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Summary
Background: Ionizing radiation induces altered brain tissue homeostasis and can lead to 
morphological and functional defi cits. The aim of the present study was to investigate the 
short-term and long-term eff ect of ionizing radiation on cell population resides adult rat hippo-
campus. Materials and Methods: Adult male Wistar rats received whole- brain irradiation with 
fractionated doses of gamma rays (a total dose of 20 Gy) and were investigated 30 and 100 days 
later. A combination of Fluoro-Jade C histochemistry for visualization of degenerating neu-
rons, immunohistochemistry for detection of astrocytes and confocal microscopy were used to 
quantify the neurodegenerative changes in the hippocampal dentate gyrus and CA1 subfi eld. 
Results: A signifi cant increase of Fluoro-Jade C labelled neurons was seen in both of investi-
gated areas through the whole experiment, predominantly 30 days after irradiation. Non- sig-
nifi cant decrease of GFAP- immunoreactive astrocytes was found in the hippocampal dentate 
gyrus and CA1 subfi eld until 100 days after irradiation. Conclusion: Our recent results showed 
that radiation response of cell types resides the adult hippocampus may play contributory role 
in the development of adverse radiation-induced late eff ects.
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Súhrn
Východiska: Ionizujúce žiarenie ovplyvňuje tkanivovú homeostázu a môže viesť k jeho mor-
fologickému a funkčnému poškodeniu. Cieľom štúdie bolo skúmať krátkodobé a dlhodobé 
účinky ionizujúceho žiarenia na populáciu buniek osidľujúcu hipokampus dospelého potkana. 
Materiál a metódy: Dospelým samcom potkanov kmeňa Wistar sme ožiarili cranium frakciono-
vanou dávkou gama žiarenia (celková dávka bola 20 Gy) a vyšetrovali 30 a 100 dní po expozícii. 
Pomocou histochemickej metodiky Fluoro-Jade C na dôkaz degenerujúcich neurónov, imuno-
histochemického farbenia na detekciu astrocytov a konfokálnej mikroskopie sme kvantitatívne 
hodnotili neurodegeneratívne zmeny v gyrus dentatus a oblasti CA1 hipokampu. Výsledky: 
V obidvoch vyšetrovaných oblastiach sme zistili signifi kantný nárast počtu Fluoro-Jade C zna-
čených neurónov, predovšetkým v skupine prežívajúcej 30 dní po ožiarení. Počet GFAP-imuno-
reaktívnych astrocytov sa počas celého experimentu znížil len nepatrne. Záver: Naše súčasné 
výsledky poukazujú na to, že postradiačná odpoveď populácie buniek, ktorá tvorí hipokampus 
môže zohrávať úlohu vo vývoji neskorých postradiačných prejavov, ktoré sú z hľadiska pro-
gnózy veľmi nepriaznivé.
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Backgrounds

The hippocampus is a  brain structure 
which belongs to the limbic system and 
lies under the medial temporal lobe, one 
on each side of the brain. It is grouped 
with other adjacent structures, including 
the dentate gyrus (DG), subiculum and 
entorhinal cortex forming a  structure 
called the hippocampal formation. The 
hippocampus is associated mainly with 
long-term memory and plays an impor-
tant role in spatial navigation. Animal 
experiments investigating the eff ects of 
hippocampal damage have previously 
suggested that the damage causes hy-
peractivity and may aff ect the ability to 
inhibit responses that have previously 
been learned.

The subgranular zone (SGZ) is one 
of the two brain regions, where neural 
stem cells continuously self- renew and 
diff erentiate into neurons in a  process 
called neurogenesis. SGZ is a  narrow 
layer of cells located between the gra-
nule cell layer (GCL) and hilus of the DG.
Progenitor cells of the SGZ migrate into 
adjacent GCL where they establish ma-
ture morphological and functional 
characteristics [1].

