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Abstract
Cognitive impairments severely affect the quality of life of patients who undergo brain irradi-

ation, and there are no effective preventive strategies. In this study, we examined the thera-

peutic potential of electroacupuncture (EA) administered immediately after brain irradiation

in rats. We detected changes in cognitive function, neurogenesis, and synaptic density at

different time points after irradiation, but found that EA could protect the blood-brain barrier

(BBB), inhibit neuroinflammatory cytokine expression, upregulate angiogenic cytokine ex-

pression, and modulate the levels of neurotransmitter receptors and neuropeptides in the

early phase. Moreover, EA protected spatial memory and recognition in the delayed phase.

At the cellular/molecular level, the preventative effect of EA on cognitive dysfunction was

not dependent on hippocampal neurogenesis; rather, it was related to synaptophysin ex-

pression. Our results suggest that EA applied immediately after brain irradiation can prevent

cognitive impairments by protecting against the early changes induced by irradiation and

may be a novel approach for preventing or ameliorating cognitive impairments in patients

with brain tumors who require radiotherapy.

Introduction
Brain irradiation (BI) is a first-line treatment for both primary and metastatic intracranial ma-
lignancies. Irradiation-induced cognitive impairments, including dementia, occur in 50–90%
of patients with brain tumors who survive>6 months postirradiation [1]. Moreover, the inci-
dence and severity of these impairments increase over time. A benefit of improved radiation
therapy techniques and systemic therapies is that patients with brain tumors are surviving lon-
ger; however, this means that the patient population with irradiation-induced cognitive
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impairments is growing rapidly. Quality of life is dramatically affected by cognitive dysfunction
and is an important measure of the outcome of brain tumor therapy. Although some-
short term interventions are effective [2], there is a lack of useful preventive strategies for
irradiation-induced cognitive impairments. Thus, research aimed at preventing or ameliorating
irradiation-induced cognitive impairments is important.

Valuable insights have come from preclinical studies regarding potential pathogenic mecha-
nisms involved in radiation-induced cognitive impairment. Radiation to the brain induces a
profound oxidative stress and inflammatory response [3,4]. Loss of hippocampal neurogenesis
[5], persistent changes in neuronal structure and synaptic plasticity [6], white matter im-
pairment [7], blood-brain barrier (BBB) damage [8], and decreased capillary density [9] have
been associated with radiation-induced cognitive impairment. However, the details regarding
the specific molecular and cellular mechanisms/pathways underlying BI-induced deficits re-
main unclear [1].

There is evidence that acupuncture is effective in treating several neurological disorders
such as stroke [10], depression [11], and fatigue [12]. Acupuncture exerts its therapeutic effects
by stimulating acupuncture points, and adenosine A1 receptors and nerve fibers transfer the
signal [13,14]. The complicated effects of acupuncture are determined by the complexity of the
human body and the disease being treated. One study reported neuroimmune system modula-
tion following acupuncture [15]. Electroacupuncture (EA) performed immediately after middle
cerebral artery occlusion prevented extensive BBB damage [16] and inhibited neuroinflamma-
tion [17], two important elements in irradiation-induced brain injury [18,19]. DU20 (baihui)
and DU26 (shuigou) are common acupuncture points targeted to treat neurological diseases in
clinical practice and experimental studies [16], and these points are believed to be related to the
brain in Chinese traditional medicine. Therefore, we selected these two acupuncture points to
study the beneficial effects of EA after BI injury. Our results suggest that EA performed imme-
diately after BI prevents irradiation-induced cognitive impairments in rats.

Materials and Methods

BI
This research was approved by the Animal Care and Ethics Committee of Fudan University,
China, and the experiments were performed in accordance with the 1964 Declaration of Hel-
sinki and its later amendments. A total of 112 young adult male Sprague Dawley rats aged 6–8
weeks were purchased from the Animal Center of Fudan University. The rats were housed so-
cially in a temperature-controlled room with free access to food and water. Artificial lighting
was maintained on a 12:12-h light:dark cycle. All animals were anesthetized with an intraperi-
toneal (i.p.) injection of a ketamine (75 mg/kg)/xylazine (15 mg/kg) mixture and irradiated
with a 6 MV X-ray linear accelerator (Primus Linear Accelerator; Siemens, Germany). The
eyes, neck, and body were protected with lead shielding, so only the head was exposed to X-
rays. A single dose of 22 Gy was administered at 2.5 Gy/min with a source-to-skin distance of
100 cm, and the irradiation dose was selected according to previous studies [20,21].

EA
Immediately after irradiation (approximately 5 min later), EA was applied for 30 min at the
acupuncture points DU20 (baihui) and DU26 (shuigou) using an electrical stimulation device
(HANS LH-202, Huawei Co, Beijing, China) (Fig. 1B). The wave type was dense sparse; fre-
quency, 2/15 Hz; and intensity, 3 mA [16].
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Evans blue (EB) staining
EB (12% in saline, 4 mL/kg, Sigma, USA) was injected through the tail vein. Two hours later,
rats were anesthetized with an intraperitoneal (i.p.) injection of a ketamine (75 mg/kg)/xylazine
(15 mg/kg) mixture and then perfused with saline until a colorless perfusion fluid was obtained
from the right atrium. The hippocampus and cortex (above the hippocampus, similar volume)
were carefully dissected on ice and stored at -80°C until use. Samples were weighed, placed in a
dimethylformamide solution (1 mL/100 mg), and minced into small pieces. After incubation at
60°C for 24 h, fluorescence was detected using a microplate reader (excitation at 620 nm, emis-
sion at 680 nm; Synergy4, BioTek, USA).

Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI)
The head of an anesthetized rat was placed at the center of the animal coil of a 3.0-Tesla Tim-
Trio MRI system (Siemens, Germany). A T1-weighted gradient-echo sequence (repetition time
[TR]/echo time [TE] = 200 ms/12 ms) was applied to obtain nine axial images and to facilitate
slice positioning. Subsequently, T2-weighted coronal images were acquired using a fast spin-
echo sequence (TR/TE = 2200 ms/102.5 ms, slice thickness = 2 mm, slice gap = 2 mm). The dy-
namic susceptibility contrast MRI method was applied for DCE-MRI using a spin-echo echo
planar imaging sequence (TR/TE = 780 ms/14.4 ms, slice thickness = 2 mm, slice gap = 2 mm).
During the 10-min dynamic imaging series, contrast media (0.67 mmol/kg; Magnevist, Ger-
many) was manually injected as a bolus by the same researcher (using an average amount of
0.2 mL in 1 s) into the tail vein, starting at the second measurement. T2 MRI and relative cere-
bral blood flow (CBF) maps were merged using the Nordic ICE v2.2 software (Nordic Imaging
Lab AS, Norway). Six templates of regions of interest (ROIs) were contoured on the merged
images, including the left and right hippocampi, cortex, and neck muscles. A dynamic

Fig 1. Schematic timeline of experimental procedures and body weight. (A) Young adult (6–8 weeks)
Sprague–Dawley rats received BI brain irradiation (BI), and electroacupuncture (EA) was applied to rats in
the EA and BI + EA groups 5 min later. Levels of amino acid neurotransmitters, their receptors,
neuropeptides, cytokines, the BBB, and cognition were assessed at different time points. (B) EA was applied
at the DU20 (baihui) and DU26 (shuigou) acupuncture points. (C) Body weights after BI. BI, brain irradiation;
EA, electroacupuncture; LC-MS/MS, liquid chromatography and tandemmass spectrometry; BBB, blood-
brain barrier; NPR, novel place recognition; MWM, Morris water maze; qRTPCR, quantitative real-time
reverse transcription polymerase chain reaction; Sac, sacrifice.

