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This study was performed to examine whether elevated activity of cAMP responsive element-binding pro-
tein (CREB) attenuates the detrimental effects of acute gamma (y)-irradiation on hippocampal neurogene-
sis and related functions. C57BL/6 male mice were treated with rolipram (1.25 mg/kg, i.p., twice a day for
5 consecutive days) to activate the cCAMP/CREB pathway against cranial irradiation (2 Gy), and were
euthanized at 24 h post-irradiation. Exposure to y-rays decreased both CREB phosphorylation and immu-
nohistochemical markers for neurogenesis, including Ki-67 and doublecortin (DCX), in the hippocampal
dentate gyrus (DG). However, the rolipram treatment protected from y-irradiation-induced decreases of
CREB phosphorylation, and Ki-67 and DCX immunoreactivity in the hippocampal DG. In an object rec-
ognition memory test, mice trained 24 h after acute y-irradiation (2 Gy) showed significant memory
impairment, which was attenuated by rolipram treatment. The results suggest that activation of CREB sig-
naling ameliorates the detrimental effects of acute y-irradiation on hippocampal neurogenesis and related

functions in adult mice.
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INTRODUCTION

During treatment of brain tumors, some head and neck
tumors, and other conditions including arteriovenous mal-
formations, the normal brain is exposed to ionizing radia-
tion (Posner, 1992). As the number of long-term survivors
increases, irradiation-induced side effects, including cogni-
tive impairments, have become a health issue (Stone ef al.,
2003; Coleman et al., 2004; Meyer and Brown, 2006). Rel-
atively lower doses of ionizing radiation can be responsible
for cognitive impairments, even without any significant
morphological changes in the mammalian brain (Crossen ef
al.,, 1994). Although neural precursor cells in the dentate
gyrus (DG) of the hippocampus have been suggested to be

Correspondence to: Changjong Moon, Department of Veterinary
Anatomy, College of Veterinary Medicine, Chonnam National Uni-
versity, 300 Yongbong-Dong, Buk-Gu, Gwangju 500-757, Korea
E-mail: moonc@chonnam.ac.kr

177

involved in some animal models, the precise mechanism of
the impairment is unclear. (Madsen ef al., 2003; Kim ef al.,
2008).

The cAMP response element binding protein (CREB) is a
member of a transcription factor family belonging to the
basic-domain leucine zipper class, which regulates tran-
scription via a specific DNA target, the cAMP-response ele-
ment (CRE) (Brindle and Montminy, 1992). Several studies
have demonstrated that CREB activation plays an impor-
tant role in cellular and behavioral models of learning and
memory, as well as in neuronal survival and activation
(Silva et al., 1992; Finkbeiner, 2000; Nakagawa et al.,
2002). Manipulation of the cAMP/CREB signal pathway
can have beneficial effects in the context of age-related
memory loss and cognitive impairment in Alzheimer dis-
ease (Barad, 2003; Gong et al., 2004). Rolipram, a specific
inhibitor of the phosphodiesterase type 4 (PDE4) isoform, is
able to restore the cAMP/CREB pathway activity (Vitolo et
al., 2002). Rolipram has been shown to enhance memory
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Fig. 1. Schematic overview of the experimental procedure. Rolipram or vehicle was administered (1.25 mg/kg, twice a day for 5 con-
secutive days). Mice received cranial irradiation using ®CO gamma-rays with 2 Gy. The mice were sacrificed at 24 h after irradiation.
Separately, mice were trained for object recognition at 24 h after irradiation and tested the recognition memory at 24 h after the training.

retention in both young and aged rats, and to reverse mem-
ory deficits in animal models of cerebral ischemia (Nagakura
et al., 2002), Rubinstein-Taybi syndrome (Bourtchouladze
et al., 2003) and Alzheimer disease (Gong et al., 2004).
However, nothing is known about the protective effects of
CREB activation against irradiation-induced cognitive impair-
ment and suppression of neurogenesis.

