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Abstract The intrauterinal development in mammals
represents a very sensitive period of life in relation to many
environmental factors, including ionizing radiation (IR).
The developing nervous system is particularly vulnerable
to IR, and the consequences of exposure are of importance
because of its potential health risks. The aim of our work
was to assess whether prenatal irradiation of rats on the
17th day of embryonic development with a dose of 1 Gy
would affect the formation of new cells and the number of
mature neurons in the hippocampus and the selected forms
of behaviour in the postnatal period. Male progeny of
irradiated and control females was tested at ages of
3 weeks, 2 and 3 months. The number of mitotically active
cells in the gyrus dentatus (GD) of the hippocampus was
significantly reduced in irradiated rats aged 3 weeks. In
irradiated rats aged 2 months, a significant reduction of
mature neurons in CA1 area and in GD of the hippocampus
was observed. The IR negatively influenced the spatial
memory in Morris water maze, significantly decreased the
exploratory behaviour and increased the anxiety-like
behaviour in elevated plus-maze in rats aged 2 months. No
significant differences were observed in animals aged
3 months compared with controls of the same age. A sig-
nificant correlation between the number of mature neurons
in the hilus and of the cognitive performances was found.
Our results show that a low dose of radiation applied
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during the sensitive phase of brain development can
influence the level of neurogenesis in the subgranular zone
of GD and cause an impairment of the postnatal develop-
ment of mental functions.
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Introduction

Until recently, it was assumed that formation of new
neurons from neuronal stem cells (neurogenesis) is
restricted to prenatal and early postnatal development and
that the adult mammalian brain is unable to facilitate this
process. Now, the adult neurogenesis is a generally
accepted conception of neurobiology, based on large body
of experimental evidences (Altman 1963; Gould et al.
1992; Cameron et al. 1993).

At least at two places of the brain, the subventricular
zone and the subgranular zone (SGZ) of the gyrus dentatus
(GD) of the hippocampus, the adult neurogenesis has been
proved unambiguously (reviewed by Abrous et al. 2005;
Zhao et al. 2008). It has been shown that in these brain
structures in mammals, including humans, new neurons are
produced by proliferation and differentiation of neuronal
stem cells during the whole life (Taupin 2006; Gould 2007;
Eriksson et al. 1998). Since this phenomenon was accepted,
it became important to understand what triggers and what
inhibits neurogenesis, how it is regulated, what its function
is and how it is affected by various environmental factors.

It is known that ionizing radiation (IR) is able to
selectively damage or kill dividing cells and therefore is
often used as a methodical tool to stop cell proliferation
(Hellstrom et al. 2009). Because of high mitotic activity
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during embryonic development, this phase of ontogenesis
is especially sensitive towards IR.

Pregnant women are at risk of exposure to IR resulting
from necessary medical procedures, workplace exposure,
diagnostic or therapeutic interventions or accidental cases
in nuclear power plants. The effects of radiation are
directly related to the level of exposure and the stage of
foetal development (Williams and Fletcher 2010). Besides
the fact that in utero exposure to IR can have teratogenic,
carcinogenic or mutagenic effects, several studies have
suggested that it can induce cognitive deficits in adult
animals (Raber et al. 2004; Madsen et al. 2003; Snyder
et al. 2005).Their results indicated that these cognitive
impairments could be associated with radiation-induced
inhibition of hippocampal neurogenesis (HNG).

The underlying mechanisms responsible for radiation-
induced cognitive impairment remain, however, elusive.
The possible mechanism includes alterations in the neu-
rogenic cell populations in GD (Rola et al. 2004; Winocur
et al. 2006; Monje and Palmer 2003; Saxe et al. 2006), loss
of mature neurons in GD (Raber et al. 2004; Fan et al.
2007), alterations in NMDA receptor subunits (Shi et al.
2006), genetic risk factors (Villasana et al. 2006) and lower
expression of the immediate-early gene Arc (activity-reg-
ulated cytoskeleton-associated protein) (Rosi et al. 2008).

