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Ionizing radiation is commonly used in the treatment of brain tumors but it can impair cogni-
tive functions, such as learning and memory. Since cognitive dysfunctions are predominantly
result of cell death by apoptosis in hippocampal cells, in this study we analyzed acute effects of
cranial gamma-irradiation (10 Gy) on expression of proapoptotic molecules (p53, Bax) and
antiapoptotic molecule Bcl-2, as well as caspase-3 activation and cytochrome c redistribution
in the hippocampus of young rats. The selected regimen of irradiation resembles the estab-
lished animal model for childhood prophylactic cranial radiotherapy.

Our results demonstrated that p53 mRNA expression was unchanged after irradiation, while
induction of p53 protein was rapid. In parallel, Bax mRNA and protein levels were also in-
creased following irradiation, whereas Bcl-2 expression was not changed during the exam-
ined post-irradiation period. These changes were accompanied with early hallmarks of
apoptosis, such as increased cytochrome c release and stimulated activation of caspase-3.
Overall, this study demonstrates that cranial irradiation is associated with the augmented
apoptotic pathway in the rat hippocampus, which could be related to the cognitive decline ob-
served in patients after prophylactic cranial radiotherapy, but also opens perspective in find-
ing radioprotectors that can mitigate radiation injury of normal brain tissue.
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INTRODUCTION

The radiation therapy has been used in cancer
treatment for many decades; it is used not only to treat
patients with primary and secondary brain tumors, but
also as prophylaxis, to prevent development of brain
metastases and central nervous system (CNS) involve-
ment in hematological malignancies [1]. For many
years, the 24 Gy cranial radiotherapy has been part of
the CNS prophylactic therapy for standard and high
risk patients with acute lymphoblastic leukemia
(ALL) [2]. However, in the course of the treatment,
these patients have demonstrated different cognitive
disturbances, such as diminished intellectual function-
ing, learning, memory, and spatial information pro-
cessing abilities [3]. It is well known that hippocampal
formation in the brain plays a central role in short-term
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learning and memory — the functions most notably af-
fected by radiation. The disturbances in hippocampal
functions are most likely sequels of impaired
neurogenesis of the progenitor cells, promoted
through cell death by apoptotic mechanism. In favor of
this assumption, Monje and Palmer [4] reported that
radiation induces acute apoptosis of neural progeni-
tors and vascular endothelial cells in the rat hippocam-
pus, resulting in inhibition of neurogenesis.

The exposure of normal CNS tissues to clinically
relevant low doses of ionizing radiation causes DNA
damage and the generation of reactive oxygen species
(ROS) [5], which can lead to a apoptotic death through a
p53-dependent pathway [6]. The apoptosis is the process
of programmed cell death with characteristic morpho-
logical changes as blebbing, cell shrinkage, nuclear frag-
mentation, chromatin condensation and DNA fragmen-
tation [7]. One of the central molecules involved in both
apoptosis and DNA repair pathways after irradiation is
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the tumor suppressor protein p53 [8]. Under normal con-
ditions p53 is a short-lived protein that is maintained at
low level in the cell. In many tissues, irradiation results in
the up-regulation of p53 protein by a post-translational
stabilization mechanism, presumably not followed with
change in the mRNA level [9, 10]. Active p53 protein in-
duces the transcription of several downstream genes that,
in turn, can trigger a variety of biological processes such
as cell cycle arrest, apoptosis and DNA repair. The over-
all consensus is made that Bel-2 family members are cru-
cial in p53-mediated apoptosis [ 11]. This family includes
two categories of proteins: those functioning as
suppressors of apoptosis (Bcl-2, Bel-x;, Bcl-w) and
those that promote apoptosis (Bax, Bcl-xg, Bak, Bad,
Bik, and Noxa). The pro-apoptotic members like Bax,
Bak and Noxa are transcriptionally upregulated by p53,
while expression of anti-apoptotic Bel-2 is suppressed by
p53 [12]. The relative ratios of these various pro- and
anti-apoptotic members of the Bcl-2 family have been
shown to determine the ultimate sensitivity or cell resis-
tance in a response to the ionizing irradiation [13]. The
predominance of apoptotic molecules promotes mito-
chondrial-dependent or “intrinsic” apoptotic pathway,
by changing mitochondrial permeability that lead to the
release of apoptotic proteins such as cytochrome ¢ from
mitochondria into cytoplasm [14]. The release of
cytochrome c is followed by the activation of the caspase
cascade, with activated caspase-3 as one of the key exe-
cutioners of apoptosis [15]. The activation of caspase-3
requires proteolytic processing of its inactive zymogen
into active p17 and p19 forms [16], which form enzymat-
ically active dimer responsible for proteolytic cleavage
of many key proteins [17]. Therefore, the release of
cytochrome ¢ into cytoplasm and cleavage of
procaspase-3 are considered as early hallmarks of
apoptosis [18, 19].