In this study, we evaluated whether gamma (y)-irradia-
tion could suppress CREB phosphorylation in the adult
mouse hippocampus and, if so, whether the suppression
may be correlated with irradiation-mediated inhibition of
hippocampal neurogenesis. Furthermore, the study exam-
ined whether rolipram treatment (CREB activation) exerted
beneficial influences on hippocampal neurogenesis and hip-
pocampus-dependent behavior in order to confirm the neu-
roprotective effects of activated CREB.

MATERIALS AND METHODS

Animals. Eight-week-old male C57BL/6 mice (n = 60)
obtained from the animal center at Oriental Inc. (Korea)
were used in this study. The mice were fed a standard ani-
mal diet. All animal experiments followed a protocol
approved by the Committee for Animal Experimentation at
the Chonnam National University.

Irradiation and tissue sampling. The head of mice
were irradiated with 2 Gy using “°Co gamma-rays using a
Theratron 780 apparatus (Atomic Energy of Canada Ltd.,
Ontario, Canada) at a dose-rate of 820 cGy/min. The sham
control group were also transported to the irradiation facil-
ity but were not irradiated.

To see the effect of irradiation on CREB phosphorylation
and neurogenesis in mouse hippocampus, the mice were
sacrificed and each brain was dissected from each group at
24 h and 14 days (n =4 mice per group) after the 2 Gy -
irradiation.

To examine the beneficial effect of rolipram on the CREB
activity and neurogenesis in the mouse hippocampus with
irradiation, rolipram (1.25 mg/kg, twice a day for 5 consec-
utive days; Sigma-Aldrich, St. Louis, MO, USA) in saline
containing 1% dimethylsulfoxide or the vehicle alone were
intraperitoneally administered, as shown in Fig. 1. The mice
were sacrificed and the brains were then dissected from
each group at 24 h after 2 Gy y-irradiation (7 =4 mice per
group). Samples of each brain were processed for embed-
ding in paraffin wax after fixation in 4% paraformaldehyde
in phosphate-buffered saline (PBS, pH 7.4).

Immunohistochemistry. The fixed brain tissues were
processed in paraffin, cut into 4 um-thick coronal sections,
and deparaffinized. The sections were incubated in block-
ing nonspecific binding normal goat serum (Vectastatin
Elite ABC kit; Vector Laboratories, Burlingame, CA, USA)
for 60 min, and the brain sections were incubated with a
1:200 dilution of rabbit monoclonal anti-phosphorylated
CREB (pCREB) (87G3; Cell Signaling Technology, Bev-
erly, MA, USA), a 1:400 dilution of rabbit monoclonal
anti-Ki-67 (DRM004; Acris Antibodies GmbH, Hidden-
hausen, Germany), or a 1 : 400 dilution of rabbit polyclonal
anti-doublecortin (DCX; Cell Signaling Technology) antibod-
ies at 4°C overnight. The sections then were reacted with
biotinylated goat anti-rabbit IgG (Vectastatin Elite ABC
kit). The immunoreactivity was performed using the avidin-
biotin peroxidase complex (Vectastatin Elite ABC kit). The
peroxidase reaction was developed using a diaminobenzidine
substrate kit (DAB Substrate Kit SK-4100; Vector Labora-
tories). As a control, the primary antibodies were omitted
for a few test sections in each experiment. The sections were
counterstained with hematoxylin before being mounted.

Cell counting. The number of cells showing specific
characteristics of pCREB-positive cells, proliferating cells
(positive for Ki-67) and immature progenitor cells (positive
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for DCX) in the hippocampus was scored by an observer
blinded to the identity of the sample using a histomorpho-
metric approach (Kim ef al., 2008; Yang et al., 2010). The
brain from each mouse was sampled at approximately
2.12 mm behind the bregma. A standardized counting area
containing 5 pum-thick coronal sections in a one-in-ten series
of sections representing the rostral/mid-hippocampus was
used. For each mouse, three non-overlapping sections were
analyzed, one from each of the three regions of the hippoc-
ampus (approximately 50 um apart). All positively-immu-
nolabeled cells within the SGZ of the supra- and infra-
pyrimidal blades of the DG were quantified. The number of
immunopositive cells was determined from the values
obtained from each DG in the three brain sections. The
mean number of immunopositive cells in the three sections
of each mouse was taken as » = 1. The number of immu-
nopositive cells was expressed as the mean + SEM for each
group (n=4).

