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Abstract
Cranial irradiation can lead to long-lasting cognitive impairments in patients receiving radiotherapy
for the treatment of malignant brain tumors. Recent studies have suggested inflammation as a major
contributor to these deficits; we determined if the chemokine receptor 2 (CCR2) was a mediator of
cognitive impairments induced by irradiation. Two-month-old male Ccr2 knockout (−/−) and wild-
type (WT) mice received 10 Gy cranial irradiation or sham-treatment. One month after irradiation,
bromodeoxyuridine was injected intraperitoneally for seven consecutive days to label newly
generated cells. At two months post-irradiation, cognitive function was assessed by novel object
recognition and Morris water maze. Our results demonstrate that CCR2 deficiency prevented
hippocampus-dependent spatial learning and memory impairments induced by cranial irradiation.
Hippocampal gene expression analysis showed that irradiation induced CCR2 ligands such as CCL8,
and CCR2 deficiency reduced this induction. Irradiation reduced the number of adult-born neurons
in both WT and Ccr2−/− mice, but the distribution pattern of the adult-born neurons through the
granule cell layer was only altered in WT mice. Importantly, CCR2 deficiency normalized the fraction
of pyramidal neurons expressing the plasticity-related immediate early gene Arc. These data offer
new insight into the mechanism(s) of radiation-injury and suggest that CCR2 is a critical mediator
hippocampal neuronal dysfunction and hippocampal cognitive impairments after irradiation.
Targeting CCR2 signaling could conceivably provide an effective approach to reduce or prevent the
incidence and severity of this serious side effect of ionizing irradiation.
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Introduction
Ionizing radiation is a frontline treatment for intracranial malignancies. However, cranial
irradiation can induce a progressive and long-lasting decline in cognition that can severely
impact the quality of life (1, 2). Such deficits can manifest in humans and experimental models
as hippocampus-dependent impairments that involve spatial information processing (3, 4). It
has been suggested that the severity of cognitive impairment in humans depends upon the dose
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of radiation delivered to the medial temporal lobes (1), where the hippocampus is located.
Given the growing population of long-term survivors of intracranial tumor, quality of life has
become an increasing concern (2). Currently, there are no successful treatments or prevention
strategies for radiation-induced cognitive impairments, and only a few possibilities have been
suggested (5, 6). Therefore there is a need to more fully understand the pathogenesis of
cognitive dysfunctions after irradiation so that new approaches or strategies to treat this serious
complication can be developed.

While high radiation doses can lead to serious damage involving tissue destruction (7), the
mechanisms underlying lower dose radiation-induced cognitive impairments are likely to be
subtle and multifactorial. Important possibilities include alterations in the neurogenic cell
populations in the dentate gyrus (DG) (3, 8, 9) as well as changes in functional activation of
neuronal networks of the hippocampus (10). New neurons (adult-born) are generated in the
subgranular zone of the DG (11) and migrate into the granule cell layer, where they integrate
into hippocampal networks (12–14) and contribute to hippocampal function (15, 16). We and
others have demonstrated that ionizing irradiation reduces the production of adult-born neurons
(3, 8, 12, 17), alters the distribution of remaining adult-born neurons throughout the granule
cell layer (12), and disrupts the activity patterns associated with neuroplasticity in hippocampal
neurons (10). Importantly, several studies suggest that inflammatory factors may adversely
affect adult neurogenesis (13, 18, 19), contribute to the disruption of neuronal function, and
negatively impact accuracy of hippocampal network activity (20–22) and cognitive function
(23). Taken together, data from a number of laboratories suggest that inflammation may play
a causal if not contributory role in the pathogenesis of radiation induced cognitive deficits.

Due to their ability to regulate immune cell activation (24), chemokine receptors and their
ligands are considered essential mediators of post-injury neuroinflammation. Cells of the
monocyte-macrophage lineage, including microglia, express the chemokine (C-C motif)
receptor (CCR) 2 (25–27) and studies using CCR2 knockout mice have shown its crucial and
non-redundant role in peripheral macrophage infiltration at the sites of injury in the central
nervous system (CNS) (28–30). Moreover, CCR2 is also expressed by neural progenitors
(31) and by mature granular and pyramidal neurons of the hippocampus (32, 33) and could
therefore modulate both neurogenesis and neuronal function in the hippocampus. Additionally,
CCR2 has been shown to play a role in the pathogenic processes in several models of
neurological disorders (29, 34, 35). Given those data, it is conceivable that after brain irradiation
CCR2 signaling may have an important influence on inflammation, neurogenesis, hippocampal
neuronal activity and cognitive functions. To test this hypothesis we used our well established
mouse model of cranial irradiation (3, 8, 10, 36) and measured cognitive functions, expression
of inflammatory cytokines and their receptors, macrophage/microglia activation, adult
neurogenesis and hippocampal neuronal network activation, in wild-type (WT) mice, and mice
lacking CCR2 (CCR2−/−).