The primary focus in cranial radiotherapy is to
increase the effectiveness in eradication of tumor
cells, while preserving normal surrounding tissue.
Therefore, animal models may be useful in assessing
the effects of irradiation on the brain tissue. In this
study an established animal model for CNS prophylac-
tic therapy of childhood ALL wasused [20]. The heads
of young Wistar rats (18 days old) were subjected to a
single dose of gamma irradiation (10 Gy), since this
dose approximate clinical dose of 24 Gy given in
12-14 fractions in CNS prophylactic therapy of high
risk patients with ALL [21].

The aim of the present study was to investigate
the molecular mechanism of radiation-mediated
apoptosis in normal brain tissue, by analyzing expres-
sion of tumor suppressor p53 in the hippocampus of
head-irradiated rats at various time intervals after
treatment, both at the level of mRNA and protein. Si-
multaneously, the expression of positive apoptosis
regulator Bax and antiapoptotic molecule Bcl-2, as
downstream p53-target genes, was explored in the
same animal model. The early signs of apoptosis were

assessed on the level of cytochrome c, procaspase-3
and cleaved caspase-3 in the cytoplasmic fraction of
rat hippocampus. Through analysis of these molecular
markers we sought to determine whether hippocam-
pus, as the key center for memory and learning, is af-
fected by the apoptotic cell death after the prophylactic
cranial irradiation.

MATERIAL AND METHODS
Animals

The experiments were conducted on 18-days-old
male Wistar rats, weighing 32.45 + 0.71 g, bred at the
Vinca Institute of Nuclear Sciences, Belgrade, Serbia.
The animals were maintained in the animal room on a
12:12 h light/dark cycle (lights on: 7:00 a. m.-7:00 p. m.),
under constant temperature (22 °C) and humidity (55%
+ 5%). The animals had free access to food-commercial
rat pellets and water. All animal procedures were com-
plied with the European Communities Council Directive
(2010/63/EU) and approved by the Ethical Committee
for the Use of Laboratory Animals of the Vinca Institute
according to the guidelines of the EU FELASA-regis-
tered Serbian Laboratory Animal Science association
(SLASA).

Irradiation procedure

Previously established animal model for CNS
prophylactic therapy of childhood ALL was used in this
study [21]. At the age of 18 days (the day of birth taken
as day 0), animals were divided into two groups (60 ani-
mals per group): the sham irradiated controls (C) and ir-
radiated (IR) animals. Further, the groups of sham irra-
diated controls and irradiated animals were divided in
four subgroups of 15 animals, according to the time of
decapitation after treatment. Since the IR animals
were anesthetized with the combination of ketamine
(50 mg/kg) and xylasine (3 mg/kg) (Richter Pharma,
Wels, Austria) for 1 h during irradiation procedure, the
sham irradiated controls were treated equally, except
the exposure to ionizing radiation. The heads of the IR
rats were exposed to a single 10 Gy dose of y-rays using
®Co source (the Laboratory of Radiation Chemistry
and Physics, Vinca Institute of Nuclear Sciences). Since
the rat brain is more radiation resistant compared to the
human, a single 10 Gy irradiation dose is well below the
appearance threshold of frank wvascular changes,
demyelization or radionecrosis [22]. In order to mini-
mize the radiation exposure of the abdomen and adrenal
glands, the bodies of the animals were protected by a 5
cm lead blocks placed in front of the 2.5 cm thick poly-
styrene bar. A Fricke dosimeter was chosen (0.001 M
Ferrous ions diluted in 0.4 mol/L sulphuric acid) for
dose rates measurements because both the dosimeter
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and the cells chemically are aqueous solutions where
the radiation energy is essentially absorbed in water
molecules [23]. The scattered radiation absorbed in
shielded parts of the body was less than 5% of the dose
delivered to the cranium. The radiation of four animals
at the time was administered in the morning (9:00 to
10:00 a. m.) at a dose rate 0.32 Gy/min (source skin dis-
tance of 31 cm). The entire exposure lasted 32 min. Af-
ter completing irradiation procedure, the irradiated ani-
mals and the appropriate sham irradiated controls were
sacrificed by decapitation 1, 2, 4, and 8 h after irradia-
tion. Each experimental group consisted of 15 animals.

