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Abstract  
Sodium butyrate is a histone deacetylase inhibitor that affects various types of brain damages. To investi-
gate the effects of sodium butyrate on hippocampal dysfunction that occurs after whole-brain irradiation 
in animal models and the effect of sodium butyrate on radiation exposure-induced cognitive impairments, 
adult C57BL/6 mice were intraperitoneally treated with 0.6 g/kg sodium butyrate before exposure to 10 Gy 
cranial irradiation. Cognitive impairment in adult C57BL/6 mice was evaluated via an object recognition 
test 30 days after irradiation. We also detected the expression levels of neurogenic cell markers (doublecortin) 
and phosphorylated cAMP response element binding protein/brain-derived neurotrophic factor. Radia-
tion-exposed mice had decreased cognitive function and hippocampal doublecortin and phosphorylated 
cAMP response element binding protein/brain-derived neurotrophic factor expression. Sodium butyrate 
pretreatment reversed these changes. These findings suggest that sodium butyrate can improve radia-
tion-induced cognitive dysfunction through inhibiting the decrease in hippocampal phosphorylated cAMP 
response element binding protein/brain-derived neurotrophic factor expression. The study procedures were 
approved by the Institutional Animal Care and Use Committee of Korea Institute of Radiological Medical 
Sciences (approval No. KIRAMS16-0002) on December 30, 2016.

Key Words: sodium butyrate; radioprotector; ionizing radiation; hippocampal damage; cAMP response 
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Introduction 
Ionizing radiation-induced brain injury may involve the loss 
of neural precursor cells and alter hippocampal neurogenesis 
(Kim et al., 2013; Son et al., 2015b). The hippocampus, which 
is a structure of the limbic system, has been investigated in 
many studies on learning and memory (Kempermann et al., 
1997). Cranial irradiation may result in prolonged reduction 
of hippocampal neurogenesis and may also be related to cog-
nitive impairment (Kim et al., 2013; Son et al., 2015b). Cog-
nitive impairment is a major side effect of cranial radiation 
exposure. In fact, previous reports have studied radiation-in-
duced cognitive impairment in patients with brain tumors 
after radiation therapy (Crossen et al., 1994; van’t Spijker et 
al., 1997; Johannesen et al., 2003). A single radiation dose of 
10 Gy has also been reported to cause memory impairment 
in animal models (Son et al., 2014, 2015a). In addition, mul-
tiple studies have demonstrated radiation-induced memory 
dysfunction based on behavioral test performance (Kim et 
al., 2008; Son et al., 2014, 2015a) and have shown that ra-

diation exposure induces chronic cognitive impairment in 
mice, possibly via decreased hippocampal neurogenesis (Son 
et al., 2014, 2015a). Suppressed neurogenesis is one cause of 
hippocampus-related cognitive impairment (Lazarov and 
Hollands, 2016). Radiation can suppress neurogenesis via 
various mechanisms, and such a direct oxidative stress by 
reactive oxygen species is a major pathophysiological mech-
anism of radiation-induced normal tissue injury (Lee et al., 
2012). 

Histone deacetylase (HDAC) inhibitors were reported 
to induce antidepressant-like effects by increasing histone 
acetylation of specific gene promoters (Covington et al., 
2009). Moreover, HDAC inhibitors were found to act as an-
tidepressants by increasing cAMP response element binding 
protein (CREB) (Lin et al., 2012). Furthermore, sodium bu-
tyrate (SB), which is an HDAC inhibitor that can cross the 
blood-brain barrier and affect epigenetic machinery in the 
brain (Minamiyama et al., 2004), has been shown to exert 
antidepressant effects when administered intraperitoneally 
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(Schroeder et al., 2007). These results suggest that SB could 
be protective against hippocampal dysfunction. Although 
accumulating evidence suggests that HDAC inhibitors may 
affect hippocampal function (Davie, 2003), few studies have 
attempted to characterize the molecular mechanisms of 
HDAC inhibitors in terms of their antidepressant effects in 
the hippocampus. Although altered phosphorylated cAMP 
response element binding protein (pCREB)/brain-derived 
neurotrophic factor (BDNF) expression is known to play an 
important role in hippocampal function, the relationship 
between epigenetic histone modification and pCREB/BDNF 
expression has not been elucidated in radiation-induced 
hippocampal dysfunction. Thus, we aimed to investigate the 
possible radioprotective effect of SB in the hippocampus. To 
accomplish this objective, we established C57BL/6 mouse 
models of chronic radiation injury (Son et al., 2014, 2015a) 
and treated them with SB to investigate hippocampal neu-
rogenesis and detect pCREB/BDNF expression 30 days after 
radiation exposure.
  