Materials and Methods
Animal procedures

This research was conducted in compliance with the United States Department of Health and
Human Services Guide for the Care and Use of Laboratory Animals and with the University
of California Institutional Animal Care and Use Committee. Two-month-old CCR2−/− mice
on a C57BL/6 background and WT C57BL/6 mice were purchased from The Jackson
Laboratory (Bar Harbor, ME). All animals were anesthetized with an intraperitoneal (i.p)
injection of a ketamine (100mg/kg)/xylazine (10mg/kg) mixture, placed 16.3 cm from a
cesium-137 source (J.L. Shepherd & Associates). The body was shielded with a lead collimator
that limited the beam to a width of 1 centimeter. Irradiated animals (CCR2−/−-IRR n=10 and
WT-IRR n=10) were given a single 10 Gy dose to the head only. Sham animals (CCR2−/−-SH
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n=10 and WT-SH n=10) were treated identically without being exposed to irradiation. Four
weeks post-irradiation, mice were injected with bromodeoxyuridine (BrdU; Sigma-Aldrich;
100mg/kg/day; i.p.; 7 days) to label cells synthesizing DNA. Mice were handled daily for 10
days prior to behavioral assessment. Behavioral manipulations and testing were carried out
during reversed light cycle. Novel object recognition training and testing was conducted 10
weeks post-irradiation and lasted 5 days, as described below. Morris water maze test began at
11 weeks post-irradiation and lasted 5 days (see details below). Each mouse was euthanized
25 min after completion of the last trial of the Morris water maze (82 days post-irradiation),
and the brain was quickly removed and divided at the midline as previously described (10).
One hemisphere was immediately frozen in −70 °C isopentane (Sigma-Aldrich) for histological
analysis and the hippocampus of the other hemisphere was removed at 4°C and stored at −70°
C for further RNA extraction.

Novel object recognition
Hippocampus-independent functions (37) were measured using the novel object recognition
test. Briefly, an open field arena (60×60 cm square with 20 cm high walls) was placed in a
dimly lit behavioral testing room. Large visual cues were placed on the walls of the testing
room at various locations to provide spatial points of reference. Mice were allowed to explore
the open field arena for one 5-minute period for 4 consecutive days (habituation phase). On
Day 5, three identical objects were placed in the arena and mice were allowed to explore them
for four 10-minute periods (familiarization phase). Mice were then placed back in their cage
for 4 minutes. One of the objects was then replaced with a novel object and mice were
reintroduced into the open arena to explore for 3 minutes. Trials were recorded using an
overhead camera and live tracking of the animals was achieved using an automated video
tracking system (Ethovision XT; Noldus Information Technology). Exploratory behavior was
defined as the animal directing its nose toward an object at a distance of < 4cm. Data were
expressed as the percent time spent exploring the novel object relative to the total time spent
exploring all the objects. The objects were secured to the floor using Velcro. The arena and
objects were cleaned with 0.025% bleach between trials to minimize odor cues.

Morris water maze
Assessment of hippocampus-dependent cognitive performance was performed using the
Morris water maze test (38). A plastic tank/pool (120 cm diameter) was placed in a dimly lit
behavioral testing room. Visual cues were placed around the room as spatial references. A
transparent platform (10 cm diameter) was placed in the tank and opaque water was added until
the platform was submerged 1 cm below the surface. Visible platform training took place on
Day 1, with a flag installed on the escape platform to allow the mouse to see the location of
the platform. Each mouse performed a total of 6 visible platform trials, with the platform placed
at different locations in each trial. A mouse that failed to locate the platform within the allotted
time was immediately guided to the platform manually. Once the mouse reached the platform,
it remained there for 20 seconds before removal from the water maze. Hidden platform training
took place on Days 2–4. All mice performed 6 trials per day (18 trials total), and the tank
insertion point was changed randomly from trial to trial. The maximum trial duration was 60
seconds, after which animals were manually guided to the platform in the event that they failed
to locate it and were allowed to remain there for 20 seconds. On Day 5, the platform was
removed and animals were allowed to swim freely for 60 seconds. Memory consolidation (to
test if the animals remembered what they learned the previous day) was measured with the first
trial of each day (24 hours after the last trial performed on the previous day). Ethovision
automated video tracking system (Noldus Information Technology) monitored all
performances in the following parameters: average velocity and distance to platform zone.
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RNA extraction and transcript analyses
The hippocampus from each mouse was processed for total RNA extraction and purification
using the RNeasy Lipid Tissue Mini Kit (Qiagen). For PCR array-based gene expression
analysis, RNAs from mice in the same experimental group were initially pooled to yield one
RNA sample per group. One microgram total RNA from each pooled sample was reverse-
transcribed into cDNA using the RT2 First Strand Kit (SABiosciences, Qiagen) according to
the protocol provided by the manufacturer. Gene expression analysis was performed on a
Mx3005P QPCR System (Agilent Technologies) using Mouse Inflammatory Cytokines &
Receptors RT2 Profiler PCR Array (SABiosciences, Qiagen) according to the manufacturer’s
specification. Gene expression was calculated using the PCR Array Data Analysis template
(SABiosciences, Qiagen). For analyzing expression levels of one individual target genes on a
per animal basis, one microgram of total RNA from each mouse was reverse-transcribed using
the High-Capacity cDNA reverse transcription kit (Applied Biosystems). Quantitative real-
time RT-PCR analysis was performed on Mx3005P QPCR System (Agilent Technologies)
using Brilliant II SYBR Green reagents (Stratagene). The thermal cycler conditions were as
follows: hold for 10 min at 95°C, followed by 40 cycles of a two-step PCR consisting of a 95°
C step for 30 s followed by a 60°C step for 1 min. Primer sequences are presented in table 1.
Amplifications were carried out in triplicate and the relative expression of target genes was
determined by the ΔΔCT method using cyclophilin gene expression as an internal control to
normalize the results.