Tissue collection

After decapitation the brains were quickly re-
moved and placed on ice for an immediate dissection
of the hippocampus. For each group, the 3-5
hippocampi were pooled for subsequent Western blot
and RT PCR, rapidly frozen in liquid nitrogen and
stored at —70 °C for subsequent processing [24].

Reverse transcription and
semi-quantitative PCR (RT-PCR)

Total RNA was isolated from the hippocampi using
TRIreagent® (Invitrogen, Carlsbad, USA). The RNA was
quantified by reading the optical density at 260 nm and
280 nm. For the synthesis of cDNAs, the First Strand
cDNA Synthesis Kit (#K 1612, Fermentas, Lithuania) was
used by manufacturer's instructions. The cDNAs were
stored at 70 °C until analysis.

The cDNA products were amplified using prim-
ers for p53, Bax and Bcl-2, together with the house-
keeping gene glyceraldehyde 3 phosphate dehydro-
genase (GAPDH) (the primers sequences are pre-
sented in tab. 1). The cDNAs were amplified in a
Eppendorf thermocycler for 30 cycles (Bax, Bcl-2) or
28 cycles (p53, GAPDH) using the following condi-
tions: denaturation 94 °C/(1 min); annealing 62 °C
(p53), 58 °C (Bax) and 55°C (Bcl-2 and GAPDH), ex-
tension 72 °C/(1 min); final extension 72 °C/(5 min).
The PCR products were separated on 2% agarose gels
and visualised by ethidium-bromide staining under
UV light. The intensity of PCR products were mea-
sured with an image analysis system GelDoc 1000
(BioRad, Cal., USA) and expressed in arbitrary units
(count). The arbitrary units related to the p53, Bax and

Table 1. Primer sequences for RT-PCR

Bcl-2 amplification products were divided by that cor-
responding to GAPDH product obtained in the same
samples.

Preparation of whole cell extracts and
cytoplasmic extracts for western blot analysis

For the preparation of whole cell extracts, frozen
hippocampal tissue was homogenized (1:4 w/v) in
ice-cold 50 mM Tris-HCl (pH 8) buffer containing 150
mM NaCl, 1 mM EDTA, 1 mM EGTA, | mM DTT, 1 mM
Na;VO,, 1% Nonidet P-40 (NP-40), 0.1% SDS, 0.5%
Na-deoxycholate and protease inhibitors (0.5 mM PMSF,
5 pug/ml antipain, 5 g/ml leupeptin, 5 g/ml aprotinin). Af-
ter 30 min of incubation on ice, homogenates were centri-
fuged on 13000 x g, 20 min, 4 °C, and resulting
supernatant represents whole cell extracts.

For cytoplasmic extracts, frozen tissue was
weighed and homogenized (1:2 w/v) in ice-cold 20 mM
Tris-HCI (pH 7.2) buffer containing 10% glycerol,
50 mM NaCl, I mM EDTA, 1 mM EGTA, 2 mM DTT
and several protease inhibitors (20 mM Na,M O,,
0.15 mM spermine, 0.15 mM spermidine, 0.1 mM
PMSF, 5 pg/ml antipain, 5 pg/ml leupeptin, 5 pg/ml
aprotinin) as well phosphatase inhibitors (20 mM
glycerophosphate, 5 mM Na,P,0, x 10 H,0O, 2 mM
Na;VO,, 25 mM NaF) with 20 strokes of teflon-glass
homogenizer. Samples were centrifuged at 2000 x g,
10 min, 4 °C to obtain the supernatant and pellet (con-
taining nuclear and cell remains). The supernatant was
ultracentrifuged at 105000 x g, 60 min, 4 °C and the re-
sulting supernatant is used as cytoplasmic fraction. The
protein concentration of the samples was measured by
the modified method of Lowry [25] using bovine serum
albumin (BSA) as a standard.

