X-irradiation induces acute cognitive decline via transient synaptic dysfunction

指導教員 白尾 智明教授
平成28年2月
群馬大学大学院医学系研究科
平成24年入学
高次機能統御系・脳神経発達統御学
神経薬理学

Anggraeini Puspitasari

INTRODUCTION
Radiation therapy is often used for the treatment of brain tumors; however, radiationinduced brain injury, including both anatomical and functional changes, is sometimes observed
after the irradiation (1). Radiation-induced brain injury is mostly observed and
symptomatically found chronically after radiation therapy, and the main underlying cause is
thought to be cell death. The acute effects of irradiation are well known, but very few studies
have investigated the underlying mechanisms.
Radiation-induced brain injury is classified into acute, early delayed and late delayed
injury. Early delayed injuries start to occur more than 1 month after irradiation. For example,
progressive depletion of adult neurogenesis in the hippocampus by X-irradiation induces
impairment of cognitive function 1–2 months after the exposure (2-4). In contrast, acute injury
has been reported to manifest within days of exposure. For example, impairment of long term
potentiation has been observed 48 h after -irradiation (5). Because mature neurons are
relatively radiation-resistant, the acute effects of injury might be associated with synaptic
dysfunction.
It has been reported recently that the mislocalization and dysregulation of postsynaptic
structural proteins result in synaptopathy (6). We focused on drebrin, a protein whose loss from
dendritic spines is a surrogate marker of synaptopathy. In dementias, such as Alzheimer’s
disease, mild cognitive impairment and Down syndrome, drebrin loss from the dendritic spines
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of hippocampal neurons is observed (7).
Cognitive function strongly correlates with synaptic plasticity (8, 9), and dynamic
morphological changes in dendritic spines play an important role in synaptic plasticity.
Dendritic spines are actin-rich structures that protrude from dendritic shafts. F-actin in the core
of the dendritic spine is stabilized by drebrin, which is an actin-binding protein (10, 11), and
regulation of F-actin stability is necessary for synaptic plasticity (12).
We recently reported that X-irradiation induces an acute decrease in drebrin in the dendritic
spines of cultured hippocampal neurons (13). This suggests that the X-irradiation causes acute
alterations in synaptic function. Therefore in the present study, we examined the acute effect
of X-irradiation using behavioral and immunohistochemical analyses within 24 h of exposure.

MATERIALS AND METHODS
Animals
Ten- to 11-week-old male mice were used (C57BL/6N; CLEA Japan, Inc., Japan; SLC Co.,
Ltd., Shizuoka, Japan). All animal experiments were performed according to guidelines set by
the Animal Care and Experimentation Committee (Gunma University, Showa Campus,
Maebashi, Japan). We used 10-13 mice per group for behavioral analysis, 3-4 mice (4-7 slices
from one animal) per group for immunohistochemical analysis and three mice per group for
western blot analysis. The mice were maintained under standard animal facility conditions with
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food and water available ad libitum. All efforts were made to minimize animal suffering and to
reduce the number of animals used in this study.

X-irradiation
X-rays were generated using a Shimadzu X-TITAN 225S X-ray generator (Shimadzu
Corporation, Kyoto, Japan), and a dose rate of 1.3 Gy/min was used to irradiate mice. The mice
were anesthetized with an intraperitoneal injection of tribromoethanol (Avertin; 250 mg/kg;
Sigma-Aldrich, St. Louis, MO), placed in a stereotaxic frame (Narishige, Tokyo, Japan), and
irradiated. For the immunohistochemical analysis of the mouse brain, we irradiated the left
hemisphere. The right hemisphere and the remainder of the body of the mouse were covered
with a lead plate (1 cm thick) to protect from radiation exposure. Although we cannot exclude
the possibility of secondary scattered radiation, we confirmed that the irradiation effect was
exposed to the ipsilateral hemisphere by immunostaining for the c-fos immediate early gene
(Fig. 1), because it is known to be activated by stressors (14, 15). For behavioral analysis,
whole brain irradiation was given to the mice. Source to skin distance was approximately 473
mm, and the irradiated tissue received a single absorbed dose of 10 Gy. Sham mice were
anesthetized, but not irradiated.