Histological procedures
Brain tissue was blocked as previously described (12) such that each block contained a
hemisphere from one mouse from each experimental group. These blocks were then
cryosectioned at a thickness of 20 μm and the coronal brain slices collected on microscopic
slides. All slides were stored at −70 °C until processed for immunohistochemistry. Sections
were selected from the medial portion of the dorsal hippocampus (from 3.2 to 4.00 mm posterior
to bregma) and stained for: 1) mature neurons (NeuN monoclonal antibody clone A60;
Chemicon), 2) BrdU (BrdU mouse monoclonal antibody clone BMC9318; Roche Applied
Science) and 3) Arc protein (Arc rabbit polyclonal antibody; Synaptic Systems). Specific
technical details, including antibody and other reagent concentrations, have been recently
reported by us (13, 14, 20).

Image acquisition and analysis
Z-stack images (200X magnification; 1 μm optical thickness per plane; 8 planes) of the DG
the CA1 and the CA3 areas were taken using a Zeiss Apotome microscope; offline analyses
were performed using Zeiss AxioVision software. The percentage of Arc immunoreactive
neurons from the entire DG enclosed blade and the CA1 and CA3 areas (two counting frames/
area/slide) were assessed using two stained slides from the dorsal hippocampus as described
in detail previously (12, 13). The distribution of adult-born neurons throughout the enclosed
blade of the dentate granule cell layer was analyzed as follows: for each BrdU-labeled neuron,
the distance between the center of the nucleus and the subgranular zone (distance of migration
= m) and the width of the granule cell layer (width = w) were measured. This value was defined
as index of migration was calculated as im = m/w × 100 (13).

Statistics
Results were expressed as fold changes ± SEM (Array data) or means ± SEM (behavior, real-
time RT-PCR, histology data). Differences between mean values were determined using t-test
or one-way analysis of variance (ANOVA) procedures with Newman-Keuls tests for post hoc
comparison. The learning curve of the Morris water maze hidden platform training was
analyzed with a two-way ANOVA with day and experimental group as independent factors
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and with Bonferroni tests for post hoc comparisons. Values of p ≤ 0.05 were considered to be
statistically significant. Data were analyzed and graphs were plotted by GraphPad Prism
software version 5.0c.

Results
In accordance with previous studies (10, 36), whole-brain irradiation with 10 Gy as used here
was tolerated by all animals. All mice gained weight normally over the duration of the study
(not shown).

Irradiation did not impact novel object recognition
Analysis of the total time spent exploring the objects during the familiarization phase revealed
no significant difference between groups (F=0.7497; p=0.053; Fig. 1a). During the test phase,
animals from all experimental groups showed a significant discrimination between the novel
and familiar objects, spending significantly more time exploring the novel object (WT-SH:
F=38.89, p<0.0001; WT-IRR: F=110.4, p<0.0001; CCR2−/−-SH: F=30.09, p<0.0001;
CCR2−/−-IRR: F=17.72, p<0.0001; Fig. 1b). Thus, neither irradiation nor CCR2 deficiency
altered hippocampus-independent novel object recognition.

