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Long-term alterations of cell population in the adult rat forebrain
following the exposure to fractionated doses of ionizing radiation
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Abstract. We investigated radiation-induced delayed alterations of proliferating population, cells
undergoing apoptosis and glial cells housed rat brain neurogenic region. Adult male Wistar rats were
investigated 30, 60 or 90 days after whole-body irradiation with fractionated doses of gamma rays (the
total dose of 4 Gy). Using immunohistochemistry for detection of cell proliferation marker Ki-67,
caspase3 as apoptotic marker and GFAP for mature astrocytes we have been performed quantitative
analysis in different forebrain’s areas along the SVZ-OB axis, i.e. in the anterior subvetricular zone
(SVZa), vertical arm, elbow and horizontal arm. In animals that survived thirty days after radiation
treatment initial decrease of the Ki-67-positive cells was seen in regions along the SVZ-OB axis. The
highest increase was observed in vertical arm on the 60th day followed by the most striking decline
on the 90th day after irradiation. Cells undergoing apoptosis didn’t showed expressive increase
during entire experiment except of horizontal arm. The most striking changes of GFAP-positive
cells were seen 30 and 60 days after irradiation in vertical arm and elbow. Results suggested that
radiation response of proliferating cells and astrocytes resides the SVZa may play contributory role
in development of more adverse radiation-induced late effects.
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Abbreviations: BSA, bovine serum albumin; GFAP, glial fibrillary acid protein; ICAM-1, intercellular
adhesion molecule-1; LV, lateral ventricle; OB, olfactory bulb; PBS, phosphate buffer saline; RMS,
rostral migratory stream; SGZ, subgranular zone; SVZ, subventricular zone; SVZa, anterior horn of
the SVZ; TNF-a, tumor necrosis factor-a.

Introduction

The adult mammalian brain contains at least two discrete re-
gions with persistent mitotic activity. The first region is known
as the subventricular zone (SVZ), lining the brain lateral ven-
tricles (LV) and the second one is the subgranular zone (SGZ)
in the dentate gyrus of hippocampal formation (Doetsch et al.
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1997; Kempermann 2002). The fate of descendants of prolif-
erating cells depends on their location. The SVZ progenitors
migrate along the well defined pathway;, called the rostral mi-
gratory stream (RMS) towards to olfactory bulb (OB) where
they differentiate into granule or periglomerular interneurons
and integrate to preexisting functional circuits (Carleton et al.
2003; Abrous et al. 2005; Lledo et al. 2006). Process of continual
cell turnover in neurogenic regions is closely accompanied
by elimination of newlyborn cells through programmed cell
death. Studies in rodents revealed that certain numbers of
cells undergo apoptotic cell death during the early postnatal
age as well as in adulthood (Brunjes and Armstrong 1996;
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Thomaidou et al. 1997; Biebel et al. 2000). The effects of ion-
izing radiation on the brain can result in significant injury to
normal brain structures. Research into irradiation effects in
normal brain tissue has been mostly focused on studies of
single-dose irradiation (Peissner et al. 1999; Amano et al. 2002;
Mizumatsu et al. 2003; Lazarini et al. 2009). Single moderate
(2-10 Gy) whole brain irradiation led to substantial loss of
proliferating cells and immature neurons from the SVZ in
a dose-dependent fashion up to several months after treat-
ment, however, surviving cells have limited potential of SVZ
repopulation or regeneration (Tada et al. 1999; Amano et al.
2002). Furthermore, single local irradiation with wide range of
higher radiation doses (30, 50, 75, 120 Gy) of rat brain result
in time-dependent and dose-dependent increase of vascular
permeability, changes in astrocytic morphology and enhanced
radiation necrosis founded several months after treatment
(Minter et al.1999; Kamiryo et al. 2005). Large single doses
of radiation are not commonly used in clinical treatment. The
leading mode of radiation delivery in humans is fractionated
radiotherapy. The influence of dose, fractionation treatment,
time of irradiation on late functional and histopathological
changes have been derived from studies in rodents. Shinohara
etal. (1997) in rat model demonstrated that after daily admin-
istration of 1.5 Gy fractions, the first three fractions increased
the apoptosis and the rest of admistered fractions have no
effect on decrease of cell population. There has been reported
that fractionated treatment led to increased blood-brain bar-
rier permeability, enhanced expression of astrocytes and high
expression of inflammmation-related molecules (intercellular
adhesion molecule-1 (ICAM-1), tumor necrosis factor-a
(TNF-a)) up to six months post-irradiation (Cicciarello et al.
1996; Gaber et al. 2003; Yuan et al. 2006).