doi:10.1371/journal.pone.0122087.g001
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enhancement curve of each ROI was obtained, and the maximum enhancement ratio (MER)
was measured. To decrease the effect of the amount of contrast medium and injection velocity,
the relative enhancement (RE) of the brain (regulated using the neck-muscle MER) was used to
assess BBB permeability with the following equation:

RE ¼ MERðbrainÞ
MERðmuscleÞ

Electron microscopy
Anesthetized rats were perfused for 60 s with 0.9% saline through the left ventricle of the heart
and then infused with 4% paraformaldehyde and 2% glutaraldehyde mixed in 0.1 M phosphate
buffer (pH 7.4). After transcardiac perfusion, a small block (approximately 1 × 1 × 3 mm) was
cut from the hippocampus. The block was further fixed in 2% phosphate-buffered saline
(PBS)/glutaraldehyde, followed by 1% osmium. The tissue block was dehydrated stepwise in
ethanol, block-stained with saturated uranyl acetate, embedded in Araldite, and sectioned
using an Ultracut-E Ultramicrotome (Reichert-Jung, Austria). Ultrathin sections (50 nm) were
examined using a JEOL transmission electron microscope (JEM-1230, Japan).

Western blotting
The hippocampus was removed rapidly, placed on ice, and processed for western blotting.
Equal amounts of protein (30 μg) were loaded onto sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) gels, separated by electrophoresis, and transferred onto nitrocel-
lulose membranes. Membranes were blocked and probed overnight at 4°C with the following
primary antibodies: anti-synaptophysin (1:250, mouse, Abcam, UK), and anti-glyceraldehyde
3-phosphate dehydrogenase (GAPDH; 1:500, mouse, Santa Cruz, USA). Immunoblots were
processed with the appropriate secondary antibodies (1:8000, mouse, Santa Cruz) at room tem-
perature for 1 h, and bands were visualized using the ECL Plus chemiluminescence reagent kit
(Amersham Bioscience, UK). Quantification was performed via an optical density method
using ImageJ software (National Institutes of Health, USA). Results are expressed as the relative
density to GAPDH and normalized to the mean control group value.

Quantitative real-time reverse transcription polymerase chain reaction
(qRTPCR)
Total RNA was extracted from the hippocampus using the TRIzol reagent (Invitrogen, USA).
To analyze the expression levels of individual target genes, 2 mg total RNA from each rat was
reverse transcribed into cDNA using the reverse transcription system (Promega, USA).
qRTPCR analysis was performed using a qRTPCR detection system (iCyclerQ real-time PCR
Detection System, Bio-Rad, USA) with SYBR Green (Bio-Rad). The cycling conditions were as
follows: incubation for 3 min at 95°C, followed by 40 cycles of three-step PCR consisting of a
95°C step for 30 s followed by an appropriate temperature for annealing and a 72°C-extension
step for 30 s. Amplifications were carried out in triplicate, and relative target gene expression
was determined using the ΔΔCt method with GAPDH gene expression as an internal control.

Neurotransmitters
Five hours after irradiation, the hippocampi of unanesthetized rats were homogenized in an
equal volume mixture of methanol/H2O (100 mg/1 mL, 4°C). Thirty minutes later, a supernatant
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was obtained by centrifugation (10,000 rpm, 4°C, 10 min) and stored at -20°C until further use.
Amino acid neurotransmitter (glutamate, aspartate, gamma-aminobutyric acid [GABA], tau-
rine, and glycine) levels were measured using liquid chromatography-tandemmass spectrome-
try (LC-MS/MS). All standards and conventional reagents were purchased from Sigma.

Novel place recognition (NPR) test
The NPR test is a rodent hippocampal-dependent memory test that begins with 3 days of habit-
uation, and was performed three weeks after irradiation. Each day, rats were placed individual-
ly in the open-field arenas (70 × 70 × 40 cm high) with two toy objects that were not used in
the subsequent experimental trials and were allowed to explore freely for 10 min before return-
ing to their home cages. The familiarization phase and 5-min test phase were administered on
the fourth day. For the familiarization phase, two identical plastic blocks (8 × 5 × 13 cm high)
were placed at specific positions within the arena, and rats were allowed to explore the arena
freely for 5 min. Then, rats were placed in a small holding cage for a 5-min interval, and one
block was moved to a novel spatial position. Rats were returned to the arena for the 5-min test
and allowed to freely explore the arena for 3 min. For all phases, the arena and objects were
cleaned with 70% ethanol between trials to minimize odor cues. A video camera was centered
above the arena, and live tracking of the animals was performed with Noldus Ethovision XT
(version 7.0; Noldus Information Technology, USA). A rat was considered to be exploring a
block when its head was oriented toward the block and its nose was within a 4-cm radius. The
exploration ratio (time spent exploring the novel position/total time spent exploring) of the
first 60 s of the 5-min test was calculated to assess spatial recognition.

Morris water maze (MWM) testing
The MWM is a classic method of investigating spatial learning and memory in rats, and was
performed five weeks after irradiation. Lesions in distinct brain regions like the hippocampus,
striatum, basal forebrain, cerebellum, and cerebral cortex impair MWM performance. This test
consisted of three phases: acquisition, probe testing, and reversal learning testing. During the
acquisition phase (2 days, four trials/day), the platform was hidden under water (1.5 cm) in a
200-cm diameter pool. The maximum trial duration was 60 s, after which rats were manually
guided to the platform where they were to remain for 30 s. On day 3 (probe test), the platform
was removed, and rats were allowed to swim freely for 60 s. After the probe trial, the platform
was returned to the same place, and three regular acquisition trials were performed. For the re-
versal learning test (day 4), the platform was moved to a new quadrant, and two 60-s trials
were performed. All performances were monitored with the ANY-Maze automated video-
tracking system (Stoelting, USA).

Immunohistochemistry and immunofluorescence
The perfusion of anesthetized rats was performed through the left ventricle with 0.9% saline,
followed by 4% paraformaldehyde. Rat brains were retrieved, postfixed for 3 days, and cryopro-
tected in a 30% sucrose solution. Coronal sections containing the hippocampus were cut at a
thickness of 40 μm. Every 12th section was collected in one well of a 24-well plate and stored at
-20°C in tissue cryoprotectant solution. For the quantitative detection of doublecortin (DCX)
labeling, every 12th section from each rat (8 sections in total) was collected and washed with
PBS twice for 5 min each, then treated with 0.3% H2O2 at room temperature for 30 min. After
blocking with 5% donkey serum containing 0.05% Triton X-100 for 1 h, the sections were incu-
bated with a mouse anti-DCX antibody (1:200; Santa Cruz) at 4°C overnight. Sections were
then incubated for 1 h with a secondary antibody (1:200, biotinylated rabbit anti-goat, Jackson
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Immunoresearch, USA), followed by signal amplification with an avidin-biotin complex and
visualization by 3,3-diaminobenzidine catalysis. Whole dentate gyrus reconstructions were
generated using an E600FN Neurolucida (Nikon, Japan) equipped with a 20× objective. DCX-
positive (DCX+) cells in the subgranular cell (SGC) layers were counted using ImageJ software,
and the total number was estimated by multiplying the number of cells counted in every 12th
section by 12.