Irradiation impaired spatial learning and memory in WT but not in CCR2−/− mice
During the visible platform training in the Morris water maze, there was no significant group
difference in average swim velocity (F=0.4448; p=0.7225; Fig. 2a) or swim path to the platform
(F=0.8146; p=0.4948; Fig. 2b left, day 1, visible platform). This demonstrated that neither
irradiation nor CCR2 deficiency induced any impairment in motor function or visual acuity.
Repeated measures ANOVA of the distance path to the hidden platform, for each daily session,
revealed significant differences between groups (F=3.013; p=0.0439) and across sessions
(F=74.36; P<0.0001) with no significant interaction (F=1.643; p=0.1494). Repeated measures
ANOVA for each group showed that WT-SH (F=11.76; p=0.0010), WT-IRR (F=18.56;
p<0.0001), CCR2−/−-SH (F=22.21; p<0.0001) and CCR2−/−-IRR (F=30.78; p<0.0001) groups
had a significant difference across sessions, indicating that all groups showed daily
improvements in their abilities to locate the hidden platform (Fig. 2b). However, both WT-
IRR (p<0.01) and CCR2−/−-SH (p<0.001) mice showed significantly longer swim path to the
platform than the WT-SH on day 2 (hidden platform training; Fig. 2b). Furthermore, irradiation
induced spatial memory deficits in WT mice as revealed by the significantly longer swim path
to the platform zone of the WT-IRR group on the first trial of day 3 and 4 (24 hs memory test)
compared with the other groups (Day 3 overall ANOVA, F=3.305; p=0.0321; WT-IRR vs.
WT-SH, p<0.05, WT-IRR vs. CCR2−/−-SH, p<0.05 and WT-IRR vs. CCR2−/−-IRR, p<0.05;
Day 4 overall ANOVA, F=3.996; p=0.0156; WT-IRR vs. WT-SH, p<0.05, WT-IRR vs.
CCR2−/−-SH, p<0.05 and WT-IRR vs. CCR2−/−-IRR, p<0.05; Fig. 2c). The CCR2−/−-IRR
group was not statistically different from the WT-SH or CCR2−/−-SH groups. Together, these
findings show that irradiation impaired spatial memory acquisition and consolidation in WT
mice, and that CCR2 deficiency prevented this radiation induced deficit.

Irradiation-induced expressions of CCL8 and CCR1 were downregulated by CCR2 deficiency
As a first attempt to identify specific factors that regulated inflammation and whose expression
was impacted by irradiation and/or CCR2 deficiency, we pooled samples from the various
experimental groups and performed a PCR-based array to screen changes in levels of cytokines
and receptors. Among the 84 factors examined, significant increases in CCL7, CCL8, CCL12
and CCR1 mRNAs were seen in the WT-IRR mice compared with WT-SH mice (11.10, 2.89,
3.06 and 9.21 fold-changes, respectively; Table 2). Comparison of gene expression in
CCR2−/−-SH compared with WT-SH showed that CCR2 deficiency was paralleled by a
decreased expression of other chemokine receptors such as CCR3, CCR5 and CCR9 (−5.47,
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−3.79 and −3.73 fold-changes, respectively). Although the cytokines CCL7, CCL8, CCL12
and receptors CCR1 were upregulated in CCR2−/−-IRR mice (2.96, 2.41, 3.79 and 4.53 fold-
changes, respectively), their inflammatory profile differed significantly from that of WT-IRR
mice. Of particular interest, the large elevation of CCL8, known to be a ligand for CCR2,
appeared drastically downregulated in CCR2−/−-IRR deficient mice when compared with WT-
IRR controls (−4.51 fold-change; Table 2). To analyze the changes in expression of factors
identified in the screening, quantitative real-time RT-PCR analyses were performed on a per
animal basis. Obtained data demonstrate that irradiation induced a statistically significant
increase in the gene expression of the chemokines CCL7 (F=7.027 p=0.0009; post hoc tests:
WT-IRR vs. WT-SH, p<0.05, CCR2−/−-IRR vs. CCR2−/−-SH, p<0.01) CCL8 (F=10.35
p<0.001; post hoc tests: WT-IRR vs. WT-SH, p<0.001, CCR2−/−-IRR vs. CCR2−/−-SH, ns)
CCL12 (F= 17.36 p<0.0001; post hoc tests: WT-IRR vs. WT-SH, p<0.001, CCR2−/−-IRR vs.
CCR2−/−-SH, p<0.001) and CXCL4 (F=7.358 p=0.0006; post hoc tests: WT-IRR vs. WT-SH,
p<0.001, CCR2−/−-IRR vs. CCR2−/−-SH, p<0.001) and of the chemokine receptors CCR1 (F=
44.72 p<0.0001; post hoc tests: WT-IRR vs. WT-SH, p<0.001, CCR2−/−-IRR vs. CCR2−/−-
SH, p<0.01) and CCR2 (F=18.69; post hoc tests: WT-IRR vs. WT-SH, p<0.01) (Fig. 3a and
b). Importantly, statistically significant differences between WT-IRR mice and CCR2−/−-IRR
mice were observed for CCR1 (p<0.001) and CCL8 (p<0.001). Our data therefore show that
irradiation induces expression of the ligands CCL7, CCL8, CCL12 and CXCL4 and of the
receptor CCR1, CCR2 and that CCR2 deficiency affects this response, most notably with
respect to CCL8 and CCR1.