These cognitive dysfunctions often manifest as deficits
in hippocampal-dependent learning and memory, including
spatial information processing (Abayomi 1996; Crossen
et al. 1994; Roman and Sperduto 1995; Surma-aho et al.
2001). The MWM task has often been used in the valida-
tion of rodent models for neurocognitive disorders and the
evaluation of possible neurocognitive treatments. Lesions
in distinct brain regions like hippocampus, striatum, basal
forebrain, cerebellum and cerebral cortex were shown to
impair MWM performance (D’Hooge and De Deyn 2001;
Brandeis et al. 1989). Data showing a positive correlation
between dentate neurogenesis and behavioural perfor-
mance (Kempermann 2002; van Praag et al. 1999) indicate
that newly born neurons from SGZ are functionally inte-
grated into the hippocampal circuitry (Ramirez-Amaya
et al. 2006; Zhao et al. 2006). However, the mechanisms of
the integration of new neurons into the existing neuronal
network and their exact role in brain functions need to be
clarified.

The aim of our experiments was to assess whether
whole-brain irradiation with a very low dose of gamma
rays during the sensitive period of the embryonic devel-
opment of the brain will influence the level of HNG and the
number of mature neurons in the hippocampus of adult rats.
We wished to see also whether the possible suppression of
HNG or decrease of the number of mature neurons will
correlate with changes in hippocampal-dependent types of
behaviour.
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Materials and Methods
Animal Model and Experimental Design

Albino Wistar rats were used in the experiments. Rats were
maintained on LD 12:12 light regimen (12:12 h light/dark
cycles with light on at 7 a.m.). They were fed with a
standard laboratory diet and tap water ad libitum. Six-
month-old females (n = 10) were allowed to mate with
males (n = 10) of the same age. The male progeny of
irradiated (n = 29) and of sham-irradiated mothers
(n = 17) was housed under standard conditions and used in
further experiments. The experiments were performed in
accordance with European Community’s legislation. The
experiments were approved by the State Veterinary and
Alimentary Administration of the Slovak Republic.

Irradiation Procedure

Six pregnant females were exposed to a dose of 1 Gy of
gamma rays on the 17th day of gravidity. Irradiation of
animals was carried out in the irradiation facility Chisostat
(Chirana, Prague, Czech Republic) equipped with a source
of gamma rays (60-Co). Four pregnant females were sham-
irradiated on the same day of gravidity and represented the
control group. The animals were placed in special cages to
limit vertical movement during irradiation to provide the
same distance between the animals and the radiation
source. The controls were manipulated in the same way,
with the exception of irradiation.

Behavioural Analyses

Two-month-old (number of control animals, nC = 6;
number of irradiated animals, nIR = 8) and 3-month-old
rats (nC =5, nIR = 8) were tested for learning and
memory in MWM and for the level of anxiety and
exploratory behaviour in elevated plus maze test (EPM)
and in open field (OF). The behaviour of animals during
testing was video-recorded and evaluated using the com-
puterized video-tracking system Smart Junior (Panlab,
Barcelona, Spain).

The OF sized 100 x 100 cm was used, bounded by
white wooden walls of 60 cm height. This apparatus was
used to measure the locomotor activity (given as the dis-
tance walked, number of crossings of the centre and the
average speed of walking), the exploratory activity (num-
ber of rearings) and the comfort behaviour (given as the
number of “face washing” acts and duration of washing).
At the start of the test, the rat was placed into the centre of
the field. Each trial lasted 8 min.

The EPM with two open and two closed arms of the
length of 80 cm and a central square sized 15 x 15 cm
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was used. The arms of the maze were in a height of 75 cm
above the ground. The level of anxiety (time spent in the
open arms and the number of defecation boluses), the
exploratory activity (number of rearings), the comfort
behaviour (number of “face washing” acts) and the loco-
motor activity (number of crossings of the centre) were
recorded in this test. While starting the test, the animal was
placed into the central square of the maze. Each trial lasted
5 min.