As a region of ongoing neurogenesis, 
the SGZ of the hippocampal DG is sen-
sitive to therapeutic doses of radiation. 
Fractionated whole- brain irradiation ini-
tiate vascular structural changes, micro-
glial activation, enhanced expression of 
astrocytes, loss of oligodendrocyte type 2
astrocyte (O- 2A), high expression of in-
flammation-related molecules (cyclo-
oxygenase –  Cox, intercellular adhesion 
molecule- 1 –  ICAM-1, tumor necrosis fac-
tor alpha –  TNFα), changes in expression 
of several immediate- early genes (IEG), 
reduced expression of glutamatergic 
N- methyl- D- aspartic acid (NMDA) recep-
tor subunits up to six months post-irra-
diation [2– 8] and ultimately led to tissue 
necrosis  [9]. These changes have been 
associated with cognitive defi cits i.e., the 
defi cits in learning, memory, and spatial 
information processing ability.

In the present study, we investigated 
the short-term and long-term eff ect of 
fractionated irradiation (total dose of 
20  Gy) on distribution of cell- specific 
types housed the hippocampus of rats, 
survived 30 and 100 days after exposure.

Materials and methods

Animals

Adult Wistar male rats (n  =  26) (Velaz, 
Prague, Czech Republic) 3– 4 months old 
at the start of the experiment and weigh-
ing approximately 368 g were used in 
this study. The animals were hous ed in 
a climate controlled conditions (tempe-
rature of 22– 24 °C, light –  controlled en-
vironment with 12/ 12 hours light/ dark 
cycle). The methods for animals use 
were approved by the Animal Care and 
Use Committee, Jessenius Faculty of 
Medicine in Martin, Comenius Univer-
sity in Bratislava, Slovak Republic (EC 
1493/ 2014 for animal experiments).

Irradiation protocol

For the irradiation procedure, the ani-
mals were lightly anesthetized by 
i.p. injection of ketamine hydrochlo-
ride (1– 2 ml/ kg body weight) and by 
s.c. injection of xylazine hydrochloride 
(0.1– 0.2 ml/ kg body weight). The rats 
received whole- brain irradiation using 
a  60Co source (apparatus TERAGAM 
02 UJP, Prague, Czech Republic). Irradia-
ted rats received 20 Gy of gamma rays 
(5 Gy × 4) given at seven day intervals 
and the animals survived 30 (n = 5) and 
100  days (n  =  8) after the last fraction 
dose. Control animals were euthanized 
at 30 (n = 6) and 100 days (n = 7) after 
sham irradiation.

Tissue processing

Animals were overdosed by i.p. injection 
of ketamine and s.c. injection of xyla-
zine followed by a transcardial perfusion 
with saline and 4% paraformaldehyde in 
0.1 M phosphate buff er (PB). Brains were 
removed from the skull, immersed over-
night in the same fi xative at 4 °C and pla-
ced in 30% sucrose for 18 hours. Samples 
were hemisected in the midline, covered 
with embedding medium (Killik, Bio Op-
tica, Milano, Italy) and immediately fro-
zen by rapid cooling boost in a cryobar 
(Shannon Cryotome E, Thermo Scientifi c 
Waltham, MA, USA). Serial sagittal 30 μm 
frozen sections were cut, collected on ly-
sine coated slides and air- dried.

Cresyl violet staining

The sections were dehydrated through 
descending grades of alcohol (95%, 

70%, 50%, resp.) and brought to dis-
tilled water. The slides were then im-
mersed in cresyl violet staining solution 
for 20 minutes and washed again in dis-
tilled water. After dehydration through 
ascending grades of alcohol (50%, 70%, 
95%, 100%, resp.), the sections were im-
mersed two times in xylene solution 
for 5 minutes each and fi nally cover- sli-
pped with an Entellan (Merck Millipore, 
Germany).