Materials and Methods   
Animals
Male C57BL/6 mice (6 weeks old), weighing within 21.8 ± 
3.1 g, were purchased from Central Lab. Animal Inc., Seoul, 
Korea and included in this study. The mice were used after 
1 week of quarantine to allow acclimatization. The animals 
were housed at 23 ± 2°C in 50 ± 5% humidity with the air 
exchanged 13–18 times per hour. Study procedures were ap-
proved by the Institutional Animal Care and Use Committee 
of Korea Institute of Radiological Medical Sciences (approval 
No. KIRAMS16-0002) on December 30, 2016. The animals 
were maintained according to the internationally accepted 
principles for laboratory animal use and care as found in the 
NIH guidelines (USA). The mice were randomly divided 
into four groups (n = 10 per group): sham, SB, irradiation, 
and irradiation + SB treatment.

Radiation and SB treatment
Animals were anesthetized by intraperitoneal injection of ti-
letamine/zolazepam (Zoletil 50®; Virak Korea; Seoul, Korea) 
80 mg/kg and exposed to 10 Gy whole-brain irradiation (dose 
rate of 3.81 Gy/min) using six MV photon rays (ELEKTA; 
Stockholm, Sweden), with a 1.5 cm surface bolus. The dose 
and rate of radiation were based on a previous report and 
were considered optimal for inducing chronic radiation 
brain injury (Son et al., 2014, 2015a). Radiation was applied 
to the midline of the head, which was placed in the center of 
a mouse holder and aligned to the center of the beam line. 
The radiation source was 1 m from the skin.

Sham-irradiated mice were anesthetized and immobilized 
for the same period of time without radiation. SB (Sigma 
Aldrich, Carlsbad, CA, USA) was dissolved in physiological 
normal saline and intraperitoneally administered to the mice 
30 minutes prior to radiation exposure at a dose of 0.6 g/kg. 

The concentration of SB and its dosage were based on a pre-
vious report and were considered optimal for radioprotec-
tion (Han et al., 2014). Control mice received the same dos-
age of vehicle in a similar manner. The mice were subjected 
to behavioral testing and sacrificed 30 days after irradiation.

Object recognition test
Behavioral dysfunction after cranial irradiation (10 Gy) 
was measured using an object recognition memory test (n 
= 10 mice/group). The training and testing procedures of 
the objective recognition test were performed as previous-
ly described (Kim et al., 2008; Yang et al., 2014). Briefly, 
during training, two differently shaped objects were pre-
sented to each mouse for 15 minutes. Twenty-four hours 
after training, another set of objects (one old object, and one 
new object) (cube and cylinder shaped) was presented to 
the trained mouse. The interaction of the mouse with each 
object, including approaches and sniffing, was scored. The 
rate of preference was defined as the ‘number of interactions 
with each object’ divided by the ‘total number of interactions 
with both objects’. Any preference for searching for a novel 
object was measured by individual discrimination ratios. 
The individual discrimination was defined as the ‘number of 
interactions with a new object’ divided by the ‘total number 
of interactions with both objects’. 

Immunohistochemistry assay
For tissue analysis, mice from each group (irradiated and 
control) were treated as follows: the brains of the mice (n = 
6/group) were removed and divided at the midline. The left 
hemisphere was fixed in 10% formalin solution for immu-
nohistochemistry, and the hippocampus was removed from 
the right hemisphere and immediately stored at –70°C for 
western blot analysis.

Brains were sectioned and stained as previously described 
(Kim et al., 2008). The brain sections were incubated in nor-
mal goat serum (Vectastain Elite ABC kit; Vector Laborato-
ries, Burlingame, CA, USA) for 60 minutes to block nonspe-
cific binding and then in a 1:100 dilution of rabbit polyclonal 
anti-doublecortin (DCX; neurogenic cell markers; Cell Sig-
naling Technology, Beverly, MA, USA) antibody or a 1:100 
dilution of rabbit monoclonal anti-pCREB (87G3; Cell Sig-
naling Technology) antibody at 4°C overnight. The sections 
were then reacted with biotinylated goat anti-rabbit IgG 
(Vectastain Elite ABC kit). Immunolabeling was performed 
using the avidin biotin peroxidase complex (Vectastain Elite 
ABC kit), and the peroxidase reaction was developed using a 
diaminobenzidine substrate kit (DAB Substrate Kit SK-4100; 
Vector Laboratories). 

The numbers of immature progenitor cells (positive for 
DCX) and pCREB-positive cells in the hippocampus were 
counted by an observer blinded to sample identity (Kim et 
al., 2010; Yang et al., 2010). The number of immunoposi-
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tive cells within the subgranular zone (SGZ) of the supra- 
and infra-pyramidal blades of the dentate gyrus (DG) (two 
sections/mouse) was averaged and expressed as the mean ± 
standard error (SE) for each group.