After washing in PBS, sections were incubated with anti-synaptophysin (1:200, Abcam) an-
tibodies in 5% donkey serum in PBS at 4°C overnight. After washing in PBS, the sections were
incubated with secondary antibodies (1:400, mouse, fluorescein isothiocyanate, Invitrogen).
Sections were counterstained with 4',6-diamidino-2-phenylindole (DAPI, Sigma) to identify
nuclei and observed under a confocal laser scanning microscope (Zeiss LSM 510, Germany).

Statistical analysis
Results are expressed as the mean ± the standard error of the mean (SEM). Differences between
mean values were determined using one-way analyses of variance (ANOVAs) with Tukey tests
for posthoc comparisons. P< 0.05 was considered statistically significant. GraphPad Prism5
software (GraphPad Software, USA) was used to analyze data and plot graphs.

Results

EA protects the BBB after irradiation
To test whether performing EA immediately after irradiation is beneficial, we first examined
BBB permeability, which can predict irradiation-induced cognitive dysfunction [18]. EB levels
in the hippocampus and cortex were significantly increased 24 h after BI (BI vs. control,
P< 0.01, Fig. 2A and 2B, respectively). EA performed immediately after irradiation decreased
EB content in both the hippocampus and cortex (BI vs. BI + EA, P< 0.05, Fig. 2A and 2B, re-
spectively). After 24 h of EB administration, the brain color of the BI group was bluer than that
of the control group, while the brain color in the BI + EA group was less blue than that of the
BI group (Fig. 2C). Similar results were obtained with DCE-MRI. The RE values of the hippo-
campus and cortex increased 24 h after BI (BI vs. control, P< 0.01, Fig. 2F; P< 0.001, Fig. 2G),
but EA prevented these increases (BI + EA vs. BI, P< 0.05, Fig. 2F; P< 0.01, Fig. 2G).

To determine the protective mechanisms of EA on the BBB after BI, electron microscopy
was used to explore ultrastructural changes in the hippocampal BBB. Microscopic images from
control rats showed normal endothelial structures with a well-connected basal lamina
(Fig. 2H). In irradiated animals, many vesicles were observed in the cytoplasm (Fig. 2K),
and some membranes were disrupted (Fig. 2I). Additionally, the endothelial structure of the
BI + EA group was similar to that of the control group (Fig. 2J, 2L).

EAmodulates cytokine mRNA expression after irradiation
Tumor necrosis factor-alpha (TNF-α) is a key factor in BBB destruction in a brain-irradiation
injury mouse model [22]; thus, we assessed the expression of TNF-α and other cytokines in the
hippocampus 5 h after BI. We observed that irradiation significantly increased the mRNA lev-
els of the cytokines TNF-α (BI vs. control, P< 0.001, Fig. 3A), interleukin-1 beta (IL-1β; BI vs.
control, P< 0.001, Fig. 3B), IL-6 (BI vs. control, P< 0.001, Fig. 3C), and inducible nitric oxide
synthase (iNOS; BI vs. control, P< 0.001, Fig. 3D). However, irradiation did not affect the
gene expression of the cytokines endothelial NOS (eNOS; Fig. 3E), transforming growth factor
beta (TGF-β, Fig. 3F), vascular endothelial growth factor (VEGF, Fig. 3G), fibroblast growth
factor (FGF, Fig. 3H), cyclooxygenase-2 (COX2, Fig. 3I), C-C chemokine receptor type 2

Acupuncture Prevents Radiation Brain Injury

PLOS ONE | DOI:10.1371/journal.pone.0122087 April 1, 2015 6 / 17



(CCR2, Fig. 3J), and matrix metallopeptidase 9 (MMP9, Fig. 3K). mRNA expression levels of
TNF-α (BI + EA vs. BI, P< 0.001, Fig. 3A), IL-1β (BI + EA vs. BI, P< 0.001, Fig. 3B), and
iNOS (BI + EA vs. BI, P< 0.01, Fig. 3E) decreased when EA was applied immediately after irra-
diation, but remained higher than their respective control levels (TNF-α: BI + EA vs. control,
P< 0.001, Fig. 3A; IL-1β: BI + EA vs. control, P< 0.001, Fig. 3B; iNOS: BI + EA VS control,
P< 0.001, Fig. 3D). Interestingly, EA enhanced the mRNA expression levels of eNOS (BI + EA

Fig 2. EA protects the BBB after brain irradiation. (A, B) BBB permeability in the hippocampus and cortex was detected by Evans blue staining 24 h after
brain irradiation (n = 5). (C) Whole brains after Evans blue injection. (D) Merged T2 MRI and relative CBFmaps. (E) The hippocampus and cortex were
contoured on the merged image. (F, G) BBB integrity in the hippocampus and cortex was detected by DCE-MRI (n = 7). (H–L) Electron microscopy image of
the hippocampal microvasculature (control: H, BI: I and K, BI + EA: J and L) showing membrane disruption (I, short black arrow) and vesicle increment (K,
long black arrow) in the BI group. Short arrow: shedding membrane; long arrow: vesicles. Data are shown as means ± SEM. *P< 0.05, **P< 0.01, and
***P< 0.001 compared with the control group. #P< 0.05 and ##P< 0.01 compared with the BI groups.

doi:10.1371/journal.pone.0122087.g002

Acupuncture Prevents Radiation Brain Injury

PLOS ONE | DOI:10.1371/journal.pone.0122087 April 1, 2015 7 / 17



vs. BI, P< 0.05, Fig. 3E) and TGF-β (BI + EA vs. BI, P< 0.01; BI + EA vs. control, P< 0.001;
Fig. 3F), which were not altered after irradiation.

EA regulates neurotransmitter receptors and neuropeptides after
irradiation
To test whether EA affects neuronal function via effects on neurotransmission, we first deter-
mined the total contents of excitatory/inhibitory amino acid neurotransmitters in the hippo-
campus by LC-MS/MS. No changes were found in the amino acid neurotransmitter levels 5 h
after irradiation (glutamate, P = 0.5565; aspartate, P = 0.6261; GABA, P = 0.8441; taurine,
P = 0.8436; glycine, P = 0.4987; Fig. 4A). We subsequently detected the expression of subsets of
receptors for glutamate and GABA. EA inhibited the increase in NMDAR1 expression 5 h after
irradiation (BI vs. control, P< 0.001; BI + EA vs. BI, P< 0.001; Fig. 4B), restored the decrease
in GABAA α1 expression after irradiation (BI vs. control, P< 0.05; Fig. 4C), increased
GABAA α3 expression after irradiation (BI + EA vs. BI, P< 0.05; Fig. 4D), and decreased
GABAB2 expression (BI + EA vs. BI, P< 0.05; Fig. 4F). The expression of two neuropeptides
was also examined. EA increased neuropeptide Y expression (NPY; BI + EA vs. control,

Fig 3. EAmodulates the mRNA expression of cytokines after brain irradiation. The mRNA expressions of TNF-α (A), IL-1β (B), IL-6 (C), iNOS (D),
eNOS (E), TGF-β (F), VEGF (G), FGF (H), COX2 (I), CCR2 (J), and MMP9 (K) were detected by qRTPCR 5 h after brain irradiation (n = 6). Data are shown
as means ± SEM. *P< 0.05 and ***P< 0.001 compared with the control group. #P< 0.05, ##P< 0.01, and ###P< 0.001 compared with the BI group.

doi:10.1371/journal.pone.0122087.g003
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P< 0.05; BI + EA vs. BI, P< 0.01; Fig. 4G) and decreased postirradiation calcitonin gene-related
peptide expression (CGRP; BI + EA vs. control, P< 0.01; BI + EA vs. BI, P< 0.05; Fig. 4H).