Fluoro-Jade C histochemistry

The slides were fi rst oven dried for 30 mi-
nutes at 55  °C, then rinsed in ethanol 
(100%, 70%, resp.), distilled water and 
incubated in 0.06% KMnO4  for 15  mi-
nutes. The slides were then transferred 
for 2 hours to 0.0001% solution of Flu-
oro-Jade C dye (Histochem, Jeff erson, 
AR, USA) dissolved in 0.1% acetic acid ve-
hicle. After rinsing through three chan-
ges of distilled water, the slides were 
cover- slipped with Fluoromount (Serva, 
Heidelberg, Germany).

Immunohistochemistry

To minimize non-specifi c binding of the 
secondary antibody, sections were incu-
bated for 1 hour at room temperature (RT)
in goat blocking solution (10% goat 
serum, 1% BSA, 0.5% Tween 20 in PBS) 
and then covered overnight at 4 °C with 
mouse anti-glial fi brillary acidic protein, 
a selective marker for astrocytes (GFAP; 
1 : 500, Cell Signaling Technology, Dan-
vers, MA, USA). After rinsing, the sections 
were incubated for 2  hours at RT with 
goat anti-mouse secondary antibody 
labelled with Alexa Fluor 488  or Alexa 
Fluor 594 (1 : 100, diluted in 0.3% Triton 
X- 100 and 1 % BSA in PBS, Invitrogen- Mo-
lecular Probes, Carlsbad, CA, USA). 
The nuclei were counterstained with 
4‘,6- Diamidino- 2- phenylindole (DAPI) 
and finally cover- slipped with Fluoro-
mount (Serva). The slides were viewed 
with an Olympus FluoView FV10i con-
focal laser scanning microscope (Olym-
pus, Japan), objective of 10× equipped 
with Alexa Fluor 488 (excitation: 499 nm; 
emis sion: 520 nm) or Alexa Fluor 594 (ex-
citation: 590 nm; emission: 618 nm) and 
Olympus BX41N microscope (Olympus). 
The image capture was performed with 
Olympus Fluoview FV10- ASW software, 
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CA1 subfi eld and str. granulosum of the 
DG. The green or red fl uorescent somas 
and processes of GFAP immunoreactive 
astrocytes (GFAP- IR) were counted in 
the layers adjacent to principal neuronal 
layers of the CA1 and DG. The values of 

Quantitative image analysis

Cell counting was performed in the hip-
pocampal DG and cornu ammonis 1 sub-
fi eld (CA1). The green fl uorescent somas 
of Fluoro-Jade C labelled neurons were 
counted in the stratum pyramidale of the 

version 02.01  (Olympus), Quick Photo 
Micro software, version 2.3  (Promicra, 
Prague, CR) and further processed in 
Adobe Photoshop CS3  Extended, ver-
sion 10.0 for Windows (Adobe Systems, 
San Jose, CA, USA).

Fig. 1. Cresyl violet stained photomicrographs of the sagittal sections through the hippocampus of adult control rat composed of 

two regions: the dentate gyrus and subfi elds of the cornu ammonis region: CA1 and CA3 (A). The lines showed the subgranular zone 

(SGZ), a narrow layer between stratum granulosum and the hilus. (A) Detail of the CA layers (from inside-out): stratum radiatum (sr), 

str. lucidum (sl), str. pyramidale (sp), and str. oriens (so) and the DG layers: str. moleculare (sm) and str. granulosum (sg) (B). 

Scale bars: A = 500 μm; B = 200 μm.

Fig. 2. Photomicrographs of the sagittal sections through the hippocampus of adult rats showing the principal layers of the CA1 sub-

fi eld and the DG: str. pyramidale (sp) and str. granulosum (sg), resp. Fluoro-Jade C histochemical method for detection of degenerat-

ing and dying neurons (green fl uorescent somas) in control group (A, B) and in the brain of rats, investigated 30 and 100 days after 

fractionated irradiation (Irr-30, Irr-100) (C–F) with the total dose of 20 Gy of gamma rays. 

Scale bars: A–F = 50 μm.

A

A

B

B
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using GraphPad Prism software, version 
6.01 for Windows (La Jolla, CA, USA).