In the present study we investigated the alteration in spa-
tio-temporal distribution of proliferating population, cells
undergoing apoptosis and glial cells of adult rats, exposed to
fractionated doses (the total dose of 4 Gy) of gamma rays at
various intervals after post-irradiation survival.

Materials and Methods

Animals

Adult male rats of the Wistar strain (bred in Dobra Voda, Slo-
vak Republic) 7-8 months old at the beginning of experiment
and weighing approximately 380 g were used in this study. The
animals were kept under standard conditions (temperature of
22-24°C, light-controlled enviroment with 12/12 h light/dark
cycle) and provided with food and water ad libitum. The
methods for animals use were approved by the Animal Care
and Use Committee, Jessenius Faculty of Medicine in Martin,
Comenius University, Slovak Republic (approval number RO
1663/08-221/3 for animal experiments).

Irradiation

For irradiation procedure the animals were anaesthetized
by i.p. injection of ketamine (1-2 ml/kg body weight) and
a subcutaneous injection of xylasine (0.1-0.2 ml/kg b.w.).
The rats were whole-body irradiated using a ®*Co radiation
source (apparatus Teragam02 UJP Prague, Czech Republic).
The total radiation dose administered was 4 Gy of gamma
rays (1 Gy x 4) given at seven days intervals and the animals
survived 30, 60 or 90 days after the last exposure (Irr-30, Irr-
60, Irr-90, respectively; three animals at each time interval).
Control animals were killed 30 days (n = 3), 60 days (n = 3)
or 90 days (n = 2) after sham irradiation.

Immunohistochemistry

Thirty to ninety days after irradiation, the animals were
overdosed by inhalation of mixture 3% sevoflurane, 68%
N,0 and 30% 0, and transcardially perfused with saline fol-
lowed by fixative 4% paraformaldehyde in 0.1 M phosphate
buffer (PB). Brains were immediately removed from the
skull, postfixed overnight in the same fixative at 4°C and
cryoprotected in 30% sucrose for 18 h. Serial sagittal 30 um
sections were cut on cryostat, collected on lysine-coated
slides and air-dried. To minimize nonspecific binding of
the secondary antibody, sections were incubated for 1 h at
room temperature in goat blocking solution (10% goat se-
rum, 1% bovine serum albumin (BSA), 0.5% Tween 20 in
phosphate buffer saline (PBS)) and then covered overnight
at 4°C by rabbit anti-Ki-67 (Abcam, Cambridge, UK),
a nuclear antigen that is expressed during the entire cell
cycle except G stage, rabbit anti-glial fibrillary acid protein
(GFAP; 1:50, Chemicon, Temecula, CA, USA), selective
marker for astrocytes and mouse anti-caspase3 (1:50, Santa
Cruz Biotechnology, CA, USA) an enzyme involved in the
activation cascade of caspases responsible for apoptosis ex-
ecution. After rinsing the sections were incubated for 2 h at
room temperature with goat anti-rabbit secondary antibody
labeled with Alexa Fluor 488 (1:100, diluted in 0.3% Triton
X-100 and 1% BSA in PBS, Molecular Probes, Eugene, OR,
USA) and finally coverslipped with Fluoromount (Serva,
Germany). The slides were viewed with a confocal laser
scanning microscope Olympus FluoView FV10i (Olympus,
Japan) with 10x objective, equipped with Alexa Fluor 488
(excitation: 499 nm; emission: 520 nm). The image captur-
ing was performed with an Olympus Fluoview FV10-ASW
software, version 02.01 (Olympus).