Irradiation upregulated M2 macrophage markers in WT and CCR2−/− mice
Quantitative RT-PCR analyses of hippocampus tissues were used to assess molecular markers
related to macrophage activation. Expression of the pan-macrophage marker CD68 did not
differ significantly between groups (F=1.126; p=0.35; Fig. 3c). To further characterize
macrophage activation, we separated the classical (pro-inflammatory) and alternative (anti-
inflammatory) phenotypes of macrophages/microglia (also called M1 and M2 phenotypes,
respectively) using specific molecular markers (39, 40). No significant changes in the M1
phenotype markers iNOS or CD16 were observed between experimental groups (F=0.2728;
p=0.8445 and F=2.425; p=0.0826, respectively; Fig. 3c). In contrast, the M2 phenotype marker
CD206 was significantly increased in WT-IRR mice compared with WT-SH mice (F=4.272;
p=0.0116; WT-IRR vs. WT-SH, p<0.05; Fig. 3c). Although the CD206 elevation was not as
great in CCR2−/− mice, the same trend was observed. Likewise, the M2 marker Ym1 was
elevated in both WT-IRR and CCR2−/−-IRR mice compared with their respective non-
irradiated controls, although it did not reach statistical significance in either group (Fig. 3c).
No significant changes in arginase were observed between experimental groups. In conclusion,
irradiation tended to increase several M2 but not M1 markers in both WT and CCR2 deficient
mice.

Irradiation reduced the number of adult-born neurons in both WT and CCR2−/− mice
NeuN immunostaining showed no gross changes between experimental groups in neither
hippocampal morphology nor significant hippocampal neuronal loss (data not shown), in line
with previous studies (10). Analysis of the number of BrdU-labeled neurons (BrdU+/NeuN+)
revealed significant differences between groups (F=62.12, p<0.0001) with lower values
observed in irradiated animals than in non-irradiated controls (WT-IRR vs. WT-SH, p<0.001,
WT-IRR vs CCR2−/−-SH p<0.001, CCR2−/−-IRR vs. WT-SH, p<0.001 and CCR2−/−-IRR vs.
CCR2−/−-SH, p<0.001). The WT-IRR group was not statistically different from the CCR2−/−-
IRR group (Fig. 4a). Therefore, while irradiation decreased the number of adult-born neurons,
this effect was independent of CCR2 genotype.
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Irradiation altered the distribution of adult-born neurons in WT but not in CCR2−/− mice
Distribution analysis of adult born neurons (Fig. 4b and c) revealed that the average index of
migration of BrdU-labeled neurons was higher in WT-IRR mice than in WT-SH, CCR2−/−-
SH and CCR2−/−-IRR mice (overall ANOVA, F=8.100; p<0.0001; post hoc tests: WT-IRR vs.
WT-SH, p<0.001, WT-IRR vs. CCR2−/−-SH, p<0.001 and WT-IRR vs. CCR2−/−-IRR,
p<0.01). The proportions of BrdU-labeled neurons found in the inner, mid and the outer third
of the enclosed blade of the DG were compared between the different experimental groups
using one-way ANOVA (Fig. 4d). The proportion of cells in the inner third layer differed
statistically between groups (F=5.468; p=0.0033), where the proportion of BrdU-positive cells
found in WT-IRR mice was significantly lower from all other groups (post hoc tests: WT-IRR
vs. WT-SH, p<0.01, WT-IRR vs. CCR2−/−-SH, p<0.01 and WT-IRR vs. CCR2−/−-IRR,
p<0.01). The proportion of BrdU-positive neurons in the mid-third layer did not differ
significantly among groups (F=0.6167; p=0.6087). In the outer third layer, significant
differences were found in the proportion of BrdU-positive neurons among groups (F=6.034;
p=0.0019) and post hoc analysis revealed differences between WT-IRR mice and all other
groups (WT-IRR vs. WT-SH, p<0.01, WT-IRR vs CCR2−/−-SH, p<0.01 and WT-IRR vs
CCR2−/−-IRR, p<0.01). DG enclosed blade width was comparable between WT-SH, WT-IRR,
CCR2−/−-SH and CCR2−/−-IRR mice (data not shown). In conclusion, the higher average index
of migration in WT-IRR mice and the differences in the proportion of cells located in the
different regions indicated that irradiation altered the distribution of remaining adult-born
neurons throughout the granule cell layer in WT-IRR mice but not in CCR2−/−-IRR mice.