Western blot analysis

The samples containing 30 pg protein were mixed
with Laemmli's sample buffer, boiled for 5 min and
loaded on 10% or 12% polyacrylamide gels. For Western
blot analysis, the samples intended to be directly com-
pared were always run on the same gel; p53, Bax and
Bcl-2 were detected in the whole cell extracts, while
procaspase-3, cleaved caspase-3 and cytochrome ¢ were
analyzed in the cytoplasmic fraction. The primary anti-
bodies used in this study were: anti-p53 (KAM-CCO002,
Stressgen, USA, 1:2000), anti-procaspase 3 (H-277,

Primers Sense Antisense
Bcl-2 5-GGAGATCGTGATGAAGTAC-3' 5'-TCAGGTACTCAGTCATCCA-3'
p53 5'-TTCCCTCAATAAGCTGTTCTGCC-3' 5'-TGCYCTCTTTGCACTCCCTGG-3'
Bax 5'-GGCGAATTGGAGATGAACTG-3' 5-TTCTTCCAGATGGTGAGCGA-3'
GAPDH 5'-TTCATTGACCTCAACTACATG-3' 5'-GTGGCAGTGATGGCATGGAC-3'
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Santa Cruz Biotechnology Inc, USA, 1:2000),
anti-cleaved caspase 3 (Aspl75, Cell Signaling Inc,
USA, 1:500), anti-Bcl-2 (#2876, Cell Signaling Inc,
USA, 1:1000), anti-Bax (B-9, Santa Cruz Biotechnology
Inc, USA, 1:1000) and anti-cytochrome ¢ (6H2, Santa
Cruz Biotechnology Inc, USA, 1:1000). The goat
polyclonal anti-3-actin (C-11, Santa Cruz Biotechnology
Inc, USA, 1:5000) antibody was used as a loading con-
trol. The secondary antibodies were: peroxidase-conju-
gated anti-rabbit, anti-mouse and anti-goat IgG antibod-
ies (Santa Cruz Biotechnology, 1:10000). The
immunopositive bands were visualized by the enhanced
chemiluminescence (ECL) method (Cell Signaling,
USA). The optical density (OD) of bands visible on
light-sensitive films (Fuji, Japan) was measured using
the image analysis system (ImagelJ). The background
OD levels were subtracted from the OD of each individ-
ual immunoreactive band.

Statistics

All data were expressed as the mean * standard
error of the mean (SEM) (n=15). The statistical analy-
sis was performed by using one way ANOVA followed
by post hoc Tukey test; the comparisons were per-
formed between sham-irradiated controls and corre-
sponding irradiated animals. Differences were consid-
ered significant at p < 0.05.

RESULTS

The effects of cranial irradiation on gene
expression of apoptotic molecules pS3,
Bax and Bcl-2 in the hippocampus

In the first set of experiments, the effect of irradi-
ation on gene expression of proapoptotic molecules
p53 and Bax and antiapoptotic molecule Bel-2 was
evaluated. As shownin fig. 1, the p5S3 mRNA level was
unchanged in the hippocampus of irradiated animals,
whereas cranial irradiation led to the time-dependent
increase in Bax mRNA level, compared to the sham-ir-
radiated controls, with maximum achieved4 h after
the radiation treatment, fig. 1(b), F=3.93,p<0.01.
On the other hand, the Bcl-2 mRNA level was not
significantly different between the irradiated ani-
mals and the appropriate controls, fig. 1(b), F=0.212,
p=0.93.

The effects of cranial irradiation on apoptotic
molecules protein expression in hippocampal
whole cell and cytoplasmic extracts

The acute effects of irradiation on the p53, Bax
and Bcl-2 protein levels were examined in the whole
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Figure 1. The effect of cranial irradiation on p53, Bax and
Bcl-2 mRNA in the rat hippocampus. Representative
PCR of p53, Bax and Bcl-2 mRNA in the hippocampi of
sham irradiated controls (C) and irradiated (IR) animals
in different time intervals after treatment, as indicated (a).
The relative abundance of target mRNA is quantified by
densitometry, normalized against GAPDH in the same
sample and expressed as the percent of appropriate con-
trol (b). Data represent the mean £ SEM (n = 15). Asterisk
indicate significant differences between irradiated ani-
mals and sham irradiated controls; *p < 0.05

cell extracts of the 18-days-old animal hippocampus.
As the time-response experiments revealed, the p53
and Bax protein were increased in similar manner,
with maximum observed 2 h and 4 h after the treatment
— fig. 2(b) (p53: F=4.94, p<0.01; Bax: F = 4.82,
p <0.01). On the contrary, the Bcl-2 protein was not
changed during the examined time interval, fig. 2(b),
F=2.06,p=0.11.

