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Cranial irradiation inhibits hippocampal
neurogenesis via DNMT1 and DNMT3A
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Abstract. Impairment of neurogenesis in the hippocampus
following whole-brain irradiation is the most important
mechanism of radiation-induced cognitive dysfunction.
However, the underlying mechanism remains obscure,
meaning an ideal therapeutic target has not been identified.
Evidence indicates that DNA methylation in neurons regulates
synaptic plasticity and neuronal network activity. In the present
study, the expression of DNA methyltransferases (DNMTs) in
the hippocampus was analyzed to investigate their potential
function in radiation-induced neurogenesis impairment.
Sprague-Dawley rats were used throughout the present study,
apportioned to the following groups: Control, radiation
only, zebularine (a DNMT inhibitor) only, and radiation and
zebularine together. Immunofluorescence staining revealed
that radiation inhibited cellular proliferation and dendritic
growth within new neurons of the hippocampus. In addition,
western blot analysis demonstrated lower expression levels of
DNMTI1 and DNMT?3A protein following radiation treatment
compared with that in the non-irradiated control. Furthermore,
compared with the radiation-only group, the radiation and
zebularine group had significantly lower cell proliferative
abilities, dendritic growth, and DNMT1 and DNMT3A
protein levels. The results of the present study indicated that
DNMTI1 and DNMT3A may be involved in the pathogenesis
of whole-brain radiation-induced neurogenesis impairment.

Introduction

Radiation therapy has long been an indispensable treatment
for head and neck cancer, and primary and secondary brain
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tumors, which may provide long-term survival benefits for
patients (1-3). However, acute and chronic radiation-induced
cognitive impairment is a major reason for limiting radio-
therapeutic dosage (2,4). This cognitive impairment has a
diverse character, but is typically comprised of deficits in
hippocampal-dependent functions, such as learning, memory
and spatial information processing (5). Numerous studies have
demonstrated that irradiation-induced cognitive impairments
are associated with decreases in neurogenesis within the
hippocampus (5-7).

Granule neurons in the dentate gyrus, which are generated
throughout life, subsequently become functionally integrated
into the hippocampal circuitry (8). Axons and dendrites are
the anatomical bases of synaptic contact (9,10). In humans,
progenitor cells in the dentate gyrus are particularly vulnerable
to ionizing radiation, even at low doses (11). Irradiation has
been demonstrated to reduce the number of proliferating cells
in the dentate gyrus of rodents (12); however, the mechanism
underlying the neurotoxic effects of radiation has not been
definitively identified.

Epigenetic mechanisms, including histone modifications
and DNA methylation, appear to contribute to the expression of
neuronal genes involved in learning and memory within mouse
models; however, there is evidence that histone deacetylase
inhibitors promote the recovery of learning and memory (13).
A previous study determined that whole-brain irradiation
(WBI) was associated with cognitive deficit in Sprague Dawley
rats, a reduction in histone H3 acetylation in the hippocampus
and the long-term impairment of neurogenesis in the dentate
gyrus (7). However, the function of DNA methylation in the
adult nervous system remains unclear.

Epigenetic alterations via DNA methylation are associ-
ated with synaptic plasticity, learning and memory (14). DNA
methylation, which is catalyzed by DNA methyltransferase 1
(DNMT1), DNMT3A and DNMT3B, prevents the binding of
transcription factors to promoter sequences (15). DNA meth-
ylation in adult neurons may be crucial for the transcriptional
regulation of genes involved in memory formation (16).
Evidence indicates that DNA methylation in neurons regu-
lates synaptic plasticity, as well as neuronal network activity.
A prior study demonstrated that DNMT1 and DNMT3A
double-knockout mice revealed abnormal long-term synaptic
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plasticity in the hippocampal CAl region, leading researchers
to conclude that these DNA methyltransferases are required
for synaptic plasticity, learning and memory (17). In addi-
tion, DNMT3A overexpression increased the dendritic spine
density of nucleus accumbens neurons in mice (18). These
findings indicated that DNMTs may be crucial to hippo-
campal-dependent memory consolidation and neurogenesis
in the dentate gyrus. However, alterations in DNMT1 and
DNMT?3A that may occur following radiation require further
investigation.

