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Chemokines and their receptors play a crucial role in
normal brain function as well as in pathological conditions
such as injury and disease-associated neuroinflammation.
Chemokine receptor-2 (CCR2), which mediates the recruit-
ment of infiltrating and resident microglia to sites of central
nervous system (CNS) inflammation, is upregulated by
ionizing irradiation and traumatic brain injury. Our objec-
tive was to determine if a deficiency in CCR2 and subsequent
effects on brain microglia affect neurogenesis and cognitive
function after radiation combined injury (RCI). CCR2
knock-out (-/-) and wild-type (WT) mice received 4 Gy of
whole body *’Cs irradiation. Immediately after irradiation,
unilateral traumatic brain injury was induced using a
controlled cortical impact system. Forty-four days postirra-
diation, animals were tested for hippocampus-dependent
cognitive performance in the Morris water-maze. After
cognitive testing, animals were euthanized and their brains
snap frozen for immunohistochemical assessment of neuro-
inflammation (activated microglia) and neurogenesis in the
hippocampal dentate gyrus. All animals were able to locate
the visible and hidden platform locations in the water maze;
however, treatment effects were seen when spatial memory
retention was assessed in the probe trials (no platform). In
WT animals that received combined injury, a significant
impairment in spatial memory retention was observed in the
probe trial after the first day of hidden platform training
(first probe trial). This impairment was associated with
increased neurogenesis in the ipsilateral hemisphere of the
dentate gyrus. In contrast, CCR2”- mice, independent of
insult showed significant memory retention in the first probe
trial and there were no differences in the numbers of newly
born neurons in the animals receiving irradiation, trauma or
combined injury. Although the mechanisms involved are not
clear, our data suggests that CCR2 deficiency can exert a
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protective effect preventing the impairment of cognitive
function after combined injury. © 2013 by Radiation Research Society

INTRODUCTION

Radiation exposure due to radiological terrorism, industrial
accidents or military missions is a continuing threat for the
civilian population (/). For example, uncontrolled radiation
exposure in an urban environment will involve a wide range
of doses and subsequent tissue and body effects. In addition,
radiation effects will likely be exacerbated by other types of
injury (trauma, burns, infection, etc.) that might occur at the
time of irradiation or at some time thereafter (2). The
devastating bombing of Hiroshima and Nagasaki during the
Second World War and radiation accidents at Chernobyl and
Goiania (/), show the importance of managing radiation
combined injuries (RCI) (2). Clinical data from these
incidents suggest that victims with RCI suffer worse post
injury complications than patients with a single type of
injury (3). Despite advances in the understanding of the
pathophysiology of radiation injury (4, 5), very little
information is available on approaches to treat RCI (6).
Thus, a deeper insight into the mechanisms underlying the
interactions between radiation and other forms of injury,
particularly in the central nervous system (CNS), will be
beneficial developing potential therapeutic interventions.

In the CNS, severe tissue injury generally occurs after
exposure to high radiation doses (7). Exposure to low-dose
radiation may not directly affect brain structure or function,
but it may make the tissue more sensitive to a secondary
injury (8). Traumatic brain injury is a likely consequence of a
nuclear blast or a dirty bomb, and is a frequent cause of death
and disability when individuals are exposed to explosive
forces (9, 10). With respect to the brain, irradiation and
traumatic injury are both known to induce various cognitive
impairments (//, /2). Such cognitive dysfunctions are often
manifest as deficits in hippocampal learning and spatial
memory (/3, 14). The mechanisms underlying hippocampus
dependent cognitive impairments are not clear but are likely
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multifactorial and may involve alterations in the neurogenic
cell population in the dentate gyrus (DG) or microenviron-
mental factors including neuroinflammation (i.e. increased
numbers of activated microglia).