The direct comparison between the Bax and the
Bcl-2 protein levels in the hippocampus revealed radi-
ation-induced increase in Bax/Bcl-2 ratio (fig. 3). The
increment of Bax protein above Bcl-2 protein was ob-
served in 2 h and 4 h post-irradiation time due to the
Bax increase, while the Bcl-2 expression was unal-
tered (fig. 3).

It is known that the up regulated Bax promotes
the apoptosis through insertion into the mitochondrial
membrane, thus facilitating the cytochrome c release
from the mitochondria to the cytoplasm [26]. There-
fore, the cytochrome c level was analyzed in the cyto-
plasmic fraction, in order to estimate its possible leak-
ing from mitochondria. As demonstrated in fig. 4, the
cytochrome c protein level was increased in2 hand 4 h
post-irradiation time (F = 3.18, p <0.05), which coin-
cides with the induction of Bax protein in whole cell
extracts.
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Figure 2. p53, Bax and Bcl-2 protein levels in the whole
cell extracts of rat hippocampus after cranial irradia-
tion. Representative Western blots of p53, Bax and Bcl-2
proteins in the hippocampi of sham irradiated (C) and ir-
radiated (IR) animals at different time intervals after
treatment, as indicated. The lower part of each blot was
probed with anti-S-actin antibody as a loading control
(a). The relative abundance of target proteins in the
whole cell extracts is quantified by densitometry, nor-
malized againstS-actin in the same lane and expressed as
percent of appropriate control (b). Data represent the
mean = SEM (n =15). Asterisk indicate significant differ-
ences between irradiated animals and sham irradiated
controls; *p < 0.05, **p < 0.01
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Figure 3. Relative ratio of Bax protein to Bcl-2 protein in
the rat hippocampus after cranial irradiation. Ratio val-
ues above 1 indicate the dominance of Bax, while values
below 1 imply the prevalence of Bcl-2 in the whole cell
extracts. The results are expressed as the mean = SEM.
Asterisk indicate significant differences between irradi-
ated animals and sham irradiated controls; *p < 0.05

The cytochrome c release from mitochondria
triggers a cascade of caspase activation, generally re-
sulting in proteolytic cleavage of procaspase-3 into ac-
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Figure 4. The effect of cranial irradiation on cytochrome
¢ (cyt ¢) protein level in the cytoplasmic fraction of rat
hippocampus. Representative Western blot of cyt ¢ pro-
tein in the hippocampi of sham irradiated controls (C)
and irradiated (IR) animals in different time intervals
after treatment, as indicated. The lower part of the blot
was probed with anti-G-actin antibody as a loading con-
trol (a). The relative abundance of cyt ¢ protein is quanti-
fied by densitometry, normalized against S-actin in the
same sample and expressed as the percent of appropri-
ate control (b). Data represent the mean = SEM (n = 15).
Asterisk indicate significant differences between irradi-
ated animals and sham irradiated controls; *p < 0.05,
**p <0.01

tive pl7 and pl9 fragments. In our study the
procaspase-3 protein level in cytoplasmic fraction was
rapidly increased after irradiation, fig. 5(a), upper
panel, IR, vs. Cyp, p < 0.01, however, the increment
observed in 1 h post-irradiation time declined, lead-
ing to the decreased protein level after2hand4 h (p <
0.05). This decrement of procaspase-3 is associated
with increase of its cleaved form, which gives bands of
17 and 19 kDa, fig. 5(a), middle panel.