Western blot analysis 
Western blotting procedures were performed as previously 
described (Son et al., 2014). The blots were incubated over-
night at 4°C with rabbit anti-pCREB antibody (1:1,000; Cell 
Signaling Technology) and BDNF (1:500; Abcam, Cam-
bridge, UK). After the membranes were extensively washed 
with PBS-T and incubated with horseradish peroxidase-con-
jugated anti-rabbit antibodies (1:10,000; Thermo Fisher 
Scientific, Rockford, IL, USA), signals were visualized using 
a chemiluminescence kit (SuperSignal West Pico; Thermo 
Fisher Scientific). The membranes were stripped and re-
probed with an anti-β-actin antibody (1:20,000; Sigma-Al-
drich) for normalization. The bands were quantified as op-
tical density ratio of pCREB and BDNF to beta-actin using 
Scion Image Beta 4.0.2 for Windows XP software (Scion, 
Frederick, ME, USA).

Statistical analysis
Statistical analysis was performed with SPSS version 18 
(SPSS, Chicago, IL, USA) via one-way analysis of variance 
followed by Student-Newman-Keuls post hoc test for multi-
ple comparisons. The results are reported as the mean ± SE. 
P value < 0.05 was considered statistically significant.

Results
SB improves radiation-induced memory deficits in the 
object recognition task
Using the hippocampus-dependent object recognition task, 
we found that the control and irradiated mice presented the 
same preferences for both objects during training (Figure 
1A). During the testing phase, which occurred 24 hours after 
training, preference for the novel object was 64.6 ± 4.19% (P 
< 0.05, old object vs. novel object) in the sham group, 52.4 ± 
1.95% in the irradiated mice (P = 0.11, old object vs. novel 
object), and 56.35 ± 3.83% (P < 0.05, old object vs. novel ob-
ject) in the SB-treated irradiated mice. These results indicate 
that the irradiated mice showed impaired memory and that 
SB treatment attenuated the radiation-induced memory defi-
cit (Figure 1B). In addition, the difference in discrimination 
ratios between irradiation and irradiation + SB treatment 
groups was significant (Figure 1C; P < 0.05).

SB attenuates radiation-induced impairment of 
hippocampal neurogenesis
Immunohistochemically, immature progenitor cells were 
counted as the number of DCX-positive cells in the granular 
cell layer of the DG (Figure 2A). Cells expressing DCX were 
found in the DG of mice in the sham group (Figure 2B), and 
SB treatment did not alter the number of DCX-expressing 

cells (P < 0.05; Figure 2B). The number of DCX-positive 
cells in the hippocampus significantly declined 30 days af-
ter 10 Gy irradiation compared to the number in the sham 
group (P < 0.05; Figure 2B). However, SB treatment prior to 
irradiation greatly preserved the number of DCX-positive 
cells in the DG (P < 0.05; Figure 2B).

SB attenuates the radiation-induced decrease of pCREB in 
the hippocampus
Immunohistochemically, constitutively pCREB-positive cells 
were observed in the DG of mice in the sham group  (Figure 
3B), with most positive cells located near the SGZ (Figure 
3A). The number of pCREB-positive cells in the hippocam-
pus significantly declined 30 days after 10 Gy irradiation 
(P < 0.05; Figure 3B). SB treatment alone did not change 
the number of pCREB-positive cells (P < 0.05; Figure 3B). 
However, SB treatment significantly increased the number of 
pCREB-positive cells in mice irradiated with 10 Gy (P < 0.05; 
Figure 3B).

SB attenuates radiation-induced decreases in pCREB/
BDNF in the hippocampus
pCREB and BDNF modulate neurogenesis in the hip-
pocampus. Therefore, we used western blot analysis to 
explore whether pCREB and BDNF were involved in the 
radiation-induced decrease in hippocampal neurogenesis. 
Radiation exposure decreased hippocampal pCREB protein 
levels, and this decrease was attenuated by SB treatment (P 
< 0.05; Figure 4A and B). pCREB, BDNF levels significantly 
decreased after irradiation, but BDNF levels were higher in 
SB-treated mice than in radiation-exposed mice (Figure 4A 
and C).

Discussion
In this study, we revealed that SB treatment attenuated radi-
ation-induced hippocampal dysfunction and the associated 
behavioral deficits. These effects were suggested to be related 
to inhibition of radiation-induced decrease in immature neu-
ronal cells and pCREB/BDNF expression in the hippocampus.

Cranial radiation therapy is known to damage hippocam-
pal neurogenesis, which induces memory deficits (Raber 
et al., 2004); and thus, interventions are required to protect 
endogenous hippocampal neurogenesis against radiation-in-
duced damage. It has been reported that 10 Gy of whole-
brain irradiation induces hippocampal neurogenesis and 
consequent behavioral abnormalities, including cognitive 
impairment (Son et al., 2014, 2015a).