Water maze training apparatus was prepared according
to Morris (1984). The MWM apparatus consisted of a
plastic circular pool (100 cm diameter and 50 cm high)
filled with water up to 25 cm. The water was made
opaque by the addition of powdered milk. A submerged
escape platform (15 x 15 cm) was placed 2 cm under
the water surface in the southeast quadrant of the maze.
A variety of extramaze visual cues were visible from
within the maze. The experimenter and an assistant
remained at fixed locations approximately 0.5 m away
from the outside edge of the tank on each trial. A day
before the start of the experiment, the animals were
habituated to the maze (without platform) for 2 min. All
rats started from the same start position, namely from the
opposite the quadrant where the escape platform was
placed during acquisition. The time needed to find the
hidden platform was measured for each animal. The rats
were tested 3 times in 3-hour intervals on the Ist day of
the experiment (testing of learning and short-term
memory). A repeated test was performed on the S8th
experimental day (testing of long-term memory).

BrdU Administration, Perfusion and Fixation

The level of HNG in irradiated and control rats was
assessed 7 days after finishing the behavioural tests. All
age categories were investigated (3 weeks: nC = 6,
nIR =9; 2 months: nC =6, nIR = 10; 3 months:
nC = 5, nIR = 10). To label the proliferating cells in the
hippocampus, the animals received i.p. injections of
5-bromo-2-deoxyuridine (BrdU, Sigma) in a daily dose
(100 mg/kg) for three consecutive days. Two hours after
the last injection, the rats were anesthetized (chloral
hydrate, 400 mg/kg, i.p.) and perfused transcardially
(through the left heart ventricle) with 0.9 % saline fol-
lowed by 4 % fresh paraformaldehyde solution. The
brains were removed, postfixed for 24 h in 4 % para-
formaldehyde and transferred to 30 % sucrose solution
for cryopreservation. Consecutively, 33-pum-thick coronal
sections of brain were cut on cryostat at the level of
bregma —3.3 + 0.2 mm. Seven slices containing the
hippocampus (every sixth section) were used for further
analysis.

Labelling of Proliferating Cells with BrdU

The BrdU-labelled cells were visualised immunohisto-
chemically. The sections were incubated in 2 M HCI for
30 min at 59 °C and rinsed in 0.1 M boric buffer, at pH 8.5
for 30 min. Endogenous peroxidase reactivity was inhib-
ited by 20 % methanol containing 0.3 % hydrogen perox-
ide for 30 min. Nonspecific protein activity was blocked in
PBS containing 10 % normal goat serum (NGS, Vector
Laboratories, Burlingame, CA) and 0.3 % Triton-X 100,
for 30 min at room temperature. Then the sections were
incubated with monoclonal rat primary antibody against
BrdU (1:400, AbD Serotec, UK) in 5 % NGS and 0.3 %
Triton-X 100 in PBS at 4 °C overnight followed by 2 h in
goat anti-rat IgG biotinylated secondary antibody (1:200,
Vector Laboratories, Burlingame, CA) in 5 % NGS and
0.3 % Triton-X 100 at room temperature. Sections were
incubated with avidin-biotin peroxidase system (ABC,
Vector Laboratories, Burlingame, CA) for 1 h at room
temperature. Antibody binding was detected by incubation
with 3/,3/-diaminobenzidine (DAB, Vector Laboratories,
Burlingame, CA). Sections were mounted onto adhesive
microscope slides (HistoBond®), dehydrated and covers-
lipped using Vectamount (Vector Laboratories, Burlin-
game, CA).