Irradiation altered the expression of behaviorally-induced Arc protein in the hippocampus
in WT but not in CCR2−/− mice

To establish how irradiation affected spatial information processing and the impact of CCR2
deficiency from a cellular and network prospective, after the last trial of the Morris water maze
we analyzed the proportion of neurons expressing the plasticity-related immediate early gene
Arc in the DG, CA1 and CA3 areas of the hippocampus. The proportion of neurons expressing
Arc in the DG enclosed blade did not differ among experimental groups (F=17.14; p<0.0001;
Fig. 5a). In contrast, the proportion of neurons expressing Arc in the CA1 differed statistically
between groups (F=17.14; p<0.0001; Fig. 5b), where the proportion of Arc immunoreactive
neurons found in WT-IRR mice was significantly lower than that of all other groups (post hoc
tests: WT-IRR vs. WT-SH, p<0.001, WT-IRR vs. CCR2−/−-SH, p<0.001 and WT-IRR vs.
CCR2−/−-IRR, p<0.001). The proportion of neurons expressing Arc in the CA3 also differed
among groups (F=9.868, p=0.0002; Fig. 5c), where the proportion of Arc-positive cells found
in WT-IRR mice was significantly lower from all other groups (post hoc tests: WT-IRR vs.
WT-SH, p<0.01, WT-IRR vs. CCR2−/−-SH, p<0.001 and WT-IRR vs. CCR2−/−-IRR,
p<0.001).

Discussion
The chemokine receptor CCR2 is constitutively expressed by cells of the monocyte-
macrophage lineage (25–27), neural progenitors (31) and hippocampal neurons (32, 33).
Considerable data are available regarding how ionizing irradiation affects inflammatory
processes (10, 41), the survival, differentiation and migration patterns of neural progenitors
cells (8, 9, 12) and hippocampal neuronal function (10). Additionally there are emerging data
on the role of the chemokine receptor CCR2 on inflammation and on the progression of
different neurodegenerative conditions associated with cognitive dysfunctions (34, 35). Given
this information, we hypothesized that a deficiency in CCR2 would impact molecular and
cellular mechanisms involved in irradiation-induced brain injury and prevent irradiation-
induced cognitive impairments. In order to test this hypothesis we used an established model
of cranial irradiation in CCR2 deficient and WT animals (3, 8, 10, 36). Our results demonstrate
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that CCR2 deficiency reduces molecular (inflammation-related genes expression) and cellular
(plasticity-related immediate early gene Arc) aspects of irradiation-induced brain injury and
prevents behavioral changes induced by irradiation. These data offer novel insights into the
mechanism of radiation-injury and suggest that the monocyte chemoattractant protein-1
receptor CCR2 is a critical mediator of irradiation-induced hippocampal neuronal dysfunction.

Cells of the monocyte-macrophage lineage are mediators of the CNS damage and recovery in
neuroinflammatory and neurodegenerative disorders. Among the panel of genes related to
inflammation analyzed in the hippocampus following irradiation, we observed a significant
upregulation in the transcript levels of CCR2 receptor and of CCL7, CCL8 and CCL12
chemokines that are all ligands for CCR2. CCR2 is considered to be critical for macrophage
trafficking and activation in the brain (28–30). Although resident microglia and recruited
peripheral macrophages were not distinguished in the present experiment, mice devoid of
CCR2 were shown to exhibit reduced infiltration of peripheral macrophages in disease models
(29, 30). Recent evidence indicates that the activation of cells of the monocyte-macrophage
lineage is a polarized process leading to a potentially neurotoxic M1 “classical activation” or
potentially neuroprotective M2 “alternative activation” (26, 42). The regulation of this
functional polarization after brain injury is still not clear. To investigate the induction of
molecules that characterize the M1 or M2 profile of activation, QPCR gene expression analyses
were pursued to reveal iNOS and CD16, key in M1 activation, and the mannose receptor CD206
and Ym1 as part of the M2 molecular repertoire. Interestingly, while the levels of the pan-
macrophage activation marker CD68 and M1 markers iNOS and CD16 were not significantly
changed, we found increases in the M2 markers CD206 and Ym1 in both irradiated WT and
CCR2−/− animals compared with non-irradiated controls. Therefore, our data suggest that
monocytes display a neuroprotective phenotype and are involved in remodeling and repair
three months after cranial irradiation. Because similar patterns of M2 activation were observed
in WT and CCR2−/− animals, our data support the idea that M2 activation is not mediated
through CCR2 signaling in our experimental model. As monocyte activation involves a
temporally regulated process, future studies will be needed to investigate activation phenotype
markers at earlier and later time-point following irradiation.

Adult-born neurons generated in the subgranular zone migrate through the dentate granule
layer, integrate into hippocampal networks (12–14) and contribute to hippocampal functions
(15, 16). Data from our laboratory have shown the extreme sensitivity of adult-born neurons
to irradiation, and altered neurogenesis has been proposed to play a role in irradiation-induced
cognitive impairments (3, 8, 9). The present data show reduced neurogenesis in both WT-IRR
and CCR2−/−-IRR mice. Interestingly, while the reduction in neurogenesis seen in WT-IRR
animals paralleled the cognitive impairments measured in the Morris water maze, the changes
seen in the CCR2−/− animals did not. This suggests that the relationship between neurogenesis
and cognition is complicated.