DISCUSSION

Our previous results showed that the acute radia-
tion phase is featured by enhanced hypothalamic-pitu-
itary-adrenal (HPA) axis activity [27] and increased
inflammation in the brain [28]. In the present study we
demonstrated that cranial irradiation, in terms of pro-
phylactic therapy, is associated with the induction of
proapoptotic molecules p53 and Bax, and with the
shift in Bax/Bcl-2 balance. This is accompanied with
early hallmarks of apoptosis, such as an increased
cytochrome c level in the cytoplasm and caspase-3 ac-
tivation. The activation of the apoptotic pathway in the
rat hippocampus could be related to the cognitive de-
cline observed in patients after the prophylactic cra-
nial radiotherapy.
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Figure 5. The effect of cranial irradiation on caspase-3
protein level in the cytoplasmic fraction of rat hippocam-
pus. Representative Western blot of procaspase-3 (32
kDa) (upper panel) and cleaved caspase-3 (19 and 17 kDa
fragments) (middle panel) in the hippocampi of sham ir-
radiated (C) and irradiated (IR) animals in different
time intervals after treatment, as indicated. Asterisk in-
dicates proteins of different molecular weight (¥, 32 kDa;
*%,19 kDa; ***, 17 kDa). The lower part of the blot was
probed with anti-$-actin antibody as a loading control
(a). The relative abundance of procaspase-3 protein is
quantified by densitometry, normalized against S-actin
in the same sample and expressed as percent of appropri-
ate control (b). Data represent the mean £ SEM (n = 15).
Asterisk indicate significant differences between irradi-
ated animals and sham irradiated controls; *p < 0.05,
**p <0.01

In response to the ionizing radiation, the
apoptosis signaling is triggered by the tumor suppres-
sor p53, which is a critical regulator of apoptotic path-
way and DNA repair [7]. In this study, the cranial irra-
diation rapidly stimulated p53 protein expression in a
time-dependent manner, whereas the level of p53
mRNA did not show statistically significant changes.
These results are in agreement with previous report,
demonstrating that the gamma-irradiation induces
apoptosis [29] as well as the induction of p53 protein
in fetal rat brain, without a major up-regulation of p53
mRNA [30]. Moreover, the p53 pathway may be a
mechanism through which radiation induces apoptosis
in the adult CNS [10]. It should be noted, however, that
not all types of radiation-induced apoptosis involve
p53 induction [31].

It is known that the p53 transcriptionally activates
Bax in some types of cells after treatment with ionizing
radiation, chemotherapeutic drugs and other genotoxic
agents [30]. We found that the Bax protein level was
higher in irradiated rats that in the control ones; the maxi-
mum level was attained at 4 h, and then subsequently re-

duced again to the low level. This induction temporally
coincides with the elevation of p53 protein, as expected
for a cause-and-effect relationship [32]. Moreover, the
cranial irradiation moderately increased the level of Bax
mRNA, as revealed by RT-PCR. These results are in ac-
cordance with the previous studies reporting Bax up-reg-
ulation after ionizing irradiation [33, 34]. On the other
hand, nor Bcl-2 mRNA level neither Bcl-2 protein were
changed in the hippocampus of head-irradiated animals.
The disbalance in Bax/Bcl-2 ratio in hippocampal neu-
rons appears critical for regulation of apoptosis and func-
tion as a rheostat that determine cell susceptibility to
apoptosis [35]. In our study shift in Bax/Bcl-2 balance re-
sults in the predominance of death-promoting molecules,
which creates a critical checkpoint in the apoptotic pro-
gram execution. Namely, the Bax promotes apoptosis by
impairing integrity of mitochondrial membrane and fa-
cilitating the release of cytochrome ¢ from the mitochon-
dria, thus triggering a cascade of caspase activation. In
our study the cytochrome c protein level was gradually
increased in the cytoplasm, presuming that it was re-
leased from the mitochondria due to the altered perme-
ability of mitochondrial membrane. This event triggers
distinctive caspase cascade characteristics of apoptotic
pathway, in which the caspase-3 activation plays a domi-
nant role. In the present study the procaspase-3 (a
zymogen form of caspase-3) protein, which is enzymati-
cally inactive, was rapidly increased at 1 h after irradia-
tion in the hippocampus of irradiated animals, but subse-
quently its level was decreased. The observed decrease
of procaspase-3 protein in the latter time points (2 h and
4 h) markedly coincides with the elevation of cleaved
caspase-3, characterized with two fragments of 17 kDa
and 19 kDa which form dimers that have enzymatic ac-
tivity. Therefore; the cleavage of procaspase-3, which is
equaled with its activation, is considered as an early hall-
mark of apoptosis [36]. On the basis of these results, we
can conclude that cranial irradiation led to the activation
of apoptotic pathway in the normal brain tissue. This is in
agreement with previous animal studies, using the same
dose of radiation, which have demonstrated apoptosis of
hippocampal oligodendrocytes [37] or proliferating stem
cells [38]. Those changes most likely lead to the radia-
tion-diminished neurogenesis in the hippocampus [4, 39]
that may results in progressive learning and memory def-
icits in the long-term cancer survivors [40]. It is notewor-
thy that these cognitive disturbances are closely related to
the radiation dose [41], but even the prophylactic dose,
like the one used in our study, can profoundly disturb the
hippocampal-dependent behavior, learning and memory
in rodents [42, 43].