Behavioral analysis
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Fear conditioning memory test was performed as described previously (16) with minor
modifications. During fear conditioning, mice were placed in a clear acrylic chamber (10 × 10
× 25 cm) with a stainless steel grid floor (2-mm-diameter rods, 5 mm apart). The chamber was
placed in a soundproof box facing a wall-mounted CCD camera connected to a video monitor
and a computer. The grid floor was wired to a shock generator. An auditory signal was supplied
from a loudspeaker located in the ceiling of the box. The mice were monitored with a CCD
camera, which automatically recorded behavior at 2 frame per second (fps) using Image FZC
version 2.20 software (O’Hara & Co., Ltd., Tokyo, Japan). On the conditioning day, mice were
brought to an experimental room and individually placed in the chamber. After a 60-s
exploratory period, a tone (10 kHz, 65 dB) was delivered for 10 s. The tone co-terminated with
an electrical foot shock (0.3 mA, 1 s). The tone-electrical foot shock pairing was delivered
twice at 20-s intervals, and 80 s later, the mouse was returned to its home cage. The chamber
was thoroughly wiped with ethanol after the conditioning session for each mouse.
The mice were subjected to memory tests 24 h after the conditioning, and contextdependent fear memory was examined. During the context-dependent fear memory test, mice
were placed in the original conditioning chamber for 180 s, and then freezing was measured
without delivery of the tone or the foot shock. The tests were conducted under low illumination
(100 lux) and low background fan noise (55 dB) which were identical to that in conditioning.
Throughout the experiment, behavior was recorded via CCD camera (2 fps). Freezing was
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defined as complete immobility (excluding movement required for heartbeat and respiration)
lasting longer than 1 s, and was automatically calculated by the software. Summed-freezing
time was scored as the percentage of freezing within every 30 s for 180 s.

Immunohistochemistry
Mice were deeply anesthetized using tribromoethanol (250 mg/kg), and transcardially
perfused with phosphate-buffered saline (PBS) followed by 4% paraformaldehyde in 0.1 M
phosphate buffer (PB; pH 7.4). The brains were removed and post-fixed in 4%
paraformaldehyde in PB at 4 °C for 24 h, then transferred to 30% sucrose in PB. After
equilibration, 30-µm-thick coronal sections of the brain were cut [−3.64 mm to −1.24 mm from
the bregma, using a mouse brain atlas as reference (17)] using a cryostat (CM3000, Leica,
Wetzlar, Germany). The sections were washed in PBS, incubated with 0.1% Triton X-100 for
15 min, and blocked for 30 min in 3% bovine serum albumin in PBS (PBSA). Sections were
then incubated overnight with the primary antibody at 4 °C. After the sections were washed in
PBS, they were incubated with the secondary antibody for 1 h, rinsed with PBS, and then
mounted. The sections were analyzed using a confocal laser scanning microscope (Fluoview
FV1000, Olympus, Tokyo, Japan). Each image was acquired at an excitation wavelength of
488 nm for fluorescein isothiocyanate (FITC), at 543 nm for rhodamine, at 633 nm for Cy 5,
and UV laser for 4′,6-diamidino-2-phenylindole (DAPI). Images were obtained from 12 optical
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sections covering a distance of 1.5 µm on the z-axis. Each optical section was obtained by
averaging two frames at a spatial sampling of 341 nm/pixel (1,024 × 768 pixels) through a 20×
objective (numerical aperture, 0.70). The images used for the comparison in this study were
collected under identical conditions, and the images were processed using MetaMorph software
(Meta Imaging software Version 7.7; MetaMorph Microscopy Automation and Image Analysis
Software, RRID:SciRes_000136; Molecular Devices, Sunnyvale, CA). The intensities of
drebrin and synapsin I were analyzed from four random regions of interest (ROI) in the
molecular layer of the dentate gyrus (DG). The number of positive doublecortin (DCX) cells
was quantified in the granular cell layer of DG.
For c-Fos immunostaining, the sections were stained using the ABC method. Sections
were washed with PBS, incubated in 0.3% H2O2 for 30 min, washed with PBS, treated with
0.1% Triton X-100 for 15 min, blocked for 30 min in 3% PBSA, then incubated overnight with
c-Fos primary antibody (Calbiochem, La Jolla, CA; 1:4,500) at 4 °C. After the sections were
washed in PBS, they were incubated with biotinylated goat anti-rabbit IgG antibody (Vector
Laboratories, Burlingame, CA; 1:200) for 1 h, rinsed with PBS, then incubated with AB
solution (a mixture of Avidin DH and biotinylated enzyme) in PBS for 30 min, and washed
with PBS. Sections were incubated with 3,3′-diaminobenzidine tetrahydrochloride (Vector
Laboratories) until a brownish color developed on each section. To quantify the number of cFos-positive cells the images were taken with a light microscope (BX41, Olympus) through
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10× objective (numerical aperture, 0.30) and analyzed as described previously (18) with minor
modifications. In brief, the positive c-Fos cells were recognized as puncta of pixels that have a
higher signal than the threshold. We normalized background of the non-irradiated side image
and set a threshold. The same threshold was applied to both irradiated and non-irradiated sides
and analyzed using MetaMorph software.