Chemokines have a variety of physiological functions,
including immune system regulation, development and cell
growth, as well as cellular migration and inflammatory
regulation (/5). After CNS injury, chemokine and chemokine
receptor expression are upregulated within minutes to hours
depending on the severity of the insult (/6, /7). Chemokine
receptor (CCR)-mediated signaling is thought to mediate
post-injury neuroinflammation due to its ability to regulate
immune cell activation (/8). Chemokine receptor 2 (CCR2)
is expressed in many cells including microglia and
macrophages (19, 20), astrocytes (2/) neuronal progenitors
cells (22), and mature granular and pyramidal neurons in the
hippocampus (23, 24). CCR2 is also the receptor for
monocyte chemoattractant protein 1 (MCP-1), a protein
associated with the accumulation/activation of monocytes at
sites of injury in the CNS (25, 26). We have shown that both
ionizing irradiation (//, 27) or traumatic brain injury (//, 27)
increase the expression of CCR2 and activate microglia
within the dentate gyrus. There are emerging data on the role
of the chemokine receptor CCR2 on inflammation and on the
progression of different neurodegerative conditions associat-
ed with cognitive dysfunction (28-30). Because CCR2 is
upregulated by irradiation and trauma, we used CCR2
knockout mice to get an insight as to whether genetic deletion
of CCR2 can affect cognitive functions after irradiation
combined with traumatic brain injury.

MATERIALS AND METHODS

Animals

A total of 40 two-month-old CCR27~ (knockout) male mice on a
C57BL/6J background and 40 two-month-old C57BL/6J (WT) were
obtained from Jackson Laboratories (Bar Harbor, MA). Mice were
housed and cared for in compliance with the U.S. Department of
Health and Human Services Guide for the Care and Use of Laboratory
Animals and institutional IACUCs. In both the mutant and WT
groups, animals were randomly assigned to treatment groups that
received sham treatment (n = 10/genotype), radiation only (n = 10/
genotype), trauma only (n = 10/genotype) or RCI (n = 10/genotype).

Whole body irradiation was performed using a '*’Cs irradiator
(Gamma cell 3000; MDS Nordion Inc.). Animals were irradiated
individually in a specially designed restrainer that fit into the irradiator
and allowed animals to minimally move around. Dosimetry was
performed using film exposure within the cesium irradiator and
employing the same geometry used for the animal treatments. The film
readings were calibrated against a range of doses obtained using a
linear accelerator.

Traumatic Brain Injury

Immediately after irradiation, mice were anesthetized with 4%
isoflurane, maintained with a non-rebreathing apparatus connected to a
nose cone on the stereotaxic head frame (Kopf, Tujunga, CA).
Ointment was applied to the eyes to protect vision and heads were
shaved with an electric clipper. The skin was prepped with betadine
solution and a midline incision was made through the scalp. A circular

craniotomy, 3.5 mm in diameter was made in the left parietal skull
between the bregma and lambda, 0.5 mm lateral to the midline. The
skullcap was carefully removed without disruption of the dura. All
mice, regardless of injury type, were subjected to this surgical
procedure. Mice that were randomly selected for the trauma only (no
irradiation) or RCI treatment groups were subjected to a controlled
cortical impact (8, /7). The lesion was produced with a pneumatic
impact device using a 3-mm-diameter convex tip, mounted 20° from
the vertical to account for the curvature of the mouse skull. The
contact velocity was set at 4.5 m/s with a deformation 1.0 mm below
the dura and a sustained depression of 150 ms, producing a moderate
lesion to the cortex without encroaching on the hippocampus. After
the procedure, the scalp was sutured and each animal received a
subcutaneous injection of warm physiologic saline (1 ml) to prevent
dehydration. During surgery and subsequent recovery, body temper-
ature was maintained with a circulating water heating pad.