EA ameliorates radiation-induced cognitive dysfunction
As EA reversed some of the early changes that occur after BI injury, it may also ameliorate
irradiation-induced cognitive impairment. To test this hypothesis, NPR and MWM tests were
performed to assess hippocampus-dependent cognitive function. During the familiarization
phase of the NPR test, analyses of the velocity and total time spent exploring the objects re-
vealed no significant differences between groups (P = 0.7539, Fig. 5A; P = 0.6326, Fig. 5B). Dur-
ing the 5-min test phase, animals showed significant discrimination between exploring novel
and familiar places (P = 0.0304, Fig. 5C). The exploring ratio of the BI group was much lower
than that of the control group (P< 0.05, Fig. 5C); however, the BI + EA group exhibited more
interest in exploring novel places compared with the irradiation group (P< 0.05, Fig. 5C), sug-
gesting that EA protected cognitive function as assessed with the NPR.

Fig 4. EA regulates neuronal function after brain irradiation. (A) The total content of excitatory and inhibitory amino acid neurotransmitters in the
hippocampus was detected by LC-MS/MS 5 h after brain irradiation. (B–G) The mRNA expressions of NMDAR1 (B), GABA receptors (GABAAα1, C;
GABAAα3, D; GABAB1, E; and GABAB2, F) and neuropeptides (NPY, G and CGRP, H) were detected by qRTPCR 5 h after brain irradiation (n = 6). Data
are shown as means ± SEM. *P< 0.05 and **P< 0.01 compared with the control group. #P< 0.05 and ##P< 0.01 compared with the BI group.

doi:10.1371/journal.pone.0122087.g004
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During the MWM acquisition phase, there were no significant group differences in the la-
tency to find the hidden platform. In the probe test, rats in the BI group spent more time locat-
ing the target compared to rats in the control group (control vs. BI, P< 0.05, Fig. 5D), and the
time in the target quadrant also decreased (control vs. BI, P< 0.01, Fig. 5E). However, these
two indexes were not significantly different between the BI + EA and control groups. Neverthe-
less, compared to rats in the BI group, those in the BI + EA group spent less time finding the
target location (P< 0.05, Fig. 5D) and spent more time in the target quadrant (P< 0.05,
Fig. 5E). All animals performed similarly during the first trial of the reversal learning test;

Fig 5. EA ameliorates radiation-induced cognitive dysfunction. Velocity (A) and exploring time (B) during the familiarization phase of the novel place
recognition test. (C) Exploring ratio during the first 60-s for a novel place in the 5-min test. (D) Latency to find the target (the platform’s previous position), (E)
the time in the target quadrant, and (F) the track maps during the probe test of the Morris water maze. (G) Latency to find the platform, (H) distance to the
platform, and (I) ratio of time spent in the new quadrant in the reversal learning test of the Morris water maze (n = 8). Data are shown as means ± SEM.
*P< 0.05, **P< 0.01, and ***P< 0.001 compared with the control group. #P< 0.05 and ##P< 0.01 compared with the BI group.

doi:10.1371/journal.pone.0122087.g005
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however, during the second trial, rats in the BI group swam for longer and covered a greater
distance (BI vs. control, P< 0.01, Fig. 5G; P< 0.001, Fig. 5H) before they found the hidden
platform (placed in a different quadrant than the acquisition phase) and spent less time in the
new quadrant (BI vs. control, P< 0.01, Fig. 5I). Moreover, the BI + EA group performed better
than the BI group (P< 0.05, Fig. 5G; P< 0.05, Fig. 5H; P< 0.01, Fig. 5I).

EA does not restore hippocampal neurogenesis postirradiation
To determine whether the EA-induced protection of cognition after irradiation was dependent
on hippocampal neurogenesis, we quantitatively detected DCX+ immature neurons in the sub-
dentate gyrus. Six weeks after BI, the numbers of DCX+ cells were significantly decreased in
both the BI and BI + EA groups (BI vs. control, P< 0.001; BI + EA vs. control, P< 0.001;
Fig. 6E); however, the values in these two groups were not significantly different.

EA prevents the decrease in synaptophysin expression in the
hippocampus following irradiation
To explore whether the EA-induced protection of cognition after irradiation was dependent on
synaptic density, we assessed expression of the presynaptic marker synaptophysin in the hippo-
campus [23]. Six weeks after irradiation, synaptophysin expression was decreased by 56% in

Fig 6. EA does not restore hippocampal neurogenesis in the dentate gyrus after brain irradiation.
DCX+ cells (black arrow) in the subdentate gyrus zone were decreased in both the 22 Gy and 22 Gy + EA
group at 6 weeks postirradiation (A: control group; B: EA group; C: 22 Gy group; D: 22 Gy + EA group). Data
are shown as means ± SEM, n = 4. ***P< 0.001 compared with the control group.

doi:10.1371/journal.pone.0122087.g006
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the BI group (BI vs. control, P< 0.01, Fig. 7E and 7F); however, the BI + EA group expressed
higher synaptophysin levels than the BI group (P< 0.05, Fig. 7E and 7F). Immunofluorescence
images also showed fewer synaptophysin punctae in the dentate hilus (DH) of the BI group
compared to the control group (Fig. 7A and 7C), whereas the BI + EA group synaptophysin
punctae intensity was similar to that observed in the control group (Fig. 7D).

Discussion
The BBB selectively controls central nervous system (CNS) homeostasis by affecting specific
structural and biochemical features of endothelial cells, pericytes, and astrocyte endfeet. BBB
damage by BI, which is caused by endothelial apoptosis [24], vesicle increment [25], and tight
junction loss [26], may predict irradiation-induced cognitive dysfunction [18]. Our experi-
ments showed that BBB integrity in both the hippocampus and cortex was protected by per-
forming EA immediately after irradiation (Fig. 2A–C, 2F, and 2G). Additionally, EA inhibited
irradiation-induced membrane shedding (Fig. 2I) and vesicle increment (Fig. 2K). EA per-
formed immediately after irradiation decreased the mRNA expression of TNF-α (Fig. 3A),
IL-1β (Fig. 3B), and iNOS (Fig. 3D), indicating that EA inhibited neuroinflammation. Interest-
ingly, when combined with irradiation, EA increased mRNA expression levels of eNOS

Fig 7. EA prevents decreased hippocampal synaptophysin expression after brain irradiation. Fewer
synaptophysin punctae (green) in the dentate hilus (DH) were only observed in the BI group (A: control group;
B: EA group; C: 22 Gy group; D: 22 Gy + EA group). (E, F) Synaptophysin expression in the hippocampus
was protected by EA after brain irradiation. Data are shown as means ± SEM, n = 4. **P< 0.01 compared
with the control group, #P< 0.05 compared with the BI group.

doi:10.1371/journal.pone.0122087.g007
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(Fig. 3E) and TGF-β (Fig. 3F), both of which play a central role in angiogenesis [27,28]. Togeth-
er, our results suggest that EA protects the BBB after BI by inhibiting neuroinflammation and
upregulating angiogenic cytokine expression.

