2b). With respect of ERK,

two isoforms of ERK, ERK1, and ERK2, and their phos-

phorylated forms were detected (Fig. 2a). Level of ERK1

phosphorylated at Tyr204 was significantly decreased to

46.6 % (p \ 0.05) of control after ischemia. However, the

level of ERK2 phosphorylated at Tyr204 was significantly

decreased to 30.5 % (p \ 0.001), 63.8 % (p \ 0.01), and

48.1 % (p \ 0.001) of control that was observed after

15 min of ischemia and ischemia followed with reperfu-

sion in duration 24 and 72 h, respectively (Fig. 2c).

In order to study whether ischemia-induced changes

observed at the level of UPS as well as at the level of ERK

and Akt kinase pathways have impact on the levels of

selected proteins of Bcl-2 family, we have performed the

Western blot analysis of total cell extracts from

hippocampi of control and experimental animals. All

investigated proteins of Bcl-2 family have been already

detected in total cell extracts from hippocampi of control

animals. We have also detected Bcl-2 and Mcl-1 that are

not abundantly expressed in CNS (Krajewski et al. 1995b)

and weak signals were observed for all three isoforms of

Bim (BimEL—extra-long, BimL—long, BimS—short iso-

form) that are also expressed at low levels in CNS (Inta

et al. 2006). However, the levels of all investigated proteins

of Bcl-2 family have not been significantly affected by

ischemia and ischemia followed by reperfusion (Fig. 3).

In addition to analysis of total cell extracts, we have

determined the levels of selected proteins of Bcl-2 family

in mitochondria isolated from hippocampi of control and

experimental animals (Fig. 4a). We have observed that

ischemia followed by reperfusion led to increase of Bad

level in mitochondria, which was significant after 1 h

(208.9 % of control, p \ 0.01), 3 h (217.8 % of control,

p \ 0.01), and 24 h (209.3 % of control, p \ 0.01) of

reperfusion (Fig. 4b). We have also observed that ischemia

followed by reperfusion led to increase of the level of

PUMA protein in mitochondria; however, the changes

Fig. 1 Effect of transient global brain ischemia on the levels of

ubiquitinylated proteins and free ubiquitin. Rats were subjected to

15 min of transient global brain ischemia and 1, 3, 24, and 72 h of

reperfusion. The patterns of protein ubiqitinylation were evaluated by

Western blot analysis of total cell extracts prepared from the

hippocampus of control and experimental rats, as described in

Materials and Methods. The levels of ubiquitinylated proteins (a) and

free ubiquitin (b) were evaluated by the Western blot analysis of

cytoplasmic protein fraction prepared from the hippocampus of

control and experimental rats, as described in Materials and Methods.

c Quantification of the post-ischemic rise in ubiquitinylated proteins

in the hippocampus. The data were normalized to b-actin level and

expressed relative to controls. Data are presented as means ± SD

(n = 5 per group). ***p \ 0.001 (ANOVA, followed by Tukey’s test

to determine differences between individual groups). d Quantification

of ischemia-induced changes in free ubiquitin in the hippocampus.

The data were normalized to b-actin level and expressed relative to

control. Data are presented as means ± SD (n = 5 per group).

*p \ 0.05 (ANOVA, followed by Tukey’s test to determine differ-

ences between individual groups)
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were not statistically significant (Fig. 4c). The levels of

other investigated proteins of Bcl-2 family in mitochondria

were not significantly changed after ischemia and ischemia

followed by reperfusion (Fig. 4a).

Results presented in this study and in our other previous

studies (Racay et al. 2007; Racay et al. 2009) indicate that

majority of proteins of Bcl-2 family are already inserted in

mitochondrial membrane in the cells of CNS. Therefore,

we have investigated relative levels of selected proteins of

Bcl-2 family in total cell extracts, mitochondria, and

cytoplasm prepared from control rat hippocampi. As shown

at Fig. 5, Bax, Bcl-xl, Bcl-2, PUMA, and Noxa were

detected only in total cell extracts and mitochondria. Sig-

nals of these proteins correlate with that of cytochrome c

oxidase subunit I (Cox I) used as mitochondrial marker.

Bad was detected in all three fractions indicating signifi-

cant amount of this protein in cytoplasm thus supporting

suggestion that ischemia-induced initiation of apoptosis

might be triggered by translocation of Bad to mitochondria.

Discussion

In this study, we have focused our interest on the effect of

transient global brain ischemia on expression and intra-

cellular distribution of selected proteins of Bcl-2 family in

relation to the ischemia-induced changes of ERK and Akt

kinase pathways as well as disturbances in UPS. We have

shown that both ischemia in duration of 15 min and the

same ischemia followed by 1, 3, 24, and 72 h of reperfu-

sion did not affect the levels of either pro-apoptotic (Bad,

Fig. 2 Effect of transient global brain ischemia on the level of

phosphorylation of ERK and Akt kinase. a Rats were subjected to

15 min of transient global brain ischemia and 1, 3, 24, and 72 h of

reperfusion. The patterns of ERK and Akt phosphorylation were

evaluated by the Western blot analysis of total cell extracts prepared

from the hippocampus of control and experimental rats, as described

in Materials and Methods. b Quantification of ischemia-induced

changes in Akt phosphorylation at in the hippocampus. The data were

normalized to non-phosphorylated Akt level and expressed relative to

control. Data are presented as means ± SD (n = 5 per group).