The controlled cortical impact model of traumatic brain injury is
widely preferred because it generates many of the motor and cognitive
impairments seen in TBI patients (3/). In the open head model, a
portion of the skull is removed, and an impacting rod is driven into the
dura to produce deformation of the cortex. Increasing the depth and
velocity of the impact intensifies cortical cavitation as well as deficits
in motor and behavioral function (32, 33). The chosen impact depth
(1.0 mm) used here was based on the previous studies performed in
young adult mice where a 0.50 mm deformation produced mild injury,
a 1.0 mm deformation produced moderate injury and a 2.0 mm
deformation produced severe injury (33).

BrdU Injection

Fourteen days after sham injury or traumatic brain injury, all mice
received daily injections of BrdU (100 mg/kg) for 7 consecutive days.
Four weeks after the first BrdU injection, mice underwent Morris
water maze training and testing and then they were euthanized by
cervical dislocation, and tissues were collected for analysis of
neurogenesis (Fig. 1).

Morris Water Maze

Assessment of hippocampus-dependent cognitive performance was
performed 6 weeks after irradiation using the Morris water maze test as
previously described in detail (§). Briefly, a circular pool (diameter 140
cm) was filled with opaque water (24°C) and mice were trained to locate
a submerged platform (luminescence: 200 lux). To determine if
treatment affected the ability to swim or learn the water maze task,
mice were first trained to locate a clearly marked platform (visible
platform, days 1 and 2). Mice were subsequently trained to locate the
platform when it was hidden beneath the surface of the opaque water
(days 3-5). With the escape platform removed from the water maze (i.e.,
the probe trial), it was possible to determine the ability of animals to
remember its previous location. The time spent searching in the target
quadrant compared to the time spent in the three nontarget quadrants was
a measure of spatial memory retention and probe trials were conducted 1
h after the last hidden trial of each mouse on each day of hidden platform
training (i.e., three separate probe trials). Thirty minutes after the last
probe trial, mice were killed by cervical dislocation and decapitated.
Brains were removed quickly (within 60 s) and frozen in —70°C
isopentane, transported in dry ice and stored at —80°C until sectioning.

Histological Procedures

Brain sections were taken from the medial portion of the dorsal
hippocampus (anteroposterior ~2.92-4.0 mm from bregma). Tissues
from 4 animals were blocked together and cryosectioned (34). Each
slide contained a 20 um thick sample from each of the experimental
conditions: 0 Gy/sham treatment; 4 Gy/sham treatment; 0 Gy/trauma;
4 Gy/trauma. All slides were stored at —70°C until processed for
immunocytochemical analysis.
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FIG. 1. Schematic diagram showing experimental design. Two-month-old CCR27~ and C57BL/6J male mice
received whole body irradiation (4 Gy) and immediately after (~15 min) received either focal traumatic brain
injury or sham injury. Two weeks later, animals were injected daily for 7 days with BrdU (100 mg/kg). Four
weeks after BrdU injections, animals underwent Morris water maze testing for 5 days.

Neurogenesis

To determine the effects of single or combined treatment on the
survival of newly born cells in the dentate subgranular zone (SGZ) a
double labeling protocol was used to identify newly born cells
independent of phenotypes (BrdU* only), and newly born neurons
(BrdU*/NeuN™). First, the tissues were stained for BrdU. The sections
were fixed for 8§ min in 2% paraformaldehyde and then rinsed in Tris
buffered saline (TBS) (pH 7.4). Endogenous peroxidase activity was
quenched by 30 min incubation in freshly prepared 3% H,O, solution.
After 2X 5 min washes in TBS buffer, the tissue was treated with 2N
hydrochloric acid for 30 min at 37°C to denature DNA. The slides
were immersed in 0.1 M Na,B,0; to neutralize the acid, followed by
eight rinses in TBS for 5 min each to return the pH to approximately
7.4. Nonspecific antigen binding was blocked with TBS containing
TSA blocking reagent (PerkinElmer life Sciences, Emeryville, CA) at
ambient temperature for 30 min. Newly born cells were stained using
rat anti-BrdU (1:50 Accurate Chemical & Scientific Corporation)
incubated overnight at 4°C. The primary antibody was then detected
by 2 h incubation with an anti-rat Red-X (Jackson ImmunoResearch).
Neuronal staining was performed using an antibody for the neuron-
specific nuclear protein NeuN (1:500; Millipore MAB377; Billerica,
MA). The primary antibody was then detected by 2 h incubation with
an anti-mouse Alexa Fluor 488 (Molecular Probes, Eugene, OR).
BrdU and NeuN positive cells were double labeled in the same
section.