Labelling of Mature Neurons Using NeuN

All age categories were investigated (3 weeks: nC = 6,
nIR = 9; 2 months: nC = 6, nIR = 5; 3 months: nC = 5,
nIR = 10). The visualisation of mature neurons was
established by NeuN-staining. Immunohistochemistry was
performed on the prepared coronal free-floating sections.
Briefly, the sections were incubated overnight at 4 °C with
NeuN antibody (Merck Millipore, Czech Republic, 1:500)
in 0.1 mol/l PBS (pH 7.4) with 0.2 % Triton. After wash-
ing with 0.1 mol/l PBS (pH 7.4) with 0.2 % Triton, sec-
ondary anti-mouse IgG antibody (Vector laboratories,
Burlingame, USA, 1:200) was applied for 90 min at room
temperature. After further washing, ABC Elite (Vector
Laboratories, Burlingame, USA) was applied for 90 min,
then the slides were rinsed with PBS followed by Tris
Buffer (pH 7.6) and reacted with DAB (0.1 mol/l Tris,
0.04 % DAB, 0.033 % H,0,); the reaction was stopped
with phosphate buffer. The slides were dehydrated, cleared
and coverslipped for analysis.

Cell Counts and Statistical Analysis
Both BrdU- and NeuN-labelled cells were counted micro-
scopically using the computer software Image Tool (UT-

HSCSA, San Antonio, USA). Neuronal cell count was
performed by a person who was unaware of the treatment
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conditions. Analysis was performed by cell number quan-
tification in every sixth section (165 pm separation dis-
tance, 5-8 sections per animal). BrdU-positive cells were
counted (at 100x magnification) in photomicrographs in
the SGZ and hilus of GD (Fig. 1). NeuN-positive pyrami-
dal cells were counted in the middle of the linear zone of
the CAl region (at 200x magnification), in the hilus (at
100x magnification) and in the granule cell layer (GCL)
(at 200x magnification). NeuN-positive label in CAl
region and in GCL is expressed as the number of neurons
per 400 um. For the hilus region, where the labelled neu-
rons were seen apart from each other, the neuron numbers
were counted (Fig. 2). Cells were counted only if structures
of appropriate size and shape were demonstrated clearly.
Questionable structures were examined under 400x mag-
nification and were not counted if identification remained
uncertain.

The experimental data were analysed using two-way
ANOVA and the unpaired ¢ test. Differences were con-
sidered significant at P < 0.05.

Results

Irradiation of developing rat embryos on the 17th day of
embryogenesis caused a high decrease (P < 0.001) of
neurogenesis in GD of the hippocampus, assessed by

Fig. 1 BrdU-positive cells a
(arrows) in the subgranular

zone (SGZ) of the gyrus

dentatus in the hippocampus of

a control (C) and b irradiated

(IR) animals. Magnification:

x 100; ¢ number of BrdU-

positive cells in SGZ and hilus

(H) of the hippocampus of IR R A
and control C rats aged 3 weeks 3 3 R
(3w), 2 months (2 m) and X
3 months (3 m). Results are
expressed as mean &+ SEM.

BrdU-labelling in animals aged 3 weeks, in comparison
with non-irradiated controls, but no significant differences
were observed in animals aged 2 or 3 months (Fig. 1).

The number of mature neurons in CA1 region and in GD
of the hippocampus, assessed by NeuN-staining, was
highly decreased (CAl: P < 0.001; hilus: P < 0.001;
GCL: P < 0.05) in irradiated rats aged 2 months, but not at
age of 3 weeks or 3 months, compared with controls of the
same age (Fig. 2).

In two age categories (2 and 3 months), we performed
behavioural testing to determine whether reductions in the
indicators of neurogenesis and in number of mature neu-
rons were associated with cognitive impairments. We first
looked for radiation-induced alterations in exploratory
activity in a novel environment, locomotor activity and
anxiety levels and measures that could conceivably influ-
ence performance in later tests of hippocampal-dependent
learning and memory. Data from OF (Table 1) indicated
that there were no radiation-induced alterations. In con-
trast, the exploratory behaviour was significantly lower and
the level of anxiety measured was higher in EPM in irra-
diated animals aged 2 months than in controls. These dif-
ferences were not present in animals aged 3 months
(Fig. 3).