The significant late sequels associated with cra-
nial radiotherapy have evoked the interest in finding
radioprotectors that can diminish radiation injury of
normal tissue without sacrificing clinical outcomes.
One of them is the angiotensin converting enzyme
(ACE) inhibitor, ramipril, which reduces apoptosis in
the rat hippocampus after 10 Gy irradiation [44]. The
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protection of normal brain cells from y-irradiation in-
duced apoptosis could also be achieved by a mito-
chondria-targeted triphenyl-phosphonium-nitroxide
[45] or with amifostine and tempol [46]. Therefore,
the future directions of our investigations will be fo-
cused on effects of different radioprotectors in the
present animal model of prophylactic cranial radio-
therapy.

CONCLUSIONS

Our results exemplify the activation of p53-de-
pendent apoptotic pathway by irradiation in the animal
model system. This is followed by the induction of posi-
tive apoptosis regulator Bax, whereas antiapoptotic
molecule Bel-2 was not changed. The disbalance in
Bax/Bcl-2 ratio results in early signs of apoptotic cell
death, like cytochrome c release and caspase-3 activa-
tion. The observed changes in the hippocampus of
head-irradiated animals may offer a compelling expla-
nation for delayed cognitive dysfunctions, such as im-
paired learning, memory, and academic achievement, in
the long-term cancer survivors.
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JEJIOBAIBE 3PAUYEIbBA HA MHAYKINIY AINOIITOTCKE REJINIJCKE
CMPTH Y XUIIOKAMIIYCY ITAIOBA

Jonmsyjyhe 3pademe ce 4eCTO KOPHUCTH y TPETMaHy TyMOpa MO3ra aji OHO MOKe Jla OIITeTH
KOTHUTUBHE (PYHKIHje, Kao LITO cy yuewe u namheme. [lomro je cMameme KOTHUTUBHUX (PYHKIHUja
BehuHOM pesynTaT henmjcke cMpTU MyTeM amloNTo3€ Y XUIOKaMIAlTHUM henujamMa y OBOj CTYAUju Cy
aHanM3upaHu eeKTH KpaHujarHoTr rama-3padesa (10 Gy) Ha ekcripecujy nmpoanonTorckux (pS3, Bax) u
AHTUATIONTOTCKUX MoJiekyia (Bcl-2), kao 1 Ha akTHBaNM]jy Kacnase-3 U peucTpuOyIHjy IUTOXPOMA II Y
XATMOKaMITycy mMutaimx namnosa. OpabpaHnm pexkuM 3padera OiroBapa yCIOCTaBIbeHOM >KHBOTHH-CKOM
MOJIeJTy 3a AeUnjy NPO(PUIAKTHUKY KpaHUjalIHy paguoTepanty;jy.

Hamm pesynraru nokasyjy fa je exciupecuja p5S3 u PHK nenpomemeHna HakoH 3padema, 10K je
uHAyKIHja p53 mporenHa Beoma 6p3a. croBpemeno Bax nPHK n mporens cy nosehann HakoH 3pademna,
JIOK je ekcrpecrja Bcl-2 HenmpomemeHa TOKOM ucnuTuBaHor nepuopa. OBe nmpomere cy npaheHe paHuUM
3HallEMa anonTo3e, Kao MITo ¢y nosehano ocnobabame nuTOXpoMa II M aKTUBAIja Kacnase-3.

I'enepanno, oBa cTyauja MoKa3syje Jia je KpaHHjaJHO 3paverhe MOBE3aHO ca CTUMYIHMCAHUM
aTlONTOTCKUM IyTEM Yy XHIIOKAMIIyCy MamoBa, IITO ce MOKe MOBe3aTH ca KOTHUTHBHHUM omTehemnma
YOUeHNX KOJi TalyjeHaTa HakoH NpodWIaKTHUKe KpaHWjalHe pajguoTepamnuje, alu Takobe oTBapa
HEepCHEeKTHBE y MpOHANaXKehy pafuoNpoOTEKTOpa KOjU cMambyjy omTeheme HOpMaaHOr HEPBHOT TKUBA
HAKOH 3paderba.

Kwyune peuu: kpanujaano 3paderse, ailoilitioda, XUokamityc, iayos