Electrophoresis and Western blotting
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and western
blotting were performed as described previously (20, 21). Irradiated and non-irradiated sides
of hippocampal homogenates of 10-week old sham and irradiated mice after eight hours of
irradiation were lysed and sonicated in 10-fold weight-to-volume ratio of neuronal protein
extraction reagent (N-PER, Thermo Scientific, Rockford, IL) supplemented with Complete
Mini (Roche, Indianapolis, IN). After centrifugation (20,000× g), the supernatants were
collected. Aliquots of whole homogenates were equalized to 240 µg wet weight of hippocampal
tissue/lane were subjected to SDS-PAGE and transferred to polyvinylidene fluoride membrane.
The membrane was incubated with appropriate primary and secondary antibodies. Peroxidase
activity

was

detected

using

chemiluminescence

reagents

(Immobilon

Western

Chemiluminescent HRP Substrate, Merck Millipore, Billerica, MA), and then visualized with
an image analyzer (LAS-3000, Fujifilm, Tokyo, Japan). Images were quantified with NIH
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ImageJ software.

Antibodies
The following primary antibodies were used: anti-drebrin monoclonal (clone M2F6,
hybridoma supernatant, RRID:AB_2532045, 1:1 (19, 22, 23)) anti--actin monoclonal (clone
AC-15; Sigma-Aldrich, St. Louis, MO; 1:3,000), goat anti-doublecortin polyclonal (Santa Cruz
Biotechnology, Inc., Dallas, TX; 1:200) and rabbit anti-synapsin I polyclonal (Chemicon
International, Temecula, CA; immunohistochemistry, 1:1,000; western blotting, 1:5,000).
The following secondary antibodies were used for immunohistochemistry: FITCconjugated goat anti-mouse IgG (Cappel Laboratories, Cochranville, PA; 1:100);
tetramethylrhodamine-5-(and-6)-isothiocyanate (TRITC)-conjugated goat anti-rabbit IgG
(Cappel Laboratories; 1:100) and Cy5-conjugated rabbit anti-goat IgG (Chemicon
International, Temecula, CA; 1:100). Counterstaining was performed with DAPI (Invitrogen,
Eugene, OR; 1:1,000). The secondary antibodies used for western blot analysis were
horseradish peroxidase (HRP)-conjugated sheep anti-mouse IgG (1:10,000) and HRPconjugated donkey anti-rabbit IgG (1:20,000) antibodies (GE Healthcare UK Ltd., Little
Chalfont, Buckinghamshire, UK).

Statistical analysis
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Comparisons between two groups were performed using unpaired t-test. Comparisons between
more than two groups were performed using analysis of variance followed by Dunnett’s test
using SPSS (IBM, New York, NY). Statistical significance was assigned at P < 0.05.