Our data showed that EA decreased NMDAR1 (Fig. 4B) and GABAB2 expression (Fig. 4F)
and increased GABAA α3 expression (Fig. 4D), although the total contents of excitatory and in-
hibitory amino acid neurotransmitters in the hippocampus did not change at 5 h postirradia-
tion (Fig. 4A). NMDAR1 downregulation may mitigate glutamate excitotoxicity after BI [29].
GABAA receptors inhibit the microglial inflammatory response via a Cl− influx [30], and
GABAB receptors inhibit GABA release by preventing Ca2+ influx at the presynaptic mem-
brane [31]. Our findings suggest that EA may attenuate neuroinflammation by decreasing the
inhibition of GABA release and increasing GABAA receptor expression. Moreover, the upregu-
lation of NPY (Fig. 4G), which attenuates glutamate release [32] and inhibits IL-1 β-induced
phagocytosis by microglia [33], may contribute to EA’s anti-inflammatory action. These find-
ings will pave the way for further research into the multiple pathways involved in
EA protection.

Administration of peroxisomal proliferator-activated receptor (PPAR) agonist pioglitazone
before, during, and for 4 weeks postirradiation can prevent cognitive impairments, but starting
administration 24 h after BI is ineffective [34]. The administration of pioglitazone [34] and the
AT1 receptor antagonist (L-158,809) [35] for a short time (4 or 5 weeks) postirradiation is suffi-
cient to prevent cognitive impairments. Collectively, the existing evidence suggests that treat-
ment must occur during the early phase to prevent irradiation-induced cognitive impairments.
Neural excitotoxicity, neuroinflammation, cell apoptosis, and BBB disruption are significant fea-
tures during the early postirradiation phase. Ameliorating neural excitotoxicity with memantine
[36] and inhibiting neuroinflammation with a PPAR agonist [37] have been shown to success-
fully prevent cognitive dysfunction, and BBB disruption can predict cognitive impairments [8].
However, neither abrogation of cell apoptosis [38] nor intracellular adhesion molecule (ICAM)-
1 knockout [39] alter later injury. Therefore, some but not all early changes have causative roles
in cognitive dysfunction, and the molecular cascades between the early and late changes are
complicated. Here, we showed that EA performed immediately after irradiation can prevent ir-
radiation-induced cognitive impairments. Because the effects of both irradiation and EA are
complicated, the exact molecular mechanisms were previously unknown. The present findings
indicate that changes, such as BBB protection and decreased expression of neuroinflammatory
cytokines and NMDA receptors may prevent the development of cognitive dysfunction.

Similar to our study (Fig. 6B), another group reported that the PPAR delta agonist GW0742
prevented the irradiation-induced acute hippocampal inflammatory response, but did not at-
tenuate decreased hippocampal neurogenesis [40]. This suggests that it is not the number of
neural stem cells that is critical [38]; rather, their functionality plays a crucial role in decreasing
hippocampal neurogenesis after BI, which is caused by incompletely repaired DNA damage
[20], microvascular angiogenesis disruption, neuroinflammation, and oxidative stress [41]. Be-
cause pretreatment with EA attenuated oxidative stress in the ischemia-reperfusion model [42]
and continuous treatment with EA increased BDNF [42] and glial cell-line-derived neuro-
trophic factor expression [43], future studies should apply an optimized EA protocol after
lower dose irradiation to test its ability to restore hippocampal neurogenesis.

Similar to EA, CCR2 deficiency [44], L-158,809 [45], and ramipril [46] prevent cognitive
impairments, but do not influence neurogenesis. Usually, the role of hippocampal neurogenesis
in learning and memory is explored by decreasing neurogenesis with irradiation, antimitotic
drugs, and mutational approaches, whereas neurogenesis is increased by environmental en-
richment and voluntary running. It should be noted that these approaches do not only affect
neurogenesis; for example, irradiation also affects neuronal architecture [6]. Thus, negative
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reports regarding hippocampal neurogenesis should be considered [47,48]. For example, the
toxin methyl azoxymethane acetate decreases neurogenesis; however, this antimitotic agent
only impairs one kind of hippocampal-dependent memory (trace fear conditioning), while two
forms of hippocampal-dependent learning and memory (contextual fear conditioning and spa-
tial navigation learning in the MWM) are not affected [48]. Interestingly, X-ray irradiation and
genetic overexpression of follistatin, both of which severely impair hippocampal neurogenesis,
prolong the hippocampus-dependent periods of remote contextual fear memory, whereas
running-wheel exercises that promote hippocampal neurogenesis speed up the decay rate of
this kind of memory [47]. Therefore, the exact role of hippocampal neurogenesis in cognition
warrants further research.

Long-lasting reductions in dendritic complexity and spine density, together with alterations
in spine morphology and synaptic protein composition, are observed even after a very low irra-
diation dose (1 Gy) [6]. In the present study, synaptophysin expression was used to assess
postirradiation neuronal connectivity impairments. Synaptophysin, a 38-kDa glycoprotein lo-
calized in synaptic vesicle membranes, is important for docking, fusion, and endocytosis and is
a useful presynaptic marker [23]. EA restored synaptophysin expression, indicating that EA
prevented synaptic loss after irradiation. Given the important role of structural plasticity in
learning and memory [49], it is possible that synaptic loss, instead of hippocampal neurogen-
esis, contributes to BI-induced cognitive impairments [50]. However, further studies are need-
ed to test this hypothesis.

EA is an economic and easy-to-administer technique with few adverse effects and has been
efficacious for some cancer therapy-related side effects including fatigue [12] and chronic xer-
ostomia [51]. Our results demonstrate that EA can also prevent irradiation-induced cognitive
impairments. A clinical trial should be designed to test the efficacy of this ancient treatment in
patients undergoing BI. It should be noted that EA protected the BBB after BI, which may in-
fluence chemotherapy delivery to the CNS. However, the BBB studied here was in normal
brain tissue as opposed to brain tumor tissue. Thus, whether EA will affect local tumor control
must be assessed in future studies.

Conclusions
Taken together, our results suggest that EA applied immediately after BI can protect the BBB,
inhibit the expression of neuroinflammatory cytokines, upregulate the levels of angiogenic cy-
tokines, and modulate neuronal function during the acute phase, while preventing the onset of
cognitive impairments in the delayed phase. EA-mediated protection of cognition was not de-
pendent on hippocampal neurogenesis; rather, it reduced the loss of synaptophysin expression.
Future studies are required to determine the protective effects of EA on hippocampal neuro-
genesis after EA parameter optimization and/or irradiation dose reduction. Clinical trials
should also be performed to test the efficacy of this treatment.

Acknowledgments
We are grateful to Tao-Beibei of Beijing Amino Medical Research Co. Ltd. for measuring
amino acid neurotransmitter levels and to Huang-Qian of the Behavioral Test Center of Fudan
University.

Author Contributions
Conceived and designed the experiments: X-WF K-LW G-LJ. Performed the experiments:
X-WF FC YC G-HC S-KG YD S-JZ H-HL. Analyzed the data: X-WF YLW-JP. Contributed
reagents/materials/analysis tools: YD YL G-LJ. Wrote the paper: X-WF K-LW.