The present study evaluated the effects of WBI on the
protein expression levels of DNMT1, DNMT3A and DNMT3B
in the hippocampus, and investigated whether these effects
were associated with the radiation-induced impairment of
neurogenesis.

Materials and methods

Study design. Sprague Dawley rats were randomly apportioned
to the following treatment groups (n=10/group): Control,
radiation only, zebularine only, or radiation combined with
zebularine (radiation + zebularine). A total of 5 rats were used
for immunofluorescence staining and 5 rats were used for
western blot.

Each rat received a twice-daily intraperitoneal injec-
tion of bromo-deoxyuridine (BrdU; 50 mg/kg body weight;
Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) for 4 days
prior to radiation exposure. Then, rats in the radiation only
group and the radiation + zebularine group received whole brain
irradiation. Rats of the zebularine-only and radiation with zebu-
larine groups received zebularine (20 mg/kg, Sigma-Aldrich;
Merck KGaA) intracoelomic injection with a fine needle via
the skin following irradiation. All rats were sacrificed on day
7 following radiation exposure. Immunofluorescence staining
and western blotting were used to investigate the effects of
WBI on cell proliferation, dendritic growth, and DNMT1 and
DNMTS3A protein levels.

Animals. A total of 40 healthy male Sprague-Dawley rats
(150-200 g) were obtained from the Medical Experimental
Animal Center of Soochow University (Suzhou, China). All
the rats were housed together, 3-4 animals per cage, at ~24°C,
with ad libitum access to tap water and food. They were kept
under natural light in 12 h cycles. The procedures involving
animals and their care were conducted in accordance with
the Soochow University Medical Experimental Animal
Care Guidelines, which comply with national policies for
the ethical use of animals (Regulation of the Administration
of Laboratory Animals, order no. 638 of the State Council).
The present study was approved by the Ethics Committee of
the National Drug Clinical Trial Institution of The Second
Affiliated Hospital of Soochow University (Suzhou, China).

Radiation procedure. For radiation treatment, rats were
anesthetized with an intraperitoneal injection of 1 ml/100 g
(360 mg/kg body weight) chloral hydrate, and placed in a
prone position in a linear accelerator (SL 18, Philips UK Ltd.,
Guildford, UK). Each rat in the radiation-only group and the
radiation + zebularine group received a single dose of 10 Gy
from a 4-MeV electron beam, as described previously (7,19).
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Drug treatments. Prior toradiation treatments,each ratreceived
an intraperitoneal injection of BrdU; 50 mg/kg body weight;
Sigma-Aldrich; Merck KGaA), twice daily at 8 h intervals, for
4 days. The DNA methylation inhibitor zebularine was first
dissolved in dimethyl sulfoxide, and then diluted in saline. A
dose of 20 mg/kg was administered by intracoelomic injection
with a fine needle via the skin; this dose was non-toxic and did
not affect the general condition of the rats in the present study.
All the animals were sacrificed 7 days after WBI.

Immunohistochemistry. Rats were deeply anaesthetized with
an intraperitoneal injection of 1 ml/100 g (360 mg/kg body
weight) chloral hydrate 7 days after WBI. Then, they were
treated with 100 ml 0.9% NacCl via transcardial reperfu-
sion at 4°C to flush out the blood, immediately followed by
500 ml 4% paraformaldehyde (PFA) in PBS at 4°C for 30 min
(pH 7.4). Brains were then carefully extracted, placed in 4%
PFA for overnight fixation at 4°C and then transferred to 30%
sucrose at 4°C until embedding. Subsequently, brain tissues
(30-mm-thick frozen sections) were cut using a cryostat.
Immunofluorescence staining was conducted in accordance
with previously described procedures (7). Briefly, the sections
were treated with 2 M HCI at 37°C to denature DNA and then
washed in 1X Tris-buffered saline pH 8.5 to neutralize the acid.
The sections were then incubated in 5% bovine serum albumin
(Beyotime Institute of Biotechnology, Haimen, China) and 5%
Triton X-100 in PBS for 1 h at room temperature.

Tissue sections were incubated with primary antibodies at
4°C for 24 h, followed by a fluorescent secondary antibody for
2 h; the tissues were then washed in PBS 3 times. Cell nuclei
were stained with DAPI (Beyotime Institute of Biotechnology)
at room temperature for 5 min prior to mounting on glyc-
erol-treated slides. Analysis of tissue staining was performed
using a confocal laser-scanning microscope (Olympus
Corporation, Tokyo, Japan) with x10 objective. The excitation
wavelength was as follows: Green, 495 nm; red, 590 nm and
blue, 358 nm.