RESULTS
Brain irradiation induces a transient deficit in fear conditioning memory formation
Fear memory formation in adult mice was analyzed after whole brain irradiation with 10
Gy in a single dose. The mice were trained for fear conditioning 30 min before irradiation, or
7 or 24 h after irradiation (Fig. 2A). During training, both the irradiated and sham groups in
each session exhibited no difference in behavior. When mice were trained 30 min before
irradiation (n = 11), they showed a significantly lower freezing rate compared with the sham
group (n = 12) in the contextual test (Fig. 2B and C). The mice trained 7 h after irradiation (n
= 13) also showed a significantly lower freezing rate compared with the sham group (n = 13).
In contrast, when mice were trained 24 h after irradiation (n = 10), they did not show any
difference from the sham group (n = 10). Because numerous studies have shown strong
hippocampal involvement in contextual fear learning (24), these results suggest that irradiation
causes an acute transient deficit in hippocampal function. Although we found sham mice at 24
h showed higher freezing rates, we considered this may be caused by factors such as the time
point of anesthesia and head fixation before the radiation.
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Brain irradiation induces an immediate reduction in drebrin and a delayed reduction in
doublecortin-positive neurons
We then studied the acute effects of X-irradiation on neurons in the adult mouse brain to
clarify the mechanisms underlying the acute transient deficit in hippocampal function. The left
hemisphere was irradiated with a single dose of 10 Gy, and then the brain was harvested 2, 8
or 24 h after the exposure. We immunohistochemically analyzed the immunofluorescence
intensity of the synaptic marker proteins drebrin and synapsin I in the molecular layer of DG
of the hippocampus (Fig. 3A). From immunofluorescence images of drebrin (Fig. 3B) and
synapsin I (Fig. 3C), we quantitated the ratio (irradiated ipsilateral hemisphere/contralateral
hemisphere) of the fluorescence intensities of each protein. Both of the ratios for drebrin (Fig.
3D) and synapsin I (Fig. 3E) in sham-operated mice were approximately 1. The drebrin ratio
in the molecular layer of the DG significantly decreased 2 and 8 h after irradiation and returned
to pre-irradiation levels 24 h following exposure (Fig. 3B and D). In comparison, there was no
change in the synapsin I ratio (Fig. 3C and E).
To examine whether the X-irradiation-induced drebrin loss from synapses is due to the
decrease of drebrin content or not, we quantified drebrin, synapsin I and β-actin protein content
in X-irradiated hippocampi by western blotting (Fig 4). We found no change in 8 h following
the exposure of X-irradiation (Fig. 4B). The protein content ratios are almost 1 (irradiated side
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/ non-irradiated side) for each drebrin (sham vs 8 h; P = 0.984), synapsin I (sham vs 8 h; P =
0.110) and β-actin (sham vs 8 h; P = 0.728).
Adult neurogenesis in the DG is known to play an important role in memory formation.
Progressive depletion of adult neurogenesis by irradiation has been reported to be an underlying
mechanism of cognitive impairment (2-4, 25) in chronic time point. Therefore, we analyzed
the effect of X-irradiation on newly generated neurons in the granular cell layer of DG (Fig.
5A) by quantitating the number of doublecortin-positive cells. We found that the number of
doublecortin-positive cells did not change 2 h after the irradiation, but was significantly
reduced in the irradiated hemisphere compared with the control hemisphere 8 and 24 h after
the exposure (Fig. 5B and C). These findings suggest that a reduction in newly generated
neurons does not occur at 2 h, but by 8 h after exposure.
Taken together, these findings indicate that X-irradiation causes immediate damage to
synapses that recovers within 24 h. Furthermore, X-irradiation does not elicit a reduction in
newly generated neurons during the first few hours, but causes a delayed decrease that does
not recover within 24 h after exposure.

DISCUSSION
In this study, we found that X-irradiation of the brain 7 h before and 30 min after memory
acquisition caused an acute decline of learning and memory function. The decline was not
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observed when the X-irradiation occurred 24 h before memory acquisition. This indicates that
the X-irradiation-induced memory disturbance occurs immediately and persists for at least 7 h,
but memory function returns to normal within 24 h. Concomitant with the memory impairment,
expression of drebrin, a marker of synaptic function, also decreased in the DG of the
hippocampus. Interestingly, the density of newly generated neurons was significantly
decreased at 24 h although the memory function was intact. This suggests that acute transient
memory decline is due to the synaptic dysfunction but not due to the cell death of newly
generated neurons.