We used MWM to determine whether the observed
cellular changes were associated with alterations in hip-
pocampal-dependent spatial memory. The ability of
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Fig. 2 NeuN-positive cells in a,
b CAl-area and a’, b’, ¢’ hilus
(H) and granule cell layer
(GCL) of gyrus dentatus in the
hippocampus of a, a’ control
(C) and b, b’ irradiated (IR)
animals. Magnification: 100x;
¢ number of NeuN-positive cells
in the CAl-area, H and GCL of
the hippocampus of IR and C ’
rats aged 3 weeks (3w), <Y
2 months (2 m) and 3 months

(3 m). Results are expressed as
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Table 1 Activity in the open field of control (C) and irradiated (IR) rats aged 2 and 3 months
Distance (cm)  Average speed of Crossings of the Washing Washing (s) Rearing Defecation
walking (cm/s) centre (counts) frequency (counts) (counts) (counts)
2mC 5,446 £ 618 11.35 £ 1.29 233 £0.71 3.67 £0.42 40.71 £ 17.36  23.00 £ 2.68 4.00 £ 0.82
2mIR 5,357 £ 260 11.27 £ 0.54 1.88 £ 0.44 4.00 £ 1.15 26.19 £ 487 2338 +£239 313+ 1.14
3mC 5813 £ 1,215 11.77 £ 2.59 2+ 1.14 3.6 +1.21 27.82 £9.32 24.6 + 4.48 4+152
3mIR 6,675 £ 910 13.90 £ 1.90 338 £ 1.1 2.88 + 0.74 13.38 £3.75 2625 £4.57 125+ 0.84

There were no significant differences between treatment groups. Results are expressed as mean + SEM

learning and the short-term memory in MWM were not
affected by irradiation. Shortening of escape latency was
recorded with each iteration of the test. The long-term
memory was significantly impaired (P < 0.05) in irradi-
ated animals aged 2 months. Animals needed signifi-
cantly longer time to locate the hidden platform

compared with age-matched controls (Fig. 4a). No sig-
nificant differences were found in animals aged 3 months
(Fig. 4b).

We found a significant linear regression with high cor-
relation of data between the number of NeuN-stained
neurons in hilus and the cognitive performances of
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Fig. 3 a, b Behavioural parameters and ¢ time spent in the open arms
in groups of irradiated (IR) and control (C) rats aged 2 (2 m) or
3 months (3 m) in elevated plus maze measured during a 5-min test.
Results are expressed as mean &= SEM. ***P < 0.001, **P < 0.01,
*P < 0.05

individual animals in MWM at the 3rd trial on day 1
(Fig. 5a) and on day 8 (Fig. 5b).

Discussion

The effects of IR on the foetal development in mammals
has been studied extensively (e.g. by Hamdorf et al.
(1990); Bruni et al. 1993; Sienkiewicz et al. (1999);
Kitamura et al.(2001)) in animal experiments, as well as
in humans exposed to diagnostic or therapeutic radiation
(Donnelly et al. 2011). Bromet et al. (2011) and Shaw
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Fig. 4 Time needed to find the hidden platform in Morri§s water
maze in irradiated (IR) and control (C) rats aged a 2 (2 m) and b 3
(3 m) months tested on the 1st experimental day (1D) during 3
sessions (1T, 2T, 3T) in 3-h intervals and on the 8th experimental day.
Data given as arithmetic mean £ SEM. *P < 0.05

et al. (2011) reviewed the effects of IR on atomic bomb
attack survivors and on the victims of nuclear power
plant accidents. These studies document that relatively
low doses of IR applied during intrauterine development
cause changes in structure and functions of the brain
which persisted into adulthood.