Open-field test. Open-field analysis was used to mea-
sure the activity of the mice in a novel environment. The 8-
week-old mice (n =5 for each group) were placed individu-
ally in a brightly-lit arena (26 cm x 26 cm, 250 lux). Param-
eters, including the total moving distance (cm), ambulatory
movement time (sec), and ambulatory movement episodes,
were determined over 5 min using the TruScan Photo Beam
Activity System (Coulbourn Instruments, Whitehall, PA,
USA).

Object recognition memory test. The object recogni-
tion memory task (a hippocampus-dependent learning para-
digm) has been used for similar purposes (Myhrer, 1989;
Kim et al., 2008; Yang et al., 2010). The mice (n="7 for
each group) were first habituated in the training/testing
acryl chamber (42 cm L, 28 cm W, 20 cm H) for 1 week
(5 min/day) before training. The 3.5-cm tall plastic objects
for discriminative recognition were cubes, pyramids, and
cylinders, and they could not be displaced by the mice. The
chamber arena and objects were cleaned with 75% ethanol
between trials to prevent the build-up of olfactory cues.
During training, two differently shaped objects were selected
randomly and presented to each mouse for 15 min. At 24 h
after training, another set of objects (one old object and one
novel object) was presented to the trained mice (Fig. 4A).
The interactions of the mouse with each object, including
approaches and sniffing, were scored. If the mouse had
memory retention for an old object, it should show prefer-
ence for the novel object during testing. The percentage of
preference was defined as the number of interactions with a
specific object divided by the total number of interactions
with both objects.

Statistical analysis. The data indicate the mean+
SEM. The data were analyzed using one-way analysis of

variance (ANOVA) followed by a Student-Newman-Keuls
post hoc test for multiple comparisons. In all cases, a p
value < 0.05 was considered significant.

RESULTS

Histological change in hippocampal structure using
hematoxylin and eosin staining. No anatomical abnor-
malities were found at the light microscopic level in 2 Gy-
irradiated brains (data not shown). The histological find-
ings of C57BL/6 mice mirrored those of ICR mice in our
previous report (Kim et al., 2008).

Immunohistochemical changes of pCREB-, Ki-67- and
DCX-positive cells in the DG of adult mouse hippocam-
pus following irradiation. pCREB-positive cells were
distributed mainly in the subgranular zone (SGZ) of adult
hippocampal DG in sham-irradiated controls (38 + 4.1 cells/
DG, n =4; Figs. 2A and 2B). The number of pCREB-posi-
tive cells markedly declined at 24 h post-irradiation (10.75 +
1.38 cells/DG, n = 4; Figs. 2A and 2C), and then returned to
the control level at 14 days post-irradiation (31 £ 2.55 cells/
DG, n =4; Fig. 2A).

The proliferation of hippocampal progenitor cells and the
immature progenitor neurons in the DG of the adult mouse
hippocampus were assessed by counting the numbers of Ki-
67- and DCX-positive cells, respectively. Ki-67- (16.75 +
1.49 cells/DG, n=4; Figs. 2D and 2E) and DCX-positive
cells (45.75 = 1.11 cells/DG, n = 4; Figs. 2G and 2H) were
consistently observed in hippocampal DG in sham-irradi-
ated controls. The number of Ki-67-positive cells in the DG
markedly declined (2.75+0.25 cells/DG, n=4; Figs. 2D
and 2F), but increased to the sham-irradiated control level
at 14 days post-irradiation (15.75 + 1.38 cells/DG, n=4;
Fig. 2D). The number of DCX-positive cells in the DG sig-
nificantly declined at 24 h post-irradiation (17.5 + 1.8 cells/
DG, n = 4; Figs. 2G and 2I), but increased to the sham-irra-
diated control level at 14 days post-irradiation (43.5 +2.1
cells/DG, n =4; Fig. 2G). This suggests that the temporal
patterns of Ki-67 and DCX immunoreactivities corre-
sponded to that of pCREB.