Results

Cresyl violet staining

To obtain the basic histology of investi-
gated areas, the Cresyl violet stain-

Statistical analysis

Data were analyzed using one- way ana-
lysis of variance (ANOVA) followed by 
a  Tukey- Kramer test comparison and 
presented as mean  ±  standard error 
(SEM). Statistical signifi cance was set at 
p  <  0.05. All analyses were performed 

GFAP- IR cells counted in all layers were 
summarized and averaged. The quan-
titative analysis was performed using 
ImageJ software (National Institutes of 
Health, Bethesda, MD, USA), a  public 
domain image processing and analysis 
program.

Fig. 2 – continuing. Photomicrographs of the sagittal sections through the hippocampus of adult rats showing the principal layers of 

the CA1 subfi eld and the DG: str. pyramidale (sp) and str. granulosum (sg), resp. Fluoro-Jade C histochemical method for detection 

of degenerating and dying neurons (green fl uorescent somas) in control group (A, B) and in the brain of rats, investigated 30 and 

100 days after fractionated irradiation (Irr-30, Irr-100) (C–F) with the total dose of 20 Gy of gamma rays. 

Scale bars: A–F = 50 μm.

C

E

D
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rons of the DG still displayed signifi cant 
immunoreactivity (28 ± 3.96 vs. Ctrl: no 
cells; p < 0.001); however, their overall 
numbers in both of treated groups were 
lower than in the CA1 subregion.

GFAP- immunoreactive astrocytes

In both radiation-treated groups, we 
found only slight changes in cell density 
of GFAP- IR astrocytes (Fig. 3A–F). Thirty 
days after irradiation, there was an ex-
pressive decrease in the CA1  subfield 
(171.86  ±  54.16/ cm2  vs. Ctrl: 347  ±  55) 
and virtually no decrease in the DG 
(226.75 ± 24.91 vs. Ctrl: 246.33 ± 25.17). 
The following group of animals, investi-
gated 100 days after treatment, showed 
more profound decrease in the CA1 sub-
field (279.83  ±  64.5) than in the DG 
(223.60 ± 46.83).

Discussion

Investigation of brain in course of 
100 days after whole- brain fractionated 
irradiation showed expected massive 
appearance of Fluoro-Jade C labelled 
neurons in the principal neuronal layers 

(rough endoplasmic reticulum) appears 
dark blue due to the staining of riboso-
mal RNA, giving the cytoplasm a granu-
lar appearance.

Fluoro-Jade C- labelled neurons

Population of neurons housed the hip-
pocampal DG and CA1 subfi eld under-
went significant changes in both 
of treated groups (Fig. 2A– F). Num-
bers of Fluoro-Jade C labelled neu-
rons increased predominantly in the 
brains of animals, survived 30  days 
after irradiation in the str. pyramidale 
of CA1 (Irr- 30: 66.53 ± 5.24/ cm2 vs. Ctrl: 
no cells; p  <  0.001). Granular neurons 
of the DG significantly increased as 
well (Irr- 30: 32.62 ± 3.9 vs. Ctrl: no cells; 
p < 0.001). In the brains of rats that sur-
vived 100 days after radiation treatment, 
the numbers of Fluoro-Jade C labelled 
neurons in the CA1  area were signifi-
cantly lower than in previous treated 
group (Irr- 100: 46.85  ±  4.88  vs. Irr- 30: 
66.53  ±  5.24; p  <  0.01), however, still 
higher than control values (Irr- 100  vs. 
Ctrl: no cells; p  <  0.001). Granule neu-

ing was performed on the sagittal sec-
tions taken from control animals. The 
hippocampus is divided into two re-
gions, the DG and CA. The CA is a curved 
structure forming a “U” enchased in the 
DG (Fig. 1A, B). The inside portion of the 
DG is known as the hilus. The DG and CA 
are each composed of the main cellular 
layers: the granule and pyramidal cell la-
yers. From inside- out, the layers or strata 
of the DG are: the polymorphic layer, 
the  stratum granulosum and str. mole-
culare. The neurogenic SGZ is a narrow 
layer of cells located between the GCL 
and hilus of the DG [10].