Sensitivity to radiation (dose-response) is markedly
similar among all mammalian species when equivalent
developmental periods are compared (Schull et al. 1990).
The foetus is most susceptible to radiation during organo-
genesis in the period from 5th up to 13th day of gravidity in
mice (Russell and Russell 1954), from 8th to 15th day in
rats (Brent and Gorson 1972; Shaw et al. 2011; Rice and
Barone 2000), which corresponds to 2nd to 7th week after
conception in humans (Williams and Fletcher 2010) as well
as in the early foetal period from 13th to 20th day in mice
(Russell and Russell 1954), from 15th to 20th day in rats
(Brent and Gorson 1972) and from 8th to 15th week after
conception in humans (Williams and Fletcher 2010).

The foetal period (13th—18th day of gestation) in small
rodents represents an active phase of brain development
involving proliferation, migration and differentiation of
cells in cerebral cortex and associated structures, which
corresponds to a period starting with 4th week after con-
ception in humans (Tau and Peterson 2010). Exposure at
this period of development to moderate doses of gamma
radiation can induce permanent deficits in the brain his-
tology, which can adversely affect the learning and mem-
ory in adult age (Hossain et al. 2005).
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Fig. 5 The relationship between the number of NeuN-positive cells
in the hilus of the hippocampus and a the short-term memory
performance in irradiated rats (2 mIR) aged 2 months in 3rd session
on the 1st experimental day (1D3T) given as the time needed to find
the hidden platform in MWM. The linear regression coefficient
b = —0.5799, the correlation coefficient r = —0.8572, P < 0.05;
b the long-term memory performance in 2 mIR on the 8th experi-
mental day (8D), given as the time needed to find the hidden platform
in MWM. The linear regression coefficient b = —2.3614, the
correlation coefficient r = —0.88679, P < 0.01

In our experiments, irradiation of the developing brain
with a very low dose of gamma rays on the 17th day of
embryogenesis caused a marked decrease in the number of
mitotically active cells in SGZ of GD in early phases of
life. We noticed a significant decrease of BrdU-positive
cells in SGZ and in the hilus in rats aged 3 weeks, in
comparison with non-irradiated controls. No significant
differences were observed in animals aged 2 or 3 months.
Tomasova et al. (2012) found no statistically significant
differences in the level of HNG in GD in 3-month-old
irradiated (1 Gy of gamma rays on the 16th day of gra-
vidity) and control rats too. The authors considered this
finding as a result of regeneration processes of the brain
tissue after irradiation with a very low dose of IR. This
conclusion is supported by results of Isono et al. (2012).
They irradiated neural stem cells with X-rays with a dose
of 1 Gy and have seen that the cells stopped proliferation
only temporarily. In contrast, the stem cells ceased prolif-
eration following irradiation with a dose of over 5 Gy. Fan
et al. (2007) also demonstrated that radiation doses of
5-10 Gy could cause persistent reduction in precursor cell
proliferation in GD by more than 90 %.

We observed significant changes in the number of
BrdU-positive cells between the age groups of control
animals. Our results confirm that the mitotic activity of
cells in GD decreases with age. Significant reduction in
proliferative activity with age was also observed by Ben
Abdallah et al. (2008).

In young adult rats, aged 2 months, we found a signif-
icant decrease in the number of mature neurons (NeuN-
positive cells) in CAl region, in hilus and in GCL of the
hippocampus. Since new neurons leaving the SGZ migrate
into the adjacent GCL (Jin et al. 2001), this finding is
consistent with reduced neurogenesis in rats aged 3 weeks.
We also suppose that this reduction could be due to the
irradiation during the sensitive period of intrauterine
development, when intensive differentiation of neuronal
cells runs.