Image analysis

Quantitative assessment was performed in standardized
counting area which included 30 pm thick serial sagittal
sections from four different areas along the SVZ-OB axis i.e.
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the anterior horn of the SVZ (SVZa) and vertical arm, elbow,
horizontal arm representing the individual parts of RMS (Fig.
1). The vertical arm of the RMS begin in SVZa of brain LVs
and curved ventrally between the corpus callosum and stria-
tum. Then the RMS turned in a prominent angle, the elbow
located half of the distance from the rostral tip of LV to the
OB and the horizontal arm, which presents the rostral half of
the RMS. The numbers of positive fluorescent labelled cells
(green fluorescent) were counted in each stained section with
entire extent of the RMS (10-15 sections per animal) and the
cell density was quantified at a magnification of x10. Count-
ing was performed by Image] (NIH, Bethesda, MD, USA)
a public domain image processing and analysis program and
Commands in “Analyze” menu counts and measures objects
in thresholded images to distinguish the object from the back-
ground. Once the image has been tresholded, they can then
be analysed. The menu command “Analyze/Analyze particles”
can be used to obtain various information regarding particle
size and numbers. Finally, the results were displayed as the
total numbers of positively labelled cells per cm?.

Statistical analysis

Data was analyzed using ANOVA one-way analysis followed
by a Tukey-Kramer test comparison and presented as mean
+ standard error (S.E.M). Statistical significance was set at
p<0.05.

Results

Quantitative image analysis of sagittal sections in the rat’s
forebrain showed different pattern of density between
control individuals and irradiated ones as well as among
radiation-treated animals (Figs. 2, 3). In every group was
observed decrease of cell proliferation according a caudo-
rostral gradient with maximum cell density in initial parts
and minimal cell distribution in caudal parts of the RMS
(Fig. 4). In control animals was seen the highest distribu-
tion of proliferating cells in the SVZa (22.75 + 7.02/cm?)
and in the elbow (51.25 + 14.61), no cells has been found
in horizontal arm of the RMS. Thirty days after fractionated
treatment was observed slight decline in cell density along
the migratory pathway and virtually no change has been
observed in initial SVZa (23 + 7.35). In animals, survived
sixty days after irradiation was found the highest increase
of the numbers of Ki-67-positive cells (Ki-67" cells) in the
vertical arm (Irr-60: 80.2 + 26.3 versus Irr-30: 13.8 + 8.95;
p <0.05), no change was observed in other counted parts.
Contrary to this findings, in the following group, survived
ninety days after radiation treatment was seen the strong-
est decrease in the vertical arm (Irr-90: 5 + 3 vs. 35.67 +
14.17; p < 0.01), however, the other counted parts along

the migratory pathway didn’t undergo expressive changes
in the rate of proliferation.

The rate of radiation-induced apoptosis didn’t undergo
significant changes in course of ninety days after irradiation
(Fig. 5). More expressive increase was observed along the
SVZ-OB axis of animals, investigated sixty and ninety days
after fractionated treatment. The numbers of caspase3-posi-
tive cells (caspase3* cells) were peaked in the vertical arm
(Irr-60: 26.33 + 6.33 vs. Irr-90: 24.33 £ 5.81 vs. C: 9.25 + 2.5)
and after that slowly decreased similarly to control values in
elbow (Irr-60: 19.33 + 10.71 vs. Irr-90: 19.33 + 4.09 vs. C:
18.67 + 8.67) and horizontal arm (Irr-60: 10.33 + 6.74 vs.
Irr-90: 15 + 10.41 vs. C: 3 £ 2.5). Population of astrocytes
that reside within the migratory pathway showed remarkable
changes during investigation (Figs. 3, 6). The most striking
changes were seen thirty days after radiation treatment. The
numbers of GFAP-positive cells (GFAP* cells) were gradually
increased until reaching the elbow (Irr-30: 625.67 + 85.54
vs. C: 86 + 45.36; p < 0.001). In horizontal arm was found
massive distribution (Irr-30: 456 + 28.02 vs. C: no GFAP*
cells) and surpassed the values observed in initial SVZa (Irr-
30: 158.33 £ 39.2 vs. C: 143.33 + 75.65). Radiation response
curve along the SVZ-OB axis was less strong in animals
survived sixty days after exposure with maximum in elbow
(Irr-60: 554.67 + 14.74 vs. C: 86 £ 45.36; p < 0.01). However,
in horizontal arm the numbers of GFAP-positive astrocytes
decreased, the cell density was still higher then in previ-
ous radiation-treated group (Irr-60: 486 + 33.08 vs. Irr-30:
456 + 28.02). Moderate changes have been found in group,
survived ninety days post-irradiation. Enhanced values in
initial SVZa (335.33 £ 71.91) were followed by temporary
decrease and after repeated increase in the elbow were re-
placed by secondary decline in rostral part of the SVZ-OB
axis (248.75 + 33.09).