X-irradiation perturbs the acquisition and/or consolidation of contextual memory
Memory can be classified into three distinct processes: acquisition, consolidation and
retrieval (26). Memory acquisition is known to occur within 1–3 h after training (27). In this
study, mice were not able to retrieve the contextual memory when they were irradiated soon
after the training, suggesting that the X-irradiation may disrupt the acquisition and/or
consolidation process. When mice were irradiated 7 h before training, they were also not able
to retrieve contextual memory. In contrast, when mice were irradiated 24 h before training, they
were able to retrieve the contextual memory. These results indicate that the impairment of
hippocampal function by X-irradiation begins immediately and continues up to 7 h after
irradiation, but returns to normal by 24 h after the radiation exposure. Furthermore, animals X-
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irradiated 7 h before training could not retrieve the fear memory 24 h after the training session,
even though hippocampal function returns to normal by the time of the retrieval test, more than
24 h after the irradiation. Taken together, our results suggest that the contextual memory
disturbance results from impaired acquisition and/or consolidation, but is likely not due to a
perturbation of the retrieval process.

Massive acute synaptic dysfunction underlies X-irradiation-induced inhibition of
contextual memory formation within 24 h after exposure
Although X-irradiation has been reported to perturb synaptic function (28, 29), the
underlying mechanisms are unclear. When fear memory is acquired and consolidated in the
hippocampus, the time window approximately 1–3 h after training was crucial (27). In the
present study, irradiation caused a decrease in drebrin immunoreactivity between 2 h and 8 h
in the molecular layer of DG of the hippocampus. This indicates that the reduction of drebrin
after exposure coincides with the time window when fear memory is acquired and consolidated
in the hippocampus. Drebrin is known to play a pivotal role in the initial step of long term
potentiation (12). Therefore, the loss of drebrin from dendritic spines is likely to at least partly
underlie the dysfunction in memory formation. Thus, X-irradiation-induced acute memory
deficits probably result from a disturbance in neuronal network produced by massive
simultaneous synaptic dysfunction.
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Our study suggests that the transient decrease of drebrin in the molecular layer of dentate
gyrus is due to distribution change from the synapses because we found no change in drebrin
protein content. Similar phenomena were also found in other studies in which drebrin
distribution change was induced by Aβ-derived diffusible ligands or NMDA receptor activation
(21, 30) without changing the protein content level.
There is no change of synapsin I within 24 h after exposure in this study, although it is
known that the changes in the presynaptic sites occur 1 week after exposure (1). It seems that
changes in presynaptic sites take more time and this suggests that presynaptic sites are more
stable than postsynaptic sites. The earlier changes that happen in postsynaptic sites than in
presynaptic sites also found in Alzheimer’s disease (31, 32).
Previous reports have suggested that cell death induced by X-irradiation is the underlying
cause of delayed memory disturbance in chronic time after X-irradiation (2, 3, 33). Ten grays
of X-irradiation has been shown to induce cognitive impairments 3 months after the exposure
(2). However, the depletion of neurogenesis does not impair fear memory formation
immediately (34, 35). In this study, the acute memory impairment had already improved by the
time that the density of newly generated neurons (doublecortin-positive cells) in the
hippocampus significantly decreased. Thus, the time course of the impairment in memory
formation differs from that of the decrease in newly generated neurons. This indicates that cell
death of newly generated neurons is not involved in the acute memory deficit.
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How does X-irradiation induce the massive loss of drebrin from all dendritic spines in the
irradiated region of the brain?
It has been reported that brain edema activates glutamate receptors (36). Because the
activation of NMDA receptors induces drebrin loss from dendritic spines (12, 30), X-irradiation
may indirectly cause the loss of drebrin via edema-induced NMDA receptor activation.
However, edema increases at 24 h following exposure (38-40), which differs from the time
course of the impairment in memory formation induced by X-irradiation in this study. Whole
brain irradiation is known to increase NMDA receptor expression in the hippocampus after 12
months (41), suggesting that an increase in NMDA receptors may also occur as an acute
response after irradiation. Further studies are needed to clarify the relationship between the
acute effect of X-irradiation and the drebrin loss induced by activation of NMDA receptors.
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Figure Legends
Figure 1. Number of c-Fos-positive cells in the irradiated and non-irradiated hemispheres. (A)
Schematic drawing of a coronal section which is comparable position of the mouse brain atlas
(17) at bregma −1.82 mm. The dashed rectangles indicate the regions of interest where the
number of c-Fos-positive cells were analyzed. The number of c-Fos-positive cells increased in
the irradiated hemisphere 2 h following exposure. (B) Data are presented as the mean ± SEM.
**P < 0.01; n = 24 slices (2 animals). Non irr, non-irradiated hemisphere; Irr, irradiated
hemisphere. (C) Representative images of c-Fos-positive cells in non–irradiated hemisphere
and irradiated hemisphere. Scale bar: 100 µm.