*p \ 0.05 (ANOVA, followed by Tukey’s test to determine differ-

ences between individual groups). c Quantification of ischemia-

induced changes in ERK phosphorylation at in the hippocampus. The

data normalized to the levels of non-phosphorylated isoforms ERK1

and ERK2 are expressed relative to control. Data are presented as

means ± SD (n = 5 per group). *p \ 0.05 (ANOVA, followed by

Tukey’s test to determine differences between individual groups)

Fig. 3 Effect of transient global brain ischemia on the total levels of

selected proteins of Bcl-2 family. Rats were subjected to 15 min of

transient global brain ischemia and 1, 3, 24, and 72 h of reperfusion.

The pattern of protein expression was evaluated by the Western blot

analysis of total cell extracts prepared from both hippocampi of

control and experimental rats as described in Materials and Methods.

b-actin served as loading control
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PUMA, Bim, Bax, Noxa) or anti-apoptotic (Bcl-2, Bcl-xl,

Mcl-1) proteins of Bcl-2 family in total cell extracts from

rat hippocampus. However, significantly elevated level of

Bad protein in the mitochondria isolated from rat hippo-

campus was observed already 1 h after ischemia and

remained elevated 3 and 24 h after ischemia.

Despite relative strong impact of TGBI on UPS, ERK,

and Akt kinase pathways, the total levels of investigated

proteins of Bcl-2 family were not significantly affected by

TGBI. It seems that systems controlling expression of

proteins of Bcl-2 family are relative stable and short dis-

turbances do not have significant impact on the levels of

Bcl-2 family proteins. For example, expression of Bim was

significantly elevated after focal brain ischemia in duration

of 48 h (Inta et al. 2006) but not after 10 min of global

brain ischemia (Sanderson et al. 2009).

Significant changes induced by TGBI were observed at

the mitochondrial level of Bad. Impact of TGBI on trans-

location of Bad to mitochondria has already been subjected

of previous studies with significantly different results.

While some studies have documented ischemia-induced

Bad translocation to mitochondria during early period of

reperfusion (Abe et al. 2004; Miyawaki et al. 2008), the

Fig. 4 Effect of transient global brain ischemia on mitochondrial

level of selected proteins of Bcl-2 family. a Rats were subjected to

15 min of transient global brain ischemia and 1, 3, 24, and 72 h of

reperfusion. The mitochondrial level of selected proteins of Bcl-2

family was determined by the Western blot analysis of mitochondria

isolated from control and experimental animals as described in

Materials and Methods. b Quantification of the post-ischemic changes

in Bad protein level in the hippocampal mitochondria. The data were

normalized to COXI level and expressed as relative to controls. Data

are presented as means ± SD (n = 5 per group). *p \ 0.05,

***p \ 0.001 (ANOVA, followed by Tukey’s test to determine

differences between individual groups). c Quantification of the post-

ischemic changes in PUMA protein level in the hippocampal

mitochondria. The data were normalized to Cox I level and expressed

relative to controls

Fig. 5 Relative levels of selected proteins of Bcl-2 family in total

cell extracts, mitochondria, and cytoplasm. The levels of selected

proteins of Bcl-2 family were determined by the Western blot analysis

of total cell extracts (TCE), mitochondria (MIT), and cytoplasm

(CYT) prepared from control animals as described in Materials and

Methods
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translocation of Bad to mitochondria during late period of

reperfusion has been observed as well (Dłuzniewska et al.

2005). Finally, unchanged intracellular distribution of Bad

after global brain ischemia was also documented (Sander-

son et al. 2009). Our results are more consistent with the

rapid post-ischemic translocation of Bad to mitochondria

since significant increase of mitochondrial Bad level has

been observed already 1 h after ischemia. Early translo-

cation of Bad might be attributed to ischemia-induced

inhibition of Akt kinase as the Akt-mediated phosphory-

lation of Bad was implicated to be the main mechanism

responsible for inhibition of Bad translocation to mito-

chondria (Duronio 2008; Balmanno and Cook 2009). In

addition to Bad, ischemia-induced translocation of PUMA

to mitochondria has also been documented (Niizuma et al.

2009). In our experiments, we have also observed increased

mitochondrial level of PUMA; however, the observed

changes were not statistically significant. With respect to

Bax, it is generally accepted that this protein is localized in

cytoplasm and the signals responsible for mitochondrial

apoptosis initiation are driving translocation of Bax to

mitochondria (Lindsay et al. 2011). We have observed

significantly increased mitochondrial level of Bax after

TGBI in one of our previous study (Chomova et al. 2012).

Similarly, enhanced expression of Bax after global brain

ischemia has also been observed (Krajewski et al. 1995a).