The antibodies and working concentrations of primary
antibodies were: Rat anti-doublecortin (DCX; 1:100; cat
no.D9818; Sigma-Aldrich; Merck KGaA); mouse anti-neuronal
nuclear antigen (NeuN; 1:50; cat no. mab377; Chemicon;
Merck KGaA); and rat anti-BrdU (1:500; cat no. B8434; Merck
KGaA). The fluorescent secondary antibodies and working
concentrations were: Alexa Fluor-488 goat anti-mouse
(1:500; cat no. A11001; Invitrogen; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) and cy3 goat anti-rat (1:500; cat
no. 111-165-144; Jackson ImmunoResearch Laboratories, Inc.,
West Grove, PA, USA).

Western blotting. Rats were sacrificed 7 days post-WBI.
Western blotting was conducted by deeply anesthetizing rats
with an intraperitoneal injection of 1 ml/100 g (360 mg/kg
body weight) chloral hydrate. Following the loss of the righting
reflex, animals were stunned and the carotid artery and spinal
cord was severed using sharp scissors. Brains were excised and
transferred to ice-cold PBS, rinsed carefully, and dissected
under a stereomicroscope under cold conditions with ice-cold
PBS. The hippocampus of each hemisphere was separately
analyzed, gently rinsed in ice-cold PBS and snap-frozen in
liquid nitrogen.
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Western blotting was performed as previously described (7).
The integrated densities of each band were quantified using
ImageJ Software (version 2006.02.01; National Institutes of
Health, Bethesda, MD, USA). Numerous exposures were
obtained for each immunoblot to ensure that densitometry
was performed on images captured within the linear expo-
sure range. The primary antibodies and their dilutions were
as follows: Mouse anti-DNMT 1 (1:1,000; cat no. ab13537,
Abcam, Cambridge, UK); mouse anti-DNMT3A (1:1,000;
cat no. ab13888; Abcam); mouse anti-DNMT3B (1:2,000; cat
no. ab13604; Abcam) and anti-3-actin (1:10,000; cat no. A5316;
Sigma-Aldrich; Merck KGaA). The secondary antibodies used
were goat anti-mouse horseradish-peroxidase HRP (1:10,000;
cat no. 58307; Jackson ImmunoResearch Laboratories, Inc.).

Quantitative analysis. Stained tissue sections were evaluated
by confocal microscopy, with split panel and z-axis analysis.
Cell counts were evaluated in 5-10 tissue sections per rat
using a multi-channel configuration with a x10 objective lens
and x10 eyepiece. The cell counts were limited to regions in
the granule cell layer and hilus. The volumes of the granule
cell layer and hilus were used to normalize the numbers of
Brdu*/NeuN* cells. For dendritic growth analysis, a series of
images were acquired at 1-ym intervals along the z-section
using a x10 lens and x10 eyepiece with a digital zoom of 2-3.
Maximum intensity projections of the z-series were applied to
create merged images for the analysis.

Statistical analysis. All procedures were repeated 3 times.
Data are presented as the mean =+ standard error of the mean.
Statistical analyses were performed using one-way analysis of
variance to compare the groups followed by a Kruskal-Wallis
post hoc test. P<0.05 was considered to indicate a statistically
significant difference. All data were analyzed using SPSS 20.0
(IBM Corp., Armonk, NY, USA).

Results

WBI inhibits the proliferation of progenitor cells of
hippocampus. Rats were sacrificed 7 days following WBI.
Proliferating neurons were labeled with BrdU and NeuN
(BrdU*NeuN*); confocal microscopy was used to determine
the number of BrdU*NeuN* cells. Irradiated rats exhibited a
markedly lower number of new neurons compared with the
control group. The number of BrdU*NeuN* cells was reduced
by 71.8% (P<0.01) in the radiation group compared with in the
control group (Fig. 1).