It has been previously reported by us and others that the distribution patterns of adult-born
granule cells through the granule cell layer of the DG changes under pathophysiological
conditions such as inflammation (12, 13, 43). Notably, CCR2 is expressed by neural
progenitors and regulates their migration (31, 44). Therefore, to further characterize the impact
of irradiation on neurogenesis from a functional prospective, we assessed the distribution
pattern of the remaining adult-born neurons throughout the DG granule cell layer. In WT-IRR
animals, BrdU-labeled new-born neurons were located a longer average distance from the
enclosed blade of the dentate granule cell layer compared to controls. It is possible that such
a change in the distribution pattern of BrdU-labeled neurons could reflect a selective loss of
new-born neurons in the mid third and outer third of the granule cell layer following irradiation.
However, while CCR2 deficiency was sufficient to inhibit the change in the distribution pattern
of adult-born neurons it did not prevent their overall loss following irradiation. This and similar
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observations made in the context of chronic neuroinflammation (13), experimental trauma
brain injury (12) and experimental stroke (43) would suggest that the migration pattern of adult-
born neurons may change under pathophysiological conditions. The present study is the first
in vivo demonstration that CCR2 is involved in the distribution pattern of adult-born neurons
under pathophysiological conditions. This finding further strengthens the role of CCR2 in
irradiation-induced brain injury and the importance of considering CCR2 as a potential
therapeutic target to prevent irradiation-induced CNS damage.

The plasticity-related immediate-early gene Arc and its protein product Arc are induced in
hippocampal pyramidal and granule neurons following spatial exploration in percentages
similar to those recorded electrophysiologically (45). Reduction of Arc expression through
gene disruption (46) or antisense oligonucleotides (45) has been shown to impair spatial
learning and long-term potentiation. In the present study, we used the detection of plasticity-
related Arc as a reliable method for monitoring neuronal activation reflecting spatial and
contextual information processing in response to behavior (21, 23, 47, 48). Our data show that
the percentage of pyramidal neurons expressing Arc in the CA1 and the CA3 were significantly
decreased in WT-IRR mice compared to non-irradiated WT. Because Arc is necessary for
synaptic plasticity and memory formation (45, 46), the Arc changes observed here may explain
the cellular alterations responsible for radiation-induced cognitive injury. The results reported
here demonstrate that irradiation modifies the plasticity-related Arc expression in WT but not
in CCR2−/− animals, therefore demonstrating a disruption of behaviorally-induced neuronal
activation following irradiation mediated through CCR2. Furthermore, our data evidence a
long-term increase in the gene expression of the CCR2 ligands CCL7, CCL8 and CCL12.
Chemokines have been shown to play a role in hippocampal neuronal signaling (49) and CCR2
is constitutively expressed by neurons in the granular cell layer of the DG and the pyramidal
cell layer CA1 and CA3 area of the hippocampus (32, 33). Therefore, our data strongly suggest
that long-term deregulation in CCR2 signaling underlies brain-irradiation. Targeting CCR2
signaling could therefore be a valuable strategy to maintain optimal synaptic plasticity during
hippocampal-dependent tasks. Interestingly, our data also show a long-term increase in the
gene expression of CCR1 and future studies will be performed to assess its specific role in
irradiation induced brain injury.

Behavior data show that irradiation affected hippocampus-dependent functions displayed by
delayed spatial learning and impaired memory in the Morris water maze but did not affect
hippocampus-independent functions measured by the short delay version of the novel object
recognition test. The ability to navigate in the Morris water maze relies on the hippocampus
(38). In contrast, short-delay novel object recognition test is not hippocampus dependent but
relies on the perirhinal cortex (37, 50). Our behavioral data clearly demonstrated a selective
vulnerability of the hippocampus after irradiation. Importantly, here we demonstrated that the
CCR2 deficiency prevents the irradiation-induced cognitive deficits. The present study
demonstrates that CCR2 deficiency is able to prevent the hippocampal-dependent cognitive
impairments induced by therapeutic cranial irradiation. Together the data on hippocampal-
dependent cognitive functions and Arc expression in CCR2−/− animals validate the important
role for inflammatory factors, specifically the chemokine CCR2, in irradiation-induced injury.