Radiation doses as low as 0.5-1.5 Gy applied on the
14th—17th days of intrauterine development have been
found to significantly reduce the number of neurons in
various parts of the hippocampus (Eliott and Grunberg
2005; Gross 2000; Minamisawa and Hirokaga 1996). In the
experiments of Hossain et al. (2005), the exposure of mice
to 1 Gy at 14th or 17th day of gestation resulted in sig-
nificant decrease in the number of neurons in the CA3 and
CA4 regions of hippocampus, while a dose of 1.5 Gy
significantly affected the CA1 region too. Miki et al. (1999)
also noticed the histological changes in the CA3 region
after prenatal irradiation of rats, but they did not register
any changes in GD and CAIl region. We also did not
observe differences in the number of mature neurons in
animals aged 3 months.

In our work, the decrease in the number of mature
neurons in irradiated rats aged 2 months corresponded with
changes in innate behaviour and with decreased perfor-
mance in spatial memory test.

We tested innate behaviour, that does not require any
laboratory training, in OF and EPM. The data from OF
revealed no radiation-induced alterations. Similarly, Jensh
et al. (1986, 1987) did not observe behavioural changes in
this test in rats irradiated with doses of 0.1, 0.2 and 0.6 Gy
on the 9th and 17th days of pregnancy. In contradiction to
these findings, Tomasova et al. (2012) recorded an increase
in locomotory and exploratory activities in prenatally (16th
day of gravidity) irradiated (1 Gy) rats in OF. Sienkiewicz
et al. (1992, 1999) also observed increased locomotor
activity after exposure to a 1 Gy irradiation dose on the
15th day of gravidity. Exposure on this day produced no
deficit in performance on the spatial task, but caused a
highly significant deficit in the visually cued task. Thus,
increased locomotor activity could be the way how animals
compensated impaired visual ability. Exposure on day 18
produced a highly significant deficit in performance on the
spatial task and an improvement in the cued task. Exposure
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on day 13 produced no significant deficits on either task.
These differential effects on performance appear to be
consistent with radiation-induced insult to different mem-
ory systems within the developing brain. Conversely,
Hossain and Devi (2000) noticed dose-dependent sup-
pression of activities in OF. Baskar and Devi (2000) found
out that prenatally irradiated mice showed a dose-depen-
dent suppression of locomotory and exploratory activities
in OF. These discrepancies may be due to inter-strain
genetic differences, different gestational age at irradiation
and different age at testing. Gestational age at the time of
exposure to IR seems to be the most important factor in
determining the nature of the insult to the developing brain
(Schull and Otake 1999).

In contrast, the exploratory behaviour and locomotor
activity were significantly lower and the level of anxiety
was higher measured in EPM test in irradiated animals
aged 2 months than in controls. Tomasova et al. (2012)
also registered an increase of anxiety in irradiated rats,
expressed by significantly shortening the time spent in the
open arms of the maze. Low level of exploration and
increased anxiety were the reaction of animals to the new,
potentially dangerous environment also in studies of Ra-
mos and Mormede (1998). Measurement of anxiety in
EPM can be influenced by motor activity in as much that a
rat that shows reduced levels of activity will also show
reduced exploration. It is likely that the decreased explo-
ration of the open arms in 2 months aged animals was due
to radiation-induced changes in the level of motoric
activity.

Since cells involved in neurogenesis are extremely
sensitive to low and moderate doses of IR (Tada et al.
2000; Monje et al. 2002; Mizumatsu et al. 2003), reduced
production of new neurons in GD might play a role in
radiation-induced cognitive impairments.

There are evidences that adult neurogenesis has a role in
the learning process (Shors et al. 2001, 2002; Madsen et al.
2003; Raber et al. 2004) and that new neurons produced in
GD of adult rats are required for long-term memory in a
spatial version of the water maze( Snyder et al. 2005).