WBI inhibits dendritic growth of novel neurons. The dendritic
development of granule cells in the dentate gyrus is crucial for
integrating into hippocampal circuits (8,9). Thus, the length of
dendrites was analyzed via immunofluorescence staining for
DCX. The results of the present study indicated that, compared
with that in the control rats, the total dendritic length of novel
neurons was significantly less (52.6%) in the irradiated group
(P<0.05; Fig. 2).

DNMTI and DNMT3A protein levels in the hippocampus
following WBI. Western blotting revealed a 26.0 and 22.8%
reduction in the protein levels of DNMTI1 and DNMT3A,
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respectively, following irradiation (P<0.05; Fig. 3). DNMT3B
levels were unaltered following irradiation.

Zebularine decreases DNMT protein expression levels
and inhibits precursor cell development. Zebularine is a
DNA methylation inhibitor that increases the affinity of
DNA-methyltransferase binding with DNA so that the former
becomes inactive. To assess the effects of DNMTs on dendritic
development, zebularine was utilized to determine whether the
decrease in DNMT resulted in reduced cell proliferation. The
results of the present study revealed that there were no variations
between the zebularine-only and the radiation-only groups.
Compared with that in the control group, radiation together
with zebularine decreased DNMT1 (45.0%) and DNMT3A
(41.7%) expression levels (P<0.05; Fig. 3). Additionally,
compared with that in the control group, radiation together
with zebularine decreased the percentage of proliferative cells
(90.3%, P<0.05; Fig. 1D and E) and the total dendritic length
(73.0%, P<0.05; Fig. 2D and F).

Compared with the radiation-only group, the radiation
and zebularine group exhibited lower DNMT1 protein levels
(24.7%) and DNMT3A (23.5%). A more significant reduction
in the percentage of proliferative cells (62.6%; Fig. 1C and D)
and total dendritic length (43.6%; Fig. 2) was observed in the
radiation + zebularine group than the radiation-only group
(P<0.05).

Discussion

The present study investigated the effects of WBI on DNMT],
DNMT3A, and DNMT3B protein expression levels in the
hippocampus and the function of these DNA methyltrans-
ferases in radiation-induced neurogenesis impairment. The
findings of the present study revealed that radiation inhibited
cellular proliferation, dendritic growth, and DNMT1 and
DNMT3A protein expression levels in the hippocampus.
Radiation and zebularine treatment exhibited a highly signifi-
cant inhibitory effect compared with radiation treatment alone.
These results indicated that DNMT1 and DNMT3A may be
involved in the pathogenesis of WBI-induced neurogenesis. To
the best of our knowledge, this is the first report of alterations
in DNMT expression in the hippocampus of a rat model of
radiation brain injury.

Cognitive impairment has been reported in patients irra-
diated for the treatment of head and neck cancer, as well as
primary and secondary brain tumors (4). Irradiation of the
temporal lobe, including the hippocampus, cannot usually
be avoided during radiation therapy. Thus, patients are at
an increased risk of hippocampal injury and impairment of
complex cognitive processes, including spatial recognition (20)
and declarative memory, which depend on the integrity of the
hippocampus (21). The hippocampus has been recognized as
a region associated with radiation-induced cognitive dysfunc-
tion (5,20).

Gene expression studies have demonstrated that DNMTs
in the central nervous system may be distinguished by
their expression profiles. The presence of DNMT3B is only
observed in neural progenitor tissue during early embryo-
genesis (15,22). However, DNMT1 and DNMT3A expression
levels are high within neurons during embryogenesis and
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Figure 1. Proliferation analysis of neural precursor cells in the hippocampus. Confocal micrographs (magnification, x40) revealed novel neurons labeled for
NeuN (green) and BrdU (red). (A) Control, (B) Zeb, (C) 10 Gy radiation, (D) 10 Gy radiation and Zeb and (E) quantification of the number of BrdU*NeuN*
cells in different groups. “P<0.01 vs. the control group. #P<0.01 vs. the 10 Gy + Zeb group. BrdU, bromo-deoxyuridine; control, no radiation exposure or Zeb
injections; Zeb, zebularine; 10 Gy, irradiated group; 10 Gy + Zeb, irradiated group treated with zebularine. NeuN, neuronal nuclear antigen.
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Figure 2. Dendrite length of newly formed neurons decreases following irradiation. DCX was used to label dendrites of novel neurons in the hippocampus
(magnification, x20). Green, DCX* cells Blue, DAPI* cells. (A) Control, (B) Zeb, (C) 10 Gy radiation, (D) 10 Gy radiation and Zeb. (E) Magnified structure
presented within the white dotted box in Fig. 2A. (F) Quantification. “P<0.05 vs. the control group. “P<0.05 vs. the 10 Gy + Zeb group. Control, no radiation
exposure; DCX, doublecortin; Zeb, zebularine; 10 Gy, irradiated group; 10 Gy + Zeb, irradiated group treated with zebularine.