S\VZa ”

Figure 1. Schematic sagittal view of the rat forebrain. Vertical lines
point the individuals parts along the SVZ-OB axis, where the cells
were counted. e, elbow; cc, corpus callosum; ha, horizontal arm of
the RMS; LV, lateral ventricle; OB, olfactory bulb; SVZa, anterior
horn of the subvetricular zone; va, vertical arm.
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Figure 2. Ki-67 immunohistochemistry. Microphotographs of the sagittal sections through the forebrain of control animals and rats, survived
30, 60 and 90 days after fractionated radiation treatment (Control, Irr-30, Irr-60, Irr-90) showing the individual parts along the SVZ-OB
axis, i.e. SVZa (A, D, G, J; arrows), vertical arm (B, E, H, K; arrows) and elbow (C; arrow, dashed lines, F, I; arrows) of the RMS. Subsequent
decrease of proliferative activity detected by using Ki-67, (nuclear antigen that is expressed during the entire cell cycle except Gy stage) in
course of experiment mostly visible in the SVZa and less in elbow. The most striking dynamic in cell proliferation was seen in vertical arm.
(A-a) Detail of green fluorescent nuclei of Ki-67" cells in the SVZa of control forebrain (arrowheads). SVZa, anterior horn of the subven-
tricular zone; LV, lateral ventricle; va, vertical arm. Calibration bars: A-D, F-G, I-K 200 pum; E, H 100 pm; A-a 50 pm.
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Figure 3. GFAP immunohistochemistry. Microphotographs of the sagittal sections through the forebrain of control animals and rats,
survived 30, 60 and 90 days after fractionated radiation treatment (Control, Irr-30, Irr-60, Irr-90) showing the individual parts along the
SVZ-0B axis, i.e. SVZa (A, D, G, J; arrows), vertical arm (B, E, H, K; arrows) and elbow (C, F, I, L; arrows) of the RMS. Similar post-ir-
radiation dynamic in distribution of astrocytes immunostained with glial fibrillary acid protein (GFAP; intermediate filament protein
present in differentiated and mature astrocytes) in all counted parts up to ninety days after irradiation. The most striking increase of GFAP™
cells was observed in elbow thirty days after irradiation following by slight decline up to ninety days after treatment. SVZa, anterior horn
of the subventricular zone; LV, lateral ventricle; va, vertical arm. Calibration bars: A, C, E I, L 100 um; B, D, E, G, H, J, K 200 pm.
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Figure 4. Distribution of proliferating cells in individual parts along the SVZ-OB axis in the forebrain of control animals and rats, sur-
vived 30, 60 and 90 days after fractionated radiation treatment (C, Irr-30, Irr-60, Irr-90; X + SEM). Statistical significance of differences
between Irr-30 and Irr-60: * p < 0.05 and between Irr-60 and Irr-90: ** p < 0.01. For abbreviations see Fig. 1.

Discussion

In the present study, fluorescence microscopy examination
of sagittal sections through the forebrain of rats, investigated
thirty, sixty and ninety days after fractionated radiation treat-
ment (total dose of 4 Gy) revealed different pattern of cell
density between control group and irradiated ones. During
the entire experiment, proliferative activity decreased along
the caudo-rostral gradient with the highest distribution in
SVZa and the lowest in the horizontal arm. This finding
is consistent with results published in our previous works
(Balentova et al. 2006, 2007) dealed with radiation-induced
alterations in proliferation dynamics of cells, along the RMS,
labeled with exogenous proliferative marker 5-bromo-2’-
deoxyuridine (BrdU). Investigation in course of eighty days
after single exposure showed that after initial steep decline
in all counted parts followed short-term increase in caudal
parts of the RMS and subsequent decrease close to control