CREB activation ameliorates j-irradiation-induced
decrease of hippocampal neurogenesis. The beneficial
effect of rolipram on irradiation-induced reduction of hip-
pocampal neurogenesis in adult mice was investigated. The
number of pCREB-positive cells in hippocampal DG was
significantly decreased by approximately 75% of the sham-
irradiated control at 24 h after irradiation (Fig. 3A). Rolip-
ram treatment produced a significant increase in the num-
ber of pCREB-positive cells (18.83 + 1.17 cells/DG, n=4),
compared with the vehicle-treated irradiation group (9.67 =
1.54 cells/DG, n = 4). The number of Ki-67-positive cells at
24 h after irradiation decreased by approximately 82% that
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Fig. 2. Exposure to 2 Gy y-irradiation significantly decreases pCREB and neurogenesis in hippocampi DG. Bar graphs showing changes
of the number of pCREB- (A), Ki-67- (D) and DCX-positive cells (G) in hippocampal DG after 2 Gy irradiation. Representative images
showing the pCREB (B and C), Ki-67 (E and F) and DCX immunoreactivities (H and 1) in the hippocampal DG of sham-irradiated con-
trols (B, E, and H) and y-irradiated groups (24 h after irradiation; C, F, and I). The immunoreactivity of pCREB, Ki-67, and DCX markedly
declined at 24 h post-irradiation, and then returned to the control level at 14 days post-irradiation. Data are shown as mean + SEM
(***p < 0.001). Counterstained with hematoxylin. Scale bars =25 um.
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Fig. 3. Rolipram exerts a beneficial influence on y-irradiation-induced decrease of the number of pCREB- (A), Ki-67- (B) and DCX-posi-
tive cells (C) in the hippocampal DG. Rolipram (1.25 mg/kg) was administered intraperitoneally twice per day for 5 days. All the tissues
were collected at 24 h after 2 Gy y-irradiation. Rolipram treatment significantly increased the number of pCREB-, Ki-67-, and DCX-posi-
tive cells at 24 h after irradiation, compared with the vehicle-treated irradiation group. Data are shown as mean +SEM (*p < 0.05,
***p < 0.001).
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of the sham-irradiated control (Fig. 3B). Rolipram treat-
ment significantly inhibited the reduction of Ki-67-positive
cells caused by irradiation (vehicle-treated irradiation group:
3.83 £0.48 cells/DG n = 4; rolipram-treated irradiation group:
6 £0.63 cells/DG, n=4). The number of DCX-positive
cells at 24 h after irradiation decreased by approximately
64% that of the sham-irradiated controls (Fig. 3C). The
rolipram treatment significantly increased the number of
DCX-positive cells at 24 h after irradiation (30.5+2.46
cells/DG, n =4), compared with the vehicle-treated irradia-
tion group (16.5 £ 1.57 cells/DG, n = 4).

CREB activation attenuates j-irradiation-induced rec-
ognition memory deficit. An experiment examined the
basal locomotor activity of sham controls and y-irradiated
mice with treatment of either vehicle or rolipram at 24 h
after irradiation in a novel environment by open field analy-
sis (n =15 for each group), because basal locomotor activity
can contribute to potential differences in hippocampus-
dependent learning and memory behavior tests. The sham
controls and y-irradiated mice with pre-treatment of either
vehicle or rolipram showed comparable moving distances,
ambulatory movement times and episodes, and resting
times (Table 1).