However, results presented in this study and in our other

previous studies (Racay et al. 2007; Racay et al. 2009) are

more consistent with a view that Bax is already inserted in

the membrane of neural cell mitochondria but the forma-

tion of Bax pore is inhibited by interaction of Bax with Bcl-

xl that is also located in mitochondrial membrane. Both

Bax and Bcl-xl are the major proteins of Bcl-2 family

expressed in CNS (Krajewski et al. 1994, 1995a). Results

presented here might indicate that mitochondrial apoptosis

after TGBI is initiated by translocation of Bad, and pos-

sibly PUMA, to mitochondria. Despite previously pub-

lished importance of PUMA with respect to ischemia-

induced mitochondrial apoptosis, our results are more in

favor of Bad as apoptosis initiator. Unlike PUMA that was

predominantly localized in mitochondria, significant

amounts of Bad were found in cytoplasm of control animal

supporting importance of ischemia-induced translocation

of Bad to mitochondria. It is well known that Bad interacts

strongly only with anti-apoptotic Bcl-xl but Bad does not

bind other Bcl-2 family proteins including pro-apoptotic

Bax (Yang et al. 1995). Interaction of Bad with Bcl-xl is

associated with liberation of Bax from Bax/Bcl-xl hetero-

dimers, consequent dimerization of Bax, formation of pore

and cell death (Yang et al. 1995). The altered interaction

Bad/Bcl-xl after TGBI has already been documented (Abe

et al. 2004; Miyawaki et al. 2008). In addition to Bad,

previous studies have documented translocation of p53 to

mitochondria (Endo et al. 2006a; Racay et al. 2007; Racay

et al. 2009). Thus, in cooperation with Bad, p53 might

support liberation of Bax from inhibitory heterodimers

with anti-apoptotic proteins of Bcl-2 family and conse-

quent initiation of mitochondrial apoptosis.

The rapid translocation of Bad to mitochondria is not in

accordance with the concept of delayed ischemic neuronal

death that was observed a few days after initial ischemic

insult (Kirino 2000) as well as with the concept of rapid

execution of mitochondrial apoptosis after its initiation

(Green 2005). It might well be that the delay between

initial pro-apoptotic process represented by translocation of

Bad to mitochondria and final execution of apoptosis is

mediated by some unknown mechanism that has potential

to slow down process of apoptosis. In accordance with this

idea, significant delay between initiation of mitochondrial

apoptosis and activation of caspase-activated DNAse, one

of the main proteins involved in execution of mitochondrial

apoptosis, after global brain ischemia has been documented

previously (Tanaka et al. 2004). In addition, production of

DNA fragments in CA1 layer of hippocampus was

observed a few days after initial ischemia (Racay et al.

2009). On the other hand, broad spectrum caspase inhibi-

tors reduced neuronal injury after focal but not after global

brain ischemia in rats (Li et al. 2000) indicating caspase-

independent mechanism of cell death after global brain

ischemia. Proteins of Bcl-2 family can also regulate cas-

pase-independent apoptosis that is characterized by slow

kinetics. The ability of hippocampal neurons to die via

caspase-independent apoptosis was documented after

treatment of these neurones with ABT-737, antagonist of

anti-apoptotic proteins Bcl-2, Bcl-xl, and Bcl-w (Young

et al. 2010). Fast apoptotic neuronal death induced by

ABT-737 was not prevented but it was significantly

delayed by application of the broad spectrum caspase

inhibitor zVADfmk (Young et al. 2010). Increased phos-

phorylation of Akt kinase observed in our experiments 3 h

after reperfusion might represent one of the mechanisms

responsible for delay of ischemic cell death. It is well

known that Akt kinase pathway is controlling cellular

mechanisms associated with cell survival (Aksamitiene

et al. 2012). In hand with this, it has been documented that

activation of the Akt kinase pathway mediates survival of

vulnerable hippocampal neurons after transient global

cerebral ischemia in rats (Endo et al. 2006b; Sanderson

et al. 2009). In addition, enhanced activity of Akt kinase

has been considered as one of the mechanisms involved in

neuroprotective effects of ischemic preconditioning (Gar-

cı́a et al. 2004; Yin et al. 2005). In fact, it has been shown

that ischemic preconditioning acts via PI3 K/Akt signaling

to block the ischemia-induced neurodegenerative cascade

involving mitochondrial translocation of Bad, interaction

of Bad with Bcl-x(L), caspase activation, and neuronal
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death (Miyawaki et al. 2008). Thus, it seems that Akt

kinase pathway is activated after ischemia; however, the

ischemia-induced activation of Akt kinase is only able to

delay cell death but is not able to protect vulnerable neu-

rones from cell death.

In conclusion, our results have shown that global brain

ischemia had not impact on expression of proteins of Bcl-2

family despite strong impact on mechanisms controlling

expression of these proteins but was associated with sig-

nificant changes in intracellular localization of Bad.

Translocation of Bad to mitochondria that was observed in

early periods of reperfusion might represent an important

mechanism of mitochondrial apoptosis initiation associated

with neuronal death induced by global brain ischemia.
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