Acupuncture Prevents Radiation Brain Injury

PLOS ONE | DOI:10.1371/journal.pone.0122087 April 1, 2015 14 / 17



References
1. Greene-Schloesser D, Moore E, Robbins ME (2013) Molecular pathways: radiation-induced cognitive

impairment. Clin Cancer Res 19: 2294–2300. doi: 10.1158/1078-0432.CCR-11-2903 PMID: 23388505

2. Shaw EG, Rosdhal R, D'Agostino RJ, Lovato J, Naughton MJ, Robbins ME, et al. (2006) Phase II study
of donepezil in irradiated brain tumor patients: effect on cognitive function, mood, and quality of life.
J Clin Oncol 24: 1415–1420. PMID: 16549835

3. Zou Y, Corniola R, Leu D, Khan A, Sahbaie P, Chakraborti A, et al. (2012) Extracellular superoxide dis-
mutase is important for hippocampal neurogenesis and preservation of cognitive functions after irradia-
tion. Proc Natl Acad Sci U S A 109: 21522–21527. doi: 10.1073/pnas.1216913110 PMID: 23236175

4. Peng Y, Lu K, Li Z, Zhao Y,Wang Y, Hu B, et al. (2014) Blockade of Kv1.3 channels ameliorates
radiation-induced brain injury. Neuro Oncol 16: 528–539. doi: 10.1093/neuonc/not221 PMID: 24305723

5. Rola R, Raber J, Rizk A, Otsuka S, VandenBerg SR, Morhardt DR, et al. (2004) Radiation-induced im-
pairment of hippocampal neurogenesis is associated with cognitive deficits in young mice. Exp Neurol
188: 316–330. PMID: 15246832

6. Parihar VK, Limoli CL (2013) Cranial irradiation compromises neuronal architecture in the hippocam-
pus. Proc Natl Acad Sci U S A 110: 12822–12827. doi: 10.1073/pnas.1307301110 PMID: 23858442

7. Roughton K, BostromM, Kalm M, Blomgren K (2013) Irradiation to the young mouse brain impaired
white matter growth more in females than in males. Cell Death Dis 4: e897. doi: 10.1038/cddis.2013.
423 PMID: 24176855

8. Cao Y, Tsien CI, Sundgren PC, Nagesh V, Normolle D, Buchtel H, et al. (2009) Dynamic contrast-
enhanced magnetic resonance imaging as a biomarker for prediction of radiation-induced neurocogni-
tive dysfunction. Clin Cancer Res 15: 1747–1754. doi: 10.1158/1078-0432.CCR-08-1420 PMID:
19223506

9. Warrington JP, Csiszar A, Mitschelen M, Lee YW, SonntagWE (2012) Whole brain radiation-induced
impairments in learning and memory are time-sensitive and reversible by systemic hypoxia. PLoS One
7: e30444. doi: 10.1371/journal.pone.0030444 PMID: 22279591

10. Shen PF, Kong L, Ni LW, Guo HL, Yang S, Zhang LL, et al. (2012) Acupuncture intervention in ischemic
stroke: a randomized controlled prospective study. Am J Chin Med 40: 685–693. doi: 10.1142/
S0192415X12500516 PMID: 22809024

11. Zhang ZJ, Ng R, Man SC, Li TY, WongW, Tan QR, et al. (2012) Dense cranial electroacupuncture stim-
ulation for major depressive disorder—a single-blind, randomized, controlled study. PLoS One 7:
e29651. doi: 10.1371/journal.pone.0029651 PMID: 22238631

12. Molassiotis A, Bardy J, Finnegan-John J, Mackereth P, Ryder DW, Filshie J, et al. (2012) Acupuncture
for cancer-related fatigue in patients with breast cancer: a pragmatic randomized controlled trial. J Clin
Oncol 30: 4470–4476. doi: 10.1200/JCO.2012.41.6222 PMID: 23109700

13. Goldman N, Chen M, Fujita T, Xu Q, PengW, Liu W, et al. (2010) Adenosine A1 receptors mediate
local anti-nociceptive effects of acupuncture. Nat Neurosci 13: 883–888. doi: 10.1038/nn.2562 PMID:
20512135

14. Zhao ZQ (2008) Neural mechanism underlying acupuncture analgesia. Prog Neurobiol 85: 355–375.
doi: 10.1016/j.pneurobio.2008.05.004 PMID: 18582529

15. Torres-Rosas R, Yehia G, Pena G, Mishra P, Del RTM, Moreno-Eutimio MA, et al. (2014) Dopamine
mediates vagal modulation of the immune system by electroacupuncture. Nat Med 20: 291–295. doi:
10.1038/nm.3479 PMID: 24562381

16. Wu XD, Du LN, Wu GC, Cao XD (2001) Effects of electroacupuncture on blood-brain barrier after cere-
bral ischemia-reperfusion in rat. Acupunct Electrother Res 26: 1–9. PMID: 11394489

17. Liu XY, Zhou HF, Pan YL, Liang XB, Niu DB, Xue B, et al. (2004) Electro-acupuncture stimulation
protects dopaminergic neurons from inflammation-mediated damage in medial forebrain bundle-
transected rats. Exp Neurol 189: 189–196. PMID: 15296849

18. Cao Y, Tsien CI, Sundgren PC, Nagesh V, Normolle D, Buchtel H, et al. (2009) Dynamic contrast-
enhanced magnetic resonance imaging as a biomarker for prediction of radiation-induced neurocogni-
tive dysfunction. Clin Cancer Res 15: 1747–1754. doi: 10.1158/1078-0432.CCR-08-1420 PMID:
19223506

19. Monje ML, Toda H, Palmer TD (2003) Inflammatory blockade restores adult hippocampal neurogen-
esis. Science 302: 1760–1765. PMID: 14615545

20. Zhang LY, Chen LS, Sun R, Ji SJ, Ding YY, Wu J, et al. (2013) Effects of expression level of DNA
repair-related genes involved in the NHEJ pathway on radiation-induced cognitive impairment. J Radiat
Res 54: 235–242. doi: 10.1093/jrr/rrs095 PMID: 23135157

Acupuncture Prevents Radiation Brain Injury

PLOS ONE | DOI:10.1371/journal.pone.0122087 April 1, 2015 15 / 17

http://dx.doi.org/10.1158/1078-0432.CCR-11-2903
http://www.ncbi.nlm.nih.gov/pubmed/23388505
http://www.ncbi.nlm.nih.gov/pubmed/16549835
http://dx.doi.org/10.1073/pnas.1216913110
http://www.ncbi.nlm.nih.gov/pubmed/23236175
http://dx.doi.org/10.1093/neuonc/not221
http://www.ncbi.nlm.nih.gov/pubmed/24305723
http://www.ncbi.nlm.nih.gov/pubmed/15246832
http://dx.doi.org/10.1073/pnas.1307301110
http://www.ncbi.nlm.nih.gov/pubmed/23858442
http://dx.doi.org/10.1038/cddis.2013.423
http://dx.doi.org/10.1038/cddis.2013.423
http://www.ncbi.nlm.nih.gov/pubmed/24176855
http://dx.doi.org/10.1158/1078-0432.CCR-08-1420
http://www.ncbi.nlm.nih.gov/pubmed/19223506
http://dx.doi.org/10.1371/journal.pone.0030444
http://www.ncbi.nlm.nih.gov/pubmed/22279591
http://dx.doi.org/10.1142/S0192415X12500516
http://dx.doi.org/10.1142/S0192415X12500516
http://www.ncbi.nlm.nih.gov/pubmed/22809024
http://dx.doi.org/10.1371/journal.pone.0029651
http://www.ncbi.nlm.nih.gov/pubmed/22238631
http://dx.doi.org/10.1200/JCO.2012.41.6222
http://www.ncbi.nlm.nih.gov/pubmed/23109700
http://dx.doi.org/10.1038/nn.2562
http://www.ncbi.nlm.nih.gov/pubmed/20512135
http://dx.doi.org/10.1016/j.pneurobio.2008.05.004
http://www.ncbi.nlm.nih.gov/pubmed/18582529
http://dx.doi.org/10.1038/nm.3479
http://www.ncbi.nlm.nih.gov/pubmed/24562381
http://www.ncbi.nlm.nih.gov/pubmed/11394489
http://www.ncbi.nlm.nih.gov/pubmed/15296849
http://dx.doi.org/10.1158/1078-0432.CCR-08-1420
http://www.ncbi.nlm.nih.gov/pubmed/19223506
http://www.ncbi.nlm.nih.gov/pubmed/14615545
http://dx.doi.org/10.1093/jrr/rrs095
http://www.ncbi.nlm.nih.gov/pubmed/23135157