Figure 2. Behavioral effects of X-irradiation. (A) Schematic of the experimental design. Mice
were trained for fear conditioning 30 min before (a) or 7 h after (b) or 24 h after (c) a single
10-Gy dose of X-irradiation was administered to the whole brain. (B) Representative motion
tracks (body center) of sham and irradiated mice in the contextual memory test. (C) Xirradiation within 30 min after training (irradiated, n = 11; sham, n = 12) and 7 h before training
(n = 13 animals per group) significantly impaired cognitive function in the contextual memory
test. X-irradiation 24 h before training (n = 10 animals per group) did not produce any
significant change in behavior. Data are presented as the mean ± SEM. *P < 0.05.
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Figure 3. Effect of X-irradiation on synaptic proteins in vivo. (A) Schematic drawing of
hippocampus (HIPP) from a coronal section which is comparable position of the mouse brain
atlas (17) at bregma −1.70 mm. Dashed rectangle represents the position of higher
magnification image shown in the right. DG, dentate gyrus. Four random ROIs (white circles,
diameter 70 µm) were put in the molecular layer (ML) of DG to measure the intensity. GCL,
granular cell layer. (B) Representative images of drebrin immunostaining in the DG of the nonirradiated side (left) and the irradiated side (right) of mice 2, 8 and 24 h following irradiation.
Sham mice are also shown. Scale bar: 50 µm. (C) Representative images of synapsin I
immunostaining in the DG of the non-irradiated side (left) and the irradiated side (right) of
mice 2, 8 and 24 h following irradiation. Sham mice are also shown. Scale bar: 50 µm. (D)
Ratio of drebrin intensities (ratio = irradiated side/non-irradiated side). Drebrin
immunostaining intensities were significantly decreased at 2 and 8 h. Data are presented as the
mean ± SEM. *P < 0.05. Sham, n = 21 slices (4 animals); 2 h, n = 27 slices (4 animals); 8 h, n
= 23 slices (3 animals); 24 h, n = 23 slices (3 animals). (E) Synapsin I immunostaining intensity
ratios (irradiated side/non-irradiated side). There were no significant differences between the
groups. Sham, n = 14 slices (3 animals); 2 h, n = 15 slices (4 animals); 8 h, n = 17 slices (3
animals); 24 h, n = 17 slices (3 animals).
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Figure 4. Effect of X-irradiation on drebrin and synapsin I contents by western blotting. (A)
Upper, middle and lower panels show typical western blots for drebrin, synapsin I and - actin,
respectively. Non, Non-irradiated side; Irr, irradiated side (B) Western blots were quantified
with NIH ImageJ software, ratio were quantified by irradiated side (Irr) / non-irradiated side
(Non) of drebrin, synapsin I and -actin. There were no significant differences between sham
and 8 h groups. Sham, n = 3 animals; 8 h, n = 3 animals. Data are presented as the mean ± SEM.

Figure 5. Effect of X-irradiation on newly generated neurons in vivo. (A) Schematic drawing
of hippocampus (HIPP) from a coronal section which is comparable position of the mouse
brain atlas (17) at bregma −1.70 mm. Dashed rectangle represents the position of higher
magnification image shown in the right. DG, dentate gyrus; GCL, granular cell layer; ML
molecular layer. (B) Representative images of doublecortin (DCX)-positive cells (white) and
DAPI (blue) staining in the DG of the non-irradiated side (left) and the irradiated side (right)
of mice 2, 8 and 24 h following irradiation. Sham mice are also shown. Scale bar: 50 µm. (C)
Number of DCX-positive cells in the DG. There were significant reductions in the number of
DCX-positive cells starting 8 h following irradiation (Non irr vs Irr; Sham, P = 0.201; 2 h, P =
0.292). Data are presented as the mean ± SEM. NS, non-significant; **P < 0.01. Sham, n =13
slices (3 animals); 2 h, n = 13 slices (3 animals); 8 h, n = 25 slices (3 animals); 24 h, n = 19
slices (3 animals).
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