From inside- out, the strata of the CA 
are: the str. moleculare, str. lacunosum, 
str. radiatum, str. lucidum, str. pyrami-
dale, str. oriens and the alveus. The GCL 
or str. granulosum of the DG contain the 
somas of the granule cells and the pyra-
midal cell layer or str. pyramidale of the 
CA1 subfi eld contain triangular- shaped 
somas of pyramidal neurons. Cresyl vio-
let as a  type of a  Nissl stain colors the 
somas of neurons and dendrites, but 
absent in axons. The Nissl substance 

Fig. 3. Photomicrographs of the sagittal sections through the hippocampus of adult rats showing the principal layers of the CA1 sub-

fi eld and the DG: str. pyramidale (sp) and str. granulosum (sg), resp. immunofl uorescent staining for detection of glial fi brillary acid 

protein (GFAP) (red or green fl uorescent somas and processes, counterstained with blue DAPI nuclear dye), marker for mature astro-

cytes in control group (A, B) and in the brain of rats, investigated 30 and 100 days after fractionated irradiation (Irr-30, Irr-100) (C–F) 

with the total dose of 20 Gy of gamma rays. 

Scale bars: A–F = 50 μm.

A B
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and newer dyes, Fluoro-Jade B and Fluo-
ro-Jade C, were found to stain all dege-
nerating neurons regardless of cause of 
cell death. Fluoro-Jade dyes stains the 
somas, dendrites, axons and axon ter-
minals of degenerating neurons, but 

perimental models of neurotoxic in-
sults  [11]. Neurodegenerative changes 
induced by neurotoxicants (kainic acid, 
ibogaine, iron and manganese salts etc.) 
were systematically examined by this 
fl uorochrome  [11,12]. The Fluoro-Jade 

of the hippocampal DG and CA1  sub-
fi eld (Graph 1A, B). About 20 years ago, 
a novel fl uorochrome, Fluoro-Jade, was 
demonstrated to be a high-affi  nity tra-
cer detecting neuronal degeneration 
and successfully used at various ex-

Fig. 3 – continuing. Photomicrographs of the sagittal sections through the hippocampus of adult rats showing the principal layers 

of the CA1 subfi eld and the DG: str. pyramidale (sp) and str. granulosum (sg), resp. immunofl uorescent staining for detection of glial 

fi brillary acid protein (GFAP) (red or green fl uorescent somas and processes, counterstained with blue DAPI nuclear dye), marker for 

mature astrocytes in control group (A, B) and in the brain of rats, investigated 30 and 100 days after fractionated irradiation (Irr-30, 

Irr-100) (C–F) with the total dose of 20 Gy of gamma rays. 

Scale bars: A–F = 50 μm.
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initial exposure [15– 20]. Diff erent dyna-
mics of proliferation strongly depends 
on techniques used for radiation deli-
very. Cellular response to single expo-
sure is rapid and massive, within hours 
after treatment, whereas the fractiona-
ted response is delayed and surpassed 
the end of radiation treatment. With 
a  fractionated irradiation application, 
the first dose attacks predominantly 
the active proliferating cells and cell 
death occurs several hours later. Apop-
tosis is replaced by restoration of mi-
totic activity as response to cell death, 
and the subsequent dose kills the cells 
that began to proliferate either sponta-
neously or in response to the cell loss 
of the previous day  [21]. Since we did 
not perform colocalization of proliferat-
ing and degenerating cells within the 

maining FJ- B- positive/ TUNEL- negative 
cells are in an early phase of apoptosis, 
or are in fact necrotic [13].