21. Liu Y, Xiao S, Liu J, Zhou H, Liu Z, Xin Y, et al. (2010) An experimental study of acute radiation-induced
cognitive dysfunction in a young rat model. AJNR Am J Neuroradiol 31: 383–387. doi: 10.3174/ajnr.
A1801 PMID: 19833794

22. Wilson CM, Gaber MW, Sabek OM, Zawaski JA, Merchant TE (2009) Radiation-induced astrogliosis
and blood-brain barrier damage can be abrogated using anti-TNF treatment. Int J Radiat Oncol Biol
Phys 74: 934–941. doi: 10.1016/j.ijrobp.2009.02.035 PMID: 19480972

23. Rao JS, KellomM, Kim HW, Rapoport SI, Reese EA (2012) Neuroinflammation and synaptic loss. Neu-
rochem Res 37: 903–910. doi: 10.1007/s11064-012-0708-2 PMID: 22311128

24. Li YQ, Chen P, Haimovitz-Friedman A, Reilly RM, Wong CS (2003) Endothelial apoptosis initiates
acute blood-brain barrier disruption after ionizing radiation. Cancer Res 63: 5950–5956. PMID:
14522921

25. Yuan H, Gaber MW, Boyd K, Wilson CM, Kiani MF, Merchant TE (2006) Effects of fractionated radiation
on the brain vasculature in a murine model: blood-brain barrier permeability, astrocyte proliferation, and
ultrastructural changes. Int J Radiat Oncol Biol Phys 66: 860–866. PMID: 17011458

26. Kaya M, Palanduz A, Kalayci R, Kemikler G, Simsek G, Bilgic B, et al. (2004) Effects of lipopolysaccha-
ride on the radiation-induced changes in the blood-brain barrier and the astrocytes. Brain Res 1019:
105–112. PMID: 15306244

27. Bir SC, Xiong Y, Kevil CG, Luo J (2012) Emerging role of PKA/eNOS pathway in therapeutic angiogen-
esis for ischaemic tissue diseases. Cardiovasc Res 95: 7–18. doi: 10.1093/cvr/cvs143 PMID:
22492672

28. Jeon SH, Chae BC, Kim HA, Seo GY, Seo DW, Chun GT, et al. (2007) Mechanisms underlying TGF-
beta1-induced expression of VEGF and Flk-1 in mouse macrophages and their implications for angio-
genesis. J Leukoc Biol 81: 557–566. PMID: 17053163

29. Alaoui F, Pratt J, Trocherie S, Court L, Stutzmann JM (1995) Acute effects of irradiation on the rat brain:
protection by glutamate blockade. Eur J Pharmacol 276: 55–60. PMID: 7781696

30. Lee M (2013) Neurotransmitters and microglial-mediated neuroinflammation. Curr Protein Pept Sci 14:
21–32. PMID: 23441898

31. Gassmann M, Bettler B (2012) Regulation of neuronal GABA(B) receptor functions by subunit composi-
tion. Nat Rev Neurosci 13: 380–394. doi: 10.1038/nrn3249 PMID: 22595784

32. van den Pol AN (2012) Neuropeptide transmission in brain circuits. Neuron 76: 98–115. doi: 10.1016/j.
neuron.2012.09.014 PMID: 23040809

33. Ferreira R, Santos T, Viegas M, Cortes L, Bernardino L, Vieira OV, et al. (2011) Neuropeptide Y inhibits
interleukin-1beta-induced phagocytosis by microglial cells. J Neuroinflammation 8: 169. doi: 10.1186/
1742-2094-8-169 PMID: 22136135

34. ZhaoW, Payne V, Tommasi E, Diz DI, Hsu FC, Robbins ME (2007) Administration of the peroxisomal
proliferator-activated receptor gamma agonist pioglitazone during fractionated brain irradiation pre-
vents radiation-induced cognitive impairment. Int J Radiat Oncol Biol Phys 67: 6–9. PMID: 17189061

35. Robbins ME, Payne V, Tommasi E, Diz DI, Hsu FC, BrownWR, et al. (2009) The AT1 receptor antago-
nist, L-158,809, prevents or ameliorates fractionated whole-brain irradiation-induced cognitive im-
pairment. Int J Radiat Oncol Biol Phys 73: 499–505. doi: 10.1016/j.ijrobp.2008.09.058 PMID:
19084353

36. Brown PD, Pugh S, Laack NN, Wefel JS, Khuntia D, Meyers C, et al. (2013) Memantine for the preven-
tion of cognitive dysfunction in patients receiving whole-brain radiotherapy: a randomized, double-
blind, placebo-controlled trial. Neuro Oncol 15: 1429–1437. doi: 10.1093/neuonc/not114 PMID:
23956241

37. Greene-Schloesser D, Payne V, Peiffer AM, Hsu FC, Riddle DR, ZhaoW, et al. (2014) The peroxisomal
proliferator-activated receptor (PPAR) alpha agonist, fenofibrate, prevents fractionated whole-brain
irradiation-induced cognitive impairment. Radiat Res 181: 33–44. doi: 10.1667/RR13202.1 PMID:
24397438

38. Li YQ, Aubert I, Wong CS (2010) Abrogation of early apoptosis does not alter late inhibition of hippo-
campal neurogenesis after irradiation. Int J Radiat Oncol Biol Phys 77: 1213–1222. doi: 10.1016/j.
ijrobp.2010.01.015 PMID: 20610042

39. Wu KL, Tu B, Li YQ, Wong CS (2010) Role of intercellular adhesion molecule-1 in radiation-induced
brain injury. Int J Radiat Oncol Biol Phys 76: 220–228. doi: 10.1016/j.ijrobp.2009.08.017 PMID:
20005455

40. Schnegg CI, Greene-Schloesser D, Kooshki M, Payne VS, Hsu FC, Robbins ME (2013) The PPAR-
delta agonist GW0742 inhibits neuroinflammation, but does not restore neurogenesis or prevent early
delayed hippocampal-dependent cognitive impairment after whole-brain irradiation. Free Radic Biol
Med 61C: 1–9.