2

values at the end of experiment. Despite this similarity, we
found discrepancy between our findings and data published
before. Initial SVZa didn’t undergo profound changes during
the experiment, except of animals, investigated ninety days
after treatment. More expressive changes were seen in the
vertical arm and the elbow, and few or virtually no prolif-
erating cells were found in the horizontal arm. In another
set of experiments we performed detection of fragmented
DNA using terminaldeoxynukleotidyl tranferase-mediated
dUTP-biotin nick end labeling (TUNEL) method and we
found radiation-induced increased rate of apoptosis in
course of ten days after irradiation (Balentovd et al. 2011).
Taking into account these previous data, our simultaneous
assessment of proliferating and apoptotic cells showed that
proliferation activity surpassed a rate of apoptosis except of
the most distant region along the SVZ-OB axis. However, in
the latest post-irradiation interval proliferating population
were diminished and a level of apoptosis was higher than
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Figure 5. Distribution of apoptotic cells in individual parts along the SVZ-OB axis in the forebrain of control animals and rats, survived
30, 60 and 90 days after fractionated radiation treatment (C, Irr-30, Irr-60, Irr-90; x £ SEM). For abbreviations see Fig. 1.
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in the rest of groups. The reason of such different radiation
response between previous experiment and current results
depends not only on different technique of radiation de-
livery. Important role played applied markers represented
appropriate status of apoptotic pathway. Effector caspase3 is
responsible for the organized destruction of the cell in final
stage of apoptosis. This executive protein is involved in acti-
vation and cleavage of other members of the caspase family
and this event occur prior to nuclear DNA fragmentation.
We suppose that identification of apoptotic cells in situ via
specific labeling of nuclear DNA fragments displayed more
unambiguous cell immunoreactivity.

There has been known that single and fractionated
treatment induce different time-related and spatial related
responses. Single moderate whole brain irradiation led to
impaired numbers of proliferating cells and immature neu-
rons arisen from the SVZ in a dose-dependent fashion up
to several months after treatment, however, these changes
were reversible (Tada et al. 1999; Amano et al. 2002). The
proliferative response after depletion of cells through the
apoptosis may represent the recruitment of a relatively qui-
escent stem cell population and this cellular input was seen
after fractionated radiation treatment. Cellular response to
fractionated and single-dose treatment is different; the single
dose response is rapid, whereas the fractionated response is
delayed and surpassed the post-radiation treatment (Gaber
et al. 2003). On the other hand, cells stimulated to prolif-
erate might express latent DNA damage which should be
transmitted through the somatic or meiotic cell divisions
to their progeny and may manifested in increased risk of
mutagenesis and carcinogenesis (Dubrova et al. 1998; Little
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2000; Vasilyeva et al. 2001; Smith et al. 2003; Balentova et
al. 2008).

The molecular characteristics of the tissue response to
irradiation will be impacted by many endogenous and ex-
ogenous factors and it is often not clear how important the
changes that are being observed are and what their spatial
and temporal dependence is. Although initial radiation in-
jury is often diffuse, late lesions often present focally and may
progress. They may result from local infiltration of inflamma-
tory cells, endothelial cell damage or dysregulated interaction
between distinct cell types. In clinical radiotherapy, limited
radiation tolerance of patients with intracranial lesions result
in developing late delayed effects on surrounding paren-
chyma manifesting as cognitive impairments, which include
demyelization, reactive astrogliosis, necrosis of white matter
and varying degrees of vascular changes in both white and
gray matter (Wong and Van der Kogel 2004).

Experiments done before showing that neuronal precur-
sors are more sensitive to radiation then glial precursors
(Tada et al. 1999; Mizumatsu el al. 2003). Snyder et al. (2005)
reported that after irradiaton with 10 Gy dose the neuronal
precursors expressing doublecortin (DCX) where almost
completely eliminated, but the undifferentiated cells and glial
precursors were spared. However, the cellular composition
of adult rodent SVZa and the following RMS has been well
established (Doetsch et al. 1997). The SVZa is organised
around chains of neuroblasts or young neurons ensheathed
by glial cells and other type of proliferating pluripotent
precursors, which may generate both glia and neurons. The
organisation of the RMS is similar, except of presence of
precursors of cell lineages.