In our experiment, the steep inc-
rease in rate of neurodegeneration was 
more evident in the group investigated 
30 days after irradiation. This fact is par-
ticularly comparable with our previous 
fi nding about increased apoptosis in the 
neurogenic subvetricular zone- olfactory 
bulb axis (SVZ- OB axis) of rats investiga-
ted up to three months after fractiona-
ted irradiation  [14]. Experiments done 
before showed, that single irradiation 
with various radiation doses (2– 10 Gy) 
dramatically increased the numbers of 
apoptotic cells in the hippocampal DG 
3– 6 hours after exposure. Although the 
extent of apoptosis later decreased, it re-
mained unchanged for 1– 9 months after 

do not stain healthy neurons. However, 
the mechanism by which Fluoro-Jade 
dyes labels degenerating neurons is un-
known. Despite this fact, this relatively 
simple method is comparable to the tra-
ditional methods, such as silver staining.

It is probable that this dye could also 
label cells undergoing apoptosis, a spe-
cialized form of neuronal degenera-
tion. Examination of the relationship 
between Fluoro-Jade B (FJ- B) positivity 
and terminal deoxynucleotidyl transfe-
rase- mediated dUTP nick end labelling 
(TUNEL) stained apoptotic cells revea-
led higher numbers of FJ- B labelled cells 
then TUNEL labelled cells and only mi-
nority of cells displayed colocalization. 
Since a small fraction of all FJ- B neurons 
were double-labelled by TUNEL, it is not 
clear whether a  large proportion of re-
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Graph 1. Distribution of Fluoro-Jade C labelled (A, B) and GFAP-immunoreactive (GFAP-IR) (C, D) cells in the hippocampal DG and 

CA1 subfi eld of control and irradiated rats investigated 30 and 100 days after fractionated irradiation (Ctrl, Irr-30, Irr-100; x ± SEM). 

Statistical signifi cance of diff erences between control and irradiated group and between the irradiated animals: **p < 0.01; ***p < 0.001.
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pus did not show expressive changes 
in course of experiment (Graph 1C, D).
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a relatively low decrease in the numbers 
of GFAP- IR cells, more evident at 30 days 
after treatment. This is in discrepancy 
with our previously published studies 
that revealed strong short and long last-
ing astrocytic response after fractiona-
ted irradiation with low overall doses 
(3, 4 Gy) [14,28]. Brain lesions generally 
increase SVZ neurogenesis or gliogene-
sis and cause SVZ cell emigration to ec-
topic locations [29]. Regarding glial cell 
fate after radiation treatment, radiation 
injury can preserve production of glial 
progenitor cells; however, radiosensiti-
vity seems to be dependent on the cell 
type. Previous studies reported higher 
radiosensitivity of oligodendrocytes and 
astrocytes appeared to be relative resis-
tant  [17,30– 32]. Several studies repor-
ted that radiation causes activation of 
astrocytes (reactive gliosis) and micro-
glial cells at least six months after frac-
tionated treatment  [2,4,33]. According 
to our current fi ndings and results ob-
tained on a similar topic from other la-
boratories [4,17,20,34] we can specula-
ted, that observed changes seems to be 
associated rather with a lower radiosen-
sitivity of glial cells. Since this conclusion 
does not suffi  ciently explain the reason 
of such a weak astrocytic response, addi-
tional studies need to be performed to 
determine the presence of pro-infl am-
matory and anti-inflammatory me-
diators, which are elevated after brain 
injury [35].

Conclusion

Obtained results confi rm previous fi nd-
ing about radiation induced neurode-
generative changes in the hippocampal 
principal neuronal layers and potential 
risk of development of late pathomor-
phological and cognitive adverse symp-
toms. Taking into account that the most 
important factor in radiation oncology is 
a dose-tolerance limit for normal tissue 
to therapeutic radiation, outputs taken 
from animal studies should be crucial 
for development of novel therapeutic 
approaches. Therefore, it is necessary to 
create prevention strategies to avoid irre-
versible eff ects in clinical radiotherapy.
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the recruitment of a relatively quiescent 
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CA3 show ed that proliferating cells with 
neuronal features in the str. pyrami-
dale are susceptible to irradiation  [22]. 
The persistence of dying neurons up to 
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