Next, sham-irradiated controls and y-irradiated mice were
examined following treatment with either vehicle or rolip-
ram at 24 h after irradiation, using the sensitive hippocam-
pus-dependent paradigm of object recognition memory (n =
7 for each group). Sham-irradiated and y-irradiated mice
treated with either vehicle or rolipram displayed equal pref-
erence to the two objects during training (data not shown).
During testing, one conditioned old object was replaced by
a novel object. If mice retained memory for the old object,
they would show preference to the novel object. When
tested 24 h after training, the results indicated that y-irradi-
ated mice showed impairment of memory, whereas rolip-
ram treatment significantly attenuated the memory deficit in
irradiated mice (Fig. 4). During the test, the preference
(mean + SEM) to the novel object were 72.8+4.7% in

Table 1. Open-field analysis of mice placed in a novel
environment after exposure of y-ray

Distance (cm) Movement Movement

time (s) episodes
Control 553.1+41.8 257+6.43  30.6+3.08
2 Gy 649.6 +42.5 269.8+1.66 24.8+1.28
Roli +2 Gy 559.6 £25.7 261.4+186 28.8+1.74

Open-field data for sham-irradiated controls (irradiated with 0 Gy),
2 Gy-irradiated and rolipram (Roli)-pretreated irradiation groups at
1 day after exposure (n =5). No significant differences were found
in movement distance, ambulatory movement time, or the num-
ber of ambulatory movement episodes between vehicle-treated
controls, 2 Gy-irradiated and Roli-pretreated irradiation groups at 1
day after exposure. The data are reported as the mean + SEM.
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Fig. 4. Rolipram ameliorates y-irradiation-induced object recog-
nition memory deficit. (A) The cylinder- and pyramid-shaped
objects were presented for 15min during training, the cube-
shaped object would be used as a novel object during testing
(24 h after testing). The interactions of the mouse with each
object, including approaches and sniffing, were scored. (B) Vehi-
cle-treated irradiated mice (2Gy) displayed decreased prefer-
ence to the novel object, compared to sham-irradiated controls
during testing at 24 h after training. Treatment of rolipram sig-
nificantly attenuated the reduction in preference to novel object
in vehicle-treated irradiation group. Data are shown as mean +
SEM (*p < 0.05, **p < 0.01).

sham-irradiated controls, 51.9 +2.5% in vehicle-treated irra-
diation group and 61 = 1.6% in rolipram-treated irradiation
group (Fig. 4).

There was no significant difference in the total number of
interactions during training between the sham-irradiated con-
trols (26.3 £3.2), vehicle-treated irradiation group (27 +
0.58, p=0.714 vs. sham-irradiated controls) and rolipram-
treated irradiation group (24.8 +2.18, p=10.679 vs. sham-
irradiated controls, p=0.9 vs. vehicle-treated irradiation
group). The data was indicative of comparable attention,
motivation, and visual perception.

DISCUSSION

The present study has demonstrated that y-irradiation
decreases constitutive CREB activity in the hippocampal
DG of adult mice and that the promotion of the CREB
activity attenuates y-irradiation-induced reduction of hip-
pocampal neurogenesis and recognition memory deficit.
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It is generally accepted that CREB plays many roles in
the development and normal function of the central ner-
vous system. CREB could underlie the action of different
neurotransmitters, neurotrophic factors, or conditions known
influence neurogenesis (Silva et al., 1992; Barad et al.,
1998). CREB is an important regulator of proliferation, dif-
ferentiation, and apoptosis, and has been implicated in the
regulation of the survival and maturation of newly gener-
ated cells in the hippocampus (Bender et al., 2001; Naka-
gawa et al., 2002). Down-regulation of CREB activity
results in decreased levels of hippocampal neurogenesis
(Barad et al, 1998; Nakagawa et al., 2002; Gong et al.,
2004; Vitolo et al., 2002). CREB activity requires phospho-
rylation at Ser-133 in response to diverse physiological sig-
nals (Gonzalez and Montminy, 1989), and CREB is highly
phosphorylated in the granular cell layer of the DG (Bender
et al., 2001). CREB activation is confined to granular cells
during the proliferative and differentiation stages (Bender et
al., 2001). In this study, an immunohistochemical analysis
revealed that the phosphorylation of CREB was localized
mainly in the SGZ of mouse hippocampal DG. This obser-
vation is consistent with similar observations in other stud-
ies (Bender et al., 2001; Nakagawa et al., 2002). In aging
rats, pCREB levels are very low and limited to cells resid-
ing in the SGZ of the DG, where progenitor cells reside, and
corresponds to learning and memory impairments during
senescence (Bender et al., 2001; Hattiangady et al., 2005).
The disruption of CREB phosphorylation in the hippocam-
pus results in a decreased proliferation rate of progenitor
cells (Nakagawa et al., 2002). The results of this study indi-
cate that y-irradiation significantly decreases the number of
progenitor cells in the SGZ of the DG. Furthermore, the
transiently reduced pattern of hippocampal neurogenesis
caused by y-irradiation corresponded to that of pCREB
immunoreactivity in adult mouse brains. These results sup-
port the suggestion that CREB phosphorylation is associ-
ated with neurogenesis in the DG of the mouse hippocampus.