Acupuncture Prevents Radiation Brain Injury

PLOS ONE | DOI:10.1371/journal.pone.0122087 April 1, 2015 16 / 17

http://dx.doi.org/10.3174/ajnr.A1801
http://dx.doi.org/10.3174/ajnr.A1801
http://www.ncbi.nlm.nih.gov/pubmed/19833794
http://dx.doi.org/10.1016/j.ijrobp.2009.02.035
http://www.ncbi.nlm.nih.gov/pubmed/19480972
http://dx.doi.org/10.1007/s11064-012-0708-2
http://www.ncbi.nlm.nih.gov/pubmed/22311128
http://www.ncbi.nlm.nih.gov/pubmed/14522921
http://www.ncbi.nlm.nih.gov/pubmed/17011458
http://www.ncbi.nlm.nih.gov/pubmed/15306244
http://dx.doi.org/10.1093/cvr/cvs143
http://www.ncbi.nlm.nih.gov/pubmed/22492672
http://www.ncbi.nlm.nih.gov/pubmed/17053163
http://www.ncbi.nlm.nih.gov/pubmed/7781696
http://www.ncbi.nlm.nih.gov/pubmed/23441898
http://dx.doi.org/10.1038/nrn3249
http://www.ncbi.nlm.nih.gov/pubmed/22595784
http://dx.doi.org/10.1016/j.neuron.2012.09.014
http://dx.doi.org/10.1016/j.neuron.2012.09.014
http://www.ncbi.nlm.nih.gov/pubmed/23040809
http://dx.doi.org/10.1186/1742-2094-8-169
http://dx.doi.org/10.1186/1742-2094-8-169
http://www.ncbi.nlm.nih.gov/pubmed/22136135
http://www.ncbi.nlm.nih.gov/pubmed/17189061
http://dx.doi.org/10.1016/j.ijrobp.2008.09.058
http://www.ncbi.nlm.nih.gov/pubmed/19084353
http://dx.doi.org/10.1093/neuonc/not114
http://www.ncbi.nlm.nih.gov/pubmed/23956241
http://dx.doi.org/10.1667/RR13202.1
http://www.ncbi.nlm.nih.gov/pubmed/24397438
http://dx.doi.org/10.1016/j.ijrobp.2010.01.015
http://dx.doi.org/10.1016/j.ijrobp.2010.01.015
http://www.ncbi.nlm.nih.gov/pubmed/20610042
http://dx.doi.org/10.1016/j.ijrobp.2009.08.017
http://www.ncbi.nlm.nih.gov/pubmed/20005455


41. Huang TT, Zou Y, Corniola R (2012) Oxidative stress and adult neurogenesis—effects of radiation and
superoxide dismutase deficiency. Semin Cell Dev Biol 23: 738–744. doi: 10.1016/j.semcdb.2012.04.
003 PMID: 22521481

42. Chen Y, Zhou J, Li J, Yang SB, Mo LQ, Hu JH, et al. (2012) Electroacupuncture pretreatment prevents
cognitive impairment induced by limb ischemia-reperfusion via inhibition of microglial activation and at-
tenuation of oxidative stress in rats. Brain Res 1432: 36–45. doi: 10.1016/j.brainres.2011.11.002
PMID: 22129788

43. Dong ZQ, Ma F, Xie H, Wang YQ, Wu GC (2005) Changes of expression of glial cell line-derived neuro-
trophic factor and its receptor in dorsal root ganglions and spinal dorsal horn during electroacupuncture
treatment in neuropathic pain rats. Neurosci Lett 376: 143–148. PMID: 15698937

44. Belarbi K, Jopson T, Arellano C, Fike JR, Rosi S (2013) CCR2 deficiency prevents neuronal dysfunc-
tion and cognitive impairments induced by cranial irradiation. Cancer Res 73: 1201–1210. doi: 10.
1158/0008-5472.CAN-12-2989 PMID: 23243025

45. Conner KR, Forbes ME, LeeWH, Lee YW, Riddle DR (2011) AT1 receptor antagonism does not influ-
ence early radiation-induced changes in microglial activation or neurogenesis in the normal rat brain.
Radiat Res 176: 71–83. PMID: 21545290

46. Lee TC, Greene-Schloesser D, Payne V, Diz DI, Hsu FC, Kooshki M, et al. (2012) Chronic administra-
tion of the angiotensin-converting enzyme inhibitor, ramipril, prevents fractionated whole-brain
irradiation-induced perirhinal cortex-dependent cognitive impairment. Radiat Res 178: 46–56. PMID:
22687052

47. Kitamura T, Saitoh Y, Takashima N, Murayama A, Niibori Y, Ageta H, et al. (2009) Adult neurogenesis
modulates the hippocampus-dependent period of associative fear memory. Cell 139: 814–827. doi: 10.
1016/j.cell.2009.10.020 PMID: 19914173

48. Meshi D, DrewMR, Saxe M, Ansorge MS, David D, Santarelli L, et al. (2006) Hippocampal neurogen-
esis is not required for behavioral effects of environmental enrichment. Nat Neurosci 9: 729–731.
PMID: 16648847

49. Caroni P, Donato F, Muller D (2012) Structural plasticity upon learning: regulation and functions. Nat
Rev Neurosci 13: 478–490. doi: 10.1038/nrn3258 PMID: 22714019

50. Corniola R, Zou Y, Leu D, Fike JR, Huang TT (2012) Paradoxical Relationship between Mn Superoxide
Dismutase Deficiency and Radiation-Induced Cognitive Defects. PLoS One 7: e49367. doi: 10.1371/
journal.pone.0049367 PMID: 23145165

51. Simcock R, Fallowfield L, Monson K, Solis-Trapala I, Parlour L, Langridge C, et al. (2013) ARIX: a ran-
domised trial of acupuncture v oral care sessions in patients with chronic xerostomia following treat-
ment of head and neck cancer. Ann Oncol 24: 776–783. doi: 10.1093/annonc/mds515 PMID:
23104718

Acupuncture Prevents Radiation Brain Injury

PLOS ONE | DOI:10.1371/journal.pone.0122087 April 1, 2015 17 / 17

http://dx.doi.org/10.1016/j.semcdb.2012.04.003
http://dx.doi.org/10.1016/j.semcdb.2012.04.003
http://www.ncbi.nlm.nih.gov/pubmed/22521481
http://dx.doi.org/10.1016/j.brainres.2011.11.002
http://www.ncbi.nlm.nih.gov/pubmed/22129788
http://www.ncbi.nlm.nih.gov/pubmed/15698937
http://dx.doi.org/10.1158/0008-5472.CAN-12-2989
http://dx.doi.org/10.1158/0008-5472.CAN-12-2989
http://www.ncbi.nlm.nih.gov/pubmed/23243025
http://www.ncbi.nlm.nih.gov/pubmed/21545290
http://www.ncbi.nlm.nih.gov/pubmed/22687052
http://dx.doi.org/10.1016/j.cell.2009.10.020
http://dx.doi.org/10.1016/j.cell.2009.10.020
http://www.ncbi.nlm.nih.gov/pubmed/19914173
http://www.ncbi.nlm.nih.gov/pubmed/16648847
http://dx.doi.org/10.1038/nrn3258
http://www.ncbi.nlm.nih.gov/pubmed/22714019
http://dx.doi.org/10.1371/journal.pone.0049367
http://dx.doi.org/10.1371/journal.pone.0049367
http://www.ncbi.nlm.nih.gov/pubmed/23145165
http://dx.doi.org/10.1093/annonc/mds515
http://www.ncbi.nlm.nih.gov/pubmed/23104718