throughout adulthood. This suggests that DNMTs and
dynamic methylation states retain functional importance in the
adult brain (22-24). Evidence revealed by Maddox ez al (23)
strongly indicates that DNMT activity regulates the

consolidation and post-retrieval retention of alterations
associated with conditioning in the tone-evoked neural
activity of the lateral amygdala. In the developing mouse
brain, deletion of DNMTT in progenitor cells was associated
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Figure 3. DNMT protein expression levels following irradiation. Western blot analysis demonstrated significantly lower protein expression levels of (A) DNMT1
and (B) DNMT3A following irradiation. Treatment with 10 Gy radiation and Zeb decreased DNMT1 and DNMT3A levels. Variation between the Zeb and
10 Gy groups were not observed. (C) No alterations were detected in the expression levels of DNMT3B. "P<0.05 and “P<0.01 vs. the control group. “P<0.05
vs. the 10 Gy + Zeb group. Control, no radiation exposure; DNMT, DNA methyltransferase; Zeb, zebularine; 10 Gy, irradiated group; 10 Gy + Zeb, irradiated

group treated with zebularine.

with the inhibition of neuronal maturation and survival (25).
Singh and Thakur (24) demonstrated that age-associated
memory decline was associated with lower levels of DNMT1
and higher levels of histone deacetylase 2. In the postnatal
forebrain, DNMT3A is expressed in the subventricular zone
and the hippocampal dentate gyrus (26,27). Morris et al (26)
demonstrated that DNMT3A-knockout mice exhibited
synaptic alterations and learning deficits. These mutant
mice lacking DNMT3A exhibited a loss of motor neurons
in the hypoglossal nucleus and morphological defects in the
neuromuscular junctions of the diaphragm. This indicated
that DNMT3A could contribute to the survival of motor
neurons and the maintenance of the neuromuscular endplate
structure. Although the function of DNA demethylation in
post-mitotic neurons remains uncertain, the possibility of an
epigenetic mechanism that regulates cellular and behavioral
activities requires further investigation.

Certain mental disorders in humans have been associated
with DNA methylation (28). Immunodeficiency-centromere
instability-facial anomalies syndrome is caused by a reces-
sive mutation in the DNMT3B gene (28). Additionally, methyl
CpG binding protein 2 gene mutations have been reported
in Rett syndrome (29). The results of the present study
demonstrated that DNMT1 and DNMT3A levels declined
in the hippocampus following WBI, which may result in
defective neurogenesis. The use of DNMT inhibitors also
demonstrated that decreased expression of DNMTs inhibited
the development of precursor cells. This finding is consis-
tent with numerous studies (17,18,26,30). Nelson et al (30)
reported that DNMT inhibitors may cause deficits in

excitatory synaptic transmission and reduce spontaneous
network activity. Previously, the results of studies using
DNMT inhibitors have indicated that DNA methylation may
target specific genes involved in synaptic plasticity, as well
as learning and memory (17,23,31). Therefore, identifying the
genes that are crucial to learning and memory that are also
regulated by DNMT1 and DNMT3A may be beneficial to the
understanding of human disorders.

All animals in the present study were male Sprague-Dawley
rats; as it is commonly accepted that the emotions of female
animals vary markedly during the different phases of the
estrous cycle (32,33). Furthermore, chromatin-modifying
enzymes are regulated by estrogen (32). Tsai er al (33)
demonstrated that epigenetic modifications, including DNA
methylation and histone acetylation, varied between male
and female mouse brains. Therefore, male rats were used
throughout the present study to ensure consistency and provide
data with high validity.

The present study demonstrated that WBI led to the
impairment of neurogenesis and decreased the protein levels
of DNMT1 and DNMT3A, and may be involved in the patho-
genesis of WBI-induced cognitive deficits via the regulation of
neuronal proliferation and dendritic growth.
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