In conclusion, the present study demonstrates a novel role for CCR2 signaling as a critical
mediator of irradiation-induced neuronal dysfunction and cognitive impairment. Therefore,
targeting CCR2 signaling could provide an effective approach to reduce or prevent the
incidence and severity of irradiation-induced brain injury.
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Figure 1. Novel object recognition test
A. Analysis of the total amount of object exploration during the familiarization phase showed
no significant difference across experimental groups. B. During the test phase, WT-SH, WT-
IRR, CCR2−/−-SH and CCR2−/−-IRR mice all showed a preference for the novel object over
the familiar ones (***p<0.001 vs. familiar objects).
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Figure 2. Morris water maze test
A. There was no significant group difference in average swim velocity. B. During the visible
platform training (day 1), all experimental groups displayed similar distance to the platform.
During the hidden platform training (day 2–4), all groups showed daily improvements in their
abilities to locate the hidden platform. However, both WT-IRR and CCR2−/−-SH mice showed
longer escape distance than WT-SH mice on day 2 (**p<0.01; ***p<0.001 vs. WT-SH). C.
WT-IRR group show higher distance to the platform zone to reach the platform zone on the
first trial of day 3 and 4 compared with the other groups (*p<0.05 vs. other groups).
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Figure 3. Quantitative RT-PCR analysis of hippocampal samples
A. Gene expression of the chemokine ligands showed that irradiation induced a statistically
significant increase in CCL7, CCL8, CCL12 and CXCL4. CCR2 deficiency lowered CCL8
induction. B. Gene expression of the chemokine receptors showed that irradiation induced
CCR1 and CCR2. CCR2 deficiency lowered CCR1 induction. C. Gene expression of the
macrophage activation markers iNOS and CD16 (M1 phenotype) showed no significant
changes between groups. Similar trends were observed in the M2 phenotype markers CD206
and Ym1 with an increase in gene expression in irradiated WT and CCR2−/− mice. (*p<0.05;
**p<0.01; ***p<0.001).
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Figure 4. Basal neurogenesis and migration of adult-born neurons
A. The number of BrdU-labeled neurons in the DG enclosed blade was significantly lower in
irradiated animals than in non-irradiated ones, independently of the genotype (***p<0.001).
B. Index of migration was calculated as im = m/w × 100; “m” is the distance between the center
of the nucleus and the subgranular zone; “w” is the width of the granule cell layer. C. The
average index of migration of BrdU-labeled neurons was higher in WT-IRR mice than in WT-
SH, CCR2−/−-SH and CCR2−/−-IRR mice (**p<0.01; ***p<0.001). D. Proportions of newly
born neurons within the inner, intermediate, and outer third of the DG enclosed blade granule
cell layer, for each experimental group.

Belarbi et al. Page 16

Cancer Res. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Proportion of neurons expressing Arc in response to behavior
A. The proportion of neurons expressing Arc in the DG enclosed blade did not differ among
experimental groups. B, C. The proportion of neurons expressing Arc in the CA1 and the CA3
differed statistically between groups, where the proportion of Arc immunoreactive neurons
found in WT-IRR mice was significantly higher than that of all other groups (**p<0.01;
***p<0.001).
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Table 1

Primer sequences for real-time RT-PCR analysis

Gene GenBank accession number Forward primer 5′→3′ Reverse primer 5′→3′

Arginase NM_007482 GAACACGGCAGTGGCTTTAAC TGCTTAGCTCTGTCTGCTTTGC

CCL7 NM_013654 TGGGAAGCTGTTATCTTCAAGACA CTCGACCCACTTCTGATGGG

CCL8 NM_021443 GCAGTGCTTCTTTGCCTGCT ACAGCTTCCATGGGGCACT

CCL12 NM_011331 CAGTCCTCAGGTATTGGCTGGA TCCTTGGGGTCAGCACAGAT

CCR1 NM_009912.4 TTCCTCCTCTGGACCCCCTA TTGAAACAGCTGCCGAAGGT

CCR2 NM_009915.2 CCACACCCTGTTTCGCTGTA TGCATGGCCTGGTCTAAGTG

CCR3 NM_009914 CCACTGTACTCCCTGGTGTTCA GGACAGTGAAGAGAAAGAGCAGG

CCR5 NM_009917 CAGGGCTGTGAGGCTCATCT GGCAGCAGTGTGTCATTCCA

CCR9 NM_009913 GGTCACCTTGGGGTTTTTCC TAAGCGTCAACAGCCTGCAC

CD16 NM_010188 TGTTTGCTTTTGCAGACAGG CGTGTAGCTGGATTGGACCT

CD68 NM_010927 GACCTACATCAGAGCCCG CGCCATGAATGTCCACTG

CD206 NM_008625 CCTCTGGTGAACGGAATGAT CTTCCTTTGGTCAGCTTTGG

CXCL4 NM_019932 CCGAAGAAAGCGATGGAGATCT CCAGGCAAATTTTCCTCCCA

CXCL10 NM_021274 CCTCATCCTGCTGGGTCTG CTCAACACGTGGGCAGGA

iNOS NM_010927 GTTCTCAGCCCAACAATACAAGA GTGGACGGGTCGATGTCAC

Ym1 M94584 GGCTACACTGGAGAAAATAGTCCCC CCAACCCACTCATTACCCTGATAG
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