¢
s
Irr=30
%
*% M [rr—60

*
i [ ] mir-90

elbow horizontal arm

Figure 6. Distribution of astrocytes in individual parts along the SVZ-OB axis in the forebrain of control animals and rats, survived 30,
60 and 90 days after fractionated radiation treatment (C, Irr-30, Irr-60, Irr-90; x £ SEM). Statistical significance of differences between
control and irradiated group and between the irradiated animals: *p < 0.005; ** p < 0,01; *** p < 0.001. For abbreviations see Fig. 1.
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In our experiment we found clear impact of fraction-
ated irradiation on the population of astrocytes resides
along SVZ-OB axis. Enhanced distribution of astrocytes
was dominated up to sixty days after treatment mostly in
rostral part of the RMS and at the end of experiment was
lower, however still surpassed control values. Brain lesions
generally increase SVZ neurogenesis or gliogenesis and
cause SVZ cell emigration to ectopic locations (Sundholm-
Peters et al. 2005). Regarding to glial cell fate after radiation
treatment, radiation injury can preserve production of glial
progenitor cells, however the radiosensitivity seems to be
dependent on cell type. Previous studies reported about
higher radiosensitivity of oligodendrocytes and astrocytes
appeared to be relative resistent (Sano et al. 1997; Chow
et al. 2000; Kurita et al. 2001; Mizumatsu et al. 2003). Re-
cently, we have been published data from concurrent study
dealed with radiation-induced alterations in distribution of
proliferating and glial cells in selected hippocampal regions
(Balentova et al. 2012). Since we were not concerned with
neurogenic SGZ of dentate gyrus, immunohistochemical
labeling for Ki-67 and GFAP in two subregions, cornu am-
monis region 1 (CA1) and cornu ammonis region 3 (CA3)
up to ninety days after fractionated irradiation showed that
proliferating cells with neuronal features resides the stratum
pyramidale and neighboring layers are more susceptible
to irradiation than GFAP-positive astrocytes. Regarding
to distribution of astrocytes, the radiation response curve
showed interesting dynamic of changes in course of experi-
ment, however, nonsignificant results have been observed.
Several studies reported that radiation cause activation of
astrocytes (reactive gliosis) and microglial cells at least 6
months after fractionated treatment (Mildenberger et al.
1990; Cicciarello et al. 1996; Yuan et al. 2006). Although
radiation-induced gliosis is not direct indicator of inflam-
mation, it is associated with brain inflammation. Irradiated
microglia induces the activation of astrocytes through the
release of prostaglandin E2 (PGE2) which is found elevated
in brain following injury (Hwang et al. 2006). According to
findings obtained from both brains regions and results ob-
tained on a similar topic from other laboratories (Shinohara
et al. 1997; Tada et al. 1999; Mizumatsu et al. 2003; Yuan et
al. 2006) we can speculated, that observed changes seems
to be associated rather with temporary neuroprotective
response of glial cells than late radiation-induced effects
resulting in reactive gliosis.

We may summarise that proliferative Ki-67 labeled cells
arisen from SVZa during their migration from the caudal
to the rostral part of the RMS they die, cease to prolifer-
ate or accumulate in the caudal parts of the RMS due to
slackening of migration. However, low level of apoptosis in
course of experiment is partly in accordance with findings
of Uberti et al. (2001) who revealed a similar response in
mouse dentate gyrus characterized by an early inhibition and

delayed stimulation of cell proliferation. Morever, apparent
predominance of apoptosis in the most rostral region may
suggest delayed effect of fractionated irradiation. On the
other hand, overdistribution of astrocytes in a site of lesion
or adjacent to area of radiation lesion raises the question
about mechanisms which are involved in origination of
such conspicuous astrocytic response. Given the recently
reported evidence about continuing neurogenesis in adult
human forebrain (Curtis et al. 2007), the observation that
the progenitor cells are highly sensitive to radiation-induced
apoptosis may have implications for radiotherapy. Further
research should clarify whether depletion of progenitors
from the SVZ could contribute to complications of thera-
peutic brain irradiation.
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