Neurogenesis in the adult brain is regulated in both a 
positive and negative manner by environmental, endocrine, 
and pharmacological stimuli. The cAMP cascade, including 
CREB, plays an important role in hippocampal neurogen-
esis in adults (Nakagawa et al., 2002). In addition, pCREB 
directly regulates the expression of BDNF, which is involved 
in neurogenesis of the hippocampus and memory processes 
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Figure 1 Beneficial effects of sodium butyrate (SB) on radiation-induced cognitive impairment after 30 days of radiation exposure. 
(A) Sham and irradiated mice treated with vehicle or sodium butyrate exhibited no differences in their preference for the two objects (cube (object A) 
and pyramid shape (object B)) during training in the object recognition test. (B) During the test phase, the vehicle-treated irradiation group (10 Gy 
group) exhibited reduced preference for a novel object (cylinder shape (object C)) compared to the vehicle-treated sham group (sham group), and 
injection of sodium butyrate attenuated the radiation-induced cognitive impairment. (C) The discrimination ratio was markedly lower in the 10 Gy 
group, and SB treatment inhibited the decrease of discrimination ratio by radiation exposure after 30 days. The data are shown as the mean ± SE (n 
= 10/group). *P < 0.05 (one-way analysis of variance followed by Student-Newman-Keuls post hoc test).

Figure 2 Beneficial effects of sodium butyrate (SB) on radiation-induced decreases of doublecortin (DCX)-positive cells in the subgranular 
zone (SGZ) of the supra- and infra-pyramidal blades of the dentate gyrus (DG) of the hippocampus after 30 days radaition exposure.  
(A) DCX immunoreactivity (arrows) in the DG of the hippocampus. Scale bar: 50 μm. (B) Quantification of DCX-immunoreactive cells. SB atten-
uated radiation-induced decrease in neurogenesis. The data are shown as the mean ± SE (n = 6/group). *P  < 0.05 (one-way analysis of variance 
followed by Student-Newman-Keuls post hoc test).

Figure 3 Beneficial effects of sodium butyrate (SB) on radiation-induced decreases in the number of phosphorylated cAMP response element 
binding protein (pCREB)-positive cells in the subgranular zone (SGZ) of the supra- and infra-pyramidal blades of the dentate gyrus (DG) of 
the hippocampus.   
(A) pCREB immunoreactivity (arrows) in the DG of the hippocampus. Scale bar: 50 μm. (B) Quantification of pCREB-immunoreactive cells. SB 
attenuated radiation-induced decrease in pCREB-immunoreactive cells. The data are shown as the mean ± SE (n = 6/group). *P < 0.05 (one-way 
analysis of variance followed by Student-Newman-Keuls post hoc test).
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(Dinel et al., 2011). Altered BDNF levels have been shown to 
affect the proliferation of hippocampal precursor cells and 
can lead to disruptions in memory formation (Adachi et al., 
2008). Radiation exposure has been implicated in reducing 
the expression levels of pCREB and BDNF in the hippo-
campus. pCREB activation can protect against radiation-in-
duced hippocampal dysfunction (Kim et al., 2010; Son et 
al., 2015a). Decreases in pCREB and BDNF in the mouse 
hippocampus are associated with memory defects after ra-
diation (Son et al., 2014, 2015a). Therefore, downregulation 
of CREB/BDNF signaling may be associated with hippo-
campus-dependent memory impairment after radiation ex-
posure. In this study, we confirmed that radiation decreased 
neurogenesis and pCREB levels in the hippocampus and led 
to cognitive impairment.

Cognitive impairment is reported to occur in up to 50–
90% of adult patients with brain tumors who receive radio-
therapy and survive > 6 months post-irradiation (Johannesen 
et al., 2003; Meyers and Brown, 2006). Previous clinical stud-
ies suggest that several drugs can prevent/ameliorate irradi-
ation-induced cognitive impairment when they are applied 
at various times. However, an effective drug that has been 
tested in clinical trials is not currently available. Therefore, 
SB may be a potential therapeutic agent or radioprotector 
for the brain. Finally, it should be noted that previous stud-
ies used 1.2 g/kg SB to attenuate hippocampal dysfunction 
(Schroeder et al., 2007). However, we demonstrated here 
that 0.6 g/kg SB was sufficient to improve cranial irradia-
tion-induced cognitive impairments. These results suggest 
that SB treatments with radiation therapy may improve the 
protective effect of SB against radiation-induced memory 
impairment.

In this study, we confirmed that SB treatment prevented 
radiation-induced learning disability in mice by inhibiting 
decreases in pCREB/BDNF in the hippocampus. However, 

further studies are needed to elucidate the mechanism of the 
radioprotective effect of SB. This study provides evidence 
that SB may confer an additional therapeutic effect by restor-
ing pCREB/BDNF in the irradiated hippocampus.
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