Rolipram, specific PDE4 inhibitor, is known to enhance
learning and memory by increasing cAMP levels and stim-
ulating CREB pathway, which is highly conserved across
species, regulating hippocampus-dependent memory in mice
(Bourtchouladze et al., 1994; Nakagawa et al., 2002). Previ-
ous reports separately demonstrated that rolipram increases
hippocampal CREB expression or activity (Nibuya et al.,
1996; Nakagawa et al., 2002), improves hippocampus-depen-
dent memory (Barad et al., 1998; Navakkode et al., 2004)
or reverses various types of memory deficits (Bourtchou-
ladze et al., 1994; Vitolo et al., 2002; Barad, 2003; Gong et
al., 2004). It has been suggested that rolipram exerts benefi-
cial effects in various injury models mechanisms that include
blocking of the effect of inflammatory cytokines (Beshay et
al., 2001; Zhang et al., 2004) and the production of super-
oxide (Dinter et al, 2000). Moreover, it is possible that
increased phosphorylation of CREB mediated by activation

of protein kinase A due to increased cyclic AMP may play
a role in the neuroprotective effects (Gong et al, 2004;
Monti et al, 2006). Therefore, rolipram could not only
immediately counteract the deficit of pCREB in the DG of
adult hippocampus, but also considerably protect from
decreased neurogenesis in the DG after irradiation.

Recently, we suggested that a relatively low dose (2 Gy)
of irradiation in adult ICR mice is sufficiently detrimental
to interrupt the functioning of the hippocampus, including
learning and memory, possibly through the inhibition of
neurogenesis (Kim et al., 2008). In the present study, 2 Gy-
irradiation also inhibited hippocampal neurogenesis and
induced a recognition memory deficit in C57BL/6 mice, but
rolipram treatment attenuated the inhibition of neurogene-
sis and the memory deficit. This suggests that the promo-
tion of CREB activity ameliorates neurogenesis-dependent
hippocampal functions including learning and memory, possi-
bly via an increased rate of hippocampal neurogenesis by
CREB activation. However, it cannot be excluded that other
possible mechanisms of the change of CREB activity in
other important regions of hippocampus, including CA1 and
CA3, influence hippocampal function (Zhang et al., 2004;
Hattiangady ef al., 2005). Further, CREB participates in the
establishment of plasticity via pre-synaptic mechanisms and
dendritic maturation (Davis et al., 1996; Navakkode et al.,
2002), which would be another mechanism of improved
learning and memory. Therefore, more studies will be needed
to establish precise mechanism of the radioprotective effect
by CREB activation in brain.

In this study, we concluded that CREB activity may be
attributable to hippocampal neurogenesis, suggesting that
the promotion of CREB activity plays a protective role in
inhibition of adult hippocampal neurogenesis and related
functions caused by y-irradiation.
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