In our experiment, the reduction of the number of
mature neurons in 2-month aged irradiated animals was
recorded. In this experimental group, also an impaired
long-term memory, manifested as a significant prolon-
gation of time needed to locate the hidden platform in
MWM, was observed. There is a possibility that these
records are associated with decreased exploratory
behaviour and increased anxiety observed in these ani-
mals. One of the possible explanations of impairment
function of GD and CA1l region may be a reduction of
neuronal progenitor cells by IR and its consequent
impact on the neuronal population of granular and
pyramidal neurons.
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Baskar and Devi (1996, 2000) showed that very low
doses (0.25-0.50 Gy) of gamma rays applied during sen-
sitive phases of intrauterine development (11.5, 12.5, 14.5
or 17.5 day of gravidity) cause learning disorders and
memory dysfunctions in mice and that the intensity of
damage increases with the dose of radiation and was higher
during the late organogenesis (11.5 and 12.5 day of
gravidity).

In the study of Tomasova et al. (2012), the prenatal
irradiation negatively influenced the short-term spatial
memory of rats in MWM, although the long-term memory
was not impaired. Sienkiewicz et al. (1999) also observed
the spatial memory deficits when irradiated mice with 1 Gy
of gamma rays on the 18th day of intrauterine develop-
ment. Neurogenesis in the hippocampus of rodents, espe-
cially in GD, runs intensively on this day of gravidity
(Rodier 1980). Takai et al. (2004) and Zhang et al. (2007)
recorded the significant memory impairment in MWM in
rats aged 2 months irradiated on the 15th day of embryonic
development with 1.5 Gy. Jensh et al. (1986, 1987)
observed no significant alterations in MWM-behaviour of
rats aged 2 months irradiated on the 9th and 17th days of
gestation with doses in a range of 0.1-0.6 Gy. These doses
of radiation appeared to have been probably too low to
damage mitotically active cells and mature neurons.
However, when they used the dose of 2 Gy on the 17th day
of gestation, morphological and behavioural changes were
recorded (Jensh et al. 1995).

In addition, we found a significant direct relationship
between the number of NeuN-positive cells in the hilus of
hippocampus and the spatial memory in MWM. Yan et al.
(2007) also detected a significant correlation between these
parameters. Hilus belongs to one of the layers of GD,
which is believed to be involved in learning and memory.
Loss of hilus neurons in old people has been linked to the
decline in relational memory (West 1993). Thus, our
present data, along with the findings of other investigators
(Sienkiewicz et al. 1999; Rola et al. 2004; Monje 2008),
suggest that radiation-induced spatial memory impairment
may be due to the hippocampal neuronal injury or neuro-
degeneration caused by irradiation.

In parallel, both the neuronal changes in hippocampus
and changes in behavioural parameters disappeared with
age. We recorded the increment in the total number of
neurons in irradiated rats aged 3 months compared with the
rats aged 2 months. We can hypothesize that if prenatal
irradiation caused the loss of neural precursor cells, this
could be compensated by production of new neurons in the
process of HNG in GD or regeneration process in CAl
region later during the life. These processes may also be
interconnected. It has been shown that neurogenesis may
respond to various pathological stimuli. Damaged brain
regions, whether neurogenic or not, may be able to initiate
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regeneration processes (Thompson et al. 2008). Patholog-
ical changes within the hippocampal trisynaptic circuit can
stimulate neurogenesis after acute injury of the hippo-
campus (Kuhn et al. 1997). Chronic icv infusions of bFGF
and EGF greatly enhanced the potential of endogenous
progenitors to proliferate in response to injury and the cells
regenerated into CA1 pyramidal neurons. The regenerated
neurons were integrated into the neural circuitry as they
received afferences, projected onto their normal target, the
subiculum, and reversed the deficits in cognitive functions
(Nakatomi et al. 2002). This constitutes the most impres-
sive example of network reconstruction leading to behav-
ioural recovery that takes advantage of adult endogenous
neurogenesis. In summary, enhancement of neurogenesis in
the DG and other brain regions may compensate for dis-
connected circuits that occur after injury and contribute to
the improvement of functional outcome (Abrous et al.
2005). Analyses made at different ages could show there-
fore different stages of these processes in the brain tissue.

Our results show that a dose of radiation as low as 1 Gy
received during the sensitive phase of brain development
can cause an impairment of the postnatal development of
mental functions.
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