Total Activated and Newly Born Activated Microglia

The numbers of total activated microglia was determined using an
anti CD68 antibody and the number of newly born activated
microglia was determined by counting cells double labeled for
CD68 and BrdU. Sections were fixed for 10 min in 4%
paraformaldehyde, washed with TBS and endogenous peroxidase
activity was quenched in 1% H,O, solution. Next, the sections were
incubated for 30 min in TSA blocking buffer containing 3% normal
rabbit serum to block nonspecific antigen binding. The sections
were then incubated with rat anti-mouse CD68 antibody (1:1000,
Abcam) overnight at 4°C after incubation with rabbit anti-rat IgG
(1:200, Vector) for 2 h at room temperature. Staining signals were
further amplified with an avidin/biotin amplification system
(Vector) after Cy3 tyramide amplification (Perkin Elmer). To label
newly born activated microglia (CD68'/BrdU"), sections were
further washed with TBS-Tween and treated for DNA denaturation
as described above. Rat anti-BrdU primary antibody (1:50, Accurate
Chemical & Scientific Corp.) was applied for overnight at 4°C and
detected with anti-rat FITC (Jackson ImmunoResearch Laboratories,
West Grove, PA) secondary antibody. Only those cells for which
the BrdU nucleus was unambiguously associated with the marker
for activated microglia (CD68) were scored as positive for newly
born activated microglia. The results were expressed as number of
cells/mm?.

Data Analysis

Statistical analyses for the immunohistochemistry cell counts were
performed using GraphPad Prism software (La Jolla, CA). Two-way
ANOVA was used to test the main effects of genotype (WT or
CCR27) and treatment (sham, irradiation, trauma or RCI). When the
interaction between genotype and treatment was significant (P < 0.05),
a step-down procedure for multiple comparisons was followed with
two separate one-way ANOVAs. When the overall one-way ANOVA
was significant (P < 0.05), individual between-groups comparisons
were performed with Newman-Keuls post-hoc test. Data for the
ipsilateral and contralateral hemispheres were analyzed separately.

Statistical analyses for the behavioral data were generated using R
statistical programming language. Visible and hidden water maze
learning curves were analyzed using 2 mixed model repeated measures
ANOVAs. Model 1 was used to assess whether each genotype learned
over time. Here radiation and treatment were between group factors.
Day was treated as a continuous variable. This model was fit
separately to CCR2 and WT data. Model 2 was used to compare
performance of each group at each day. Radiation and treatment were
between group factors and day was treated as categorical to better
allow for day specific comparisons among groups, and eliminate the
assumption of a linear trend in performance over time. The Holm’s
correction was used to control for multiple comparisons. Separate
analyses were conducted for the visible and hidden platform learning
curves. For analysis of performance in the water maze probe trials,
one-way ANOVAs were used along with Newman-Keuls post-hoc test
when appropriate. Differences were considered to be statistically
significant when P < 0.05.

RESULTS

Cognitive Studies

Distance Moved

Cognitive testing using the water maze was performed 6
weeks after injury (radiation, trauma or RCI). In this test, a
decrease in path length (distance) to the platform indicated
an improvement in spatial learning and memory. First, the
mice were trained to locate a visible platform. For both
genotypes there was a decrease in the average distance
moved to target as a function of training day [distance
moved, effect of day WT: F,s, = 240.34, P < 0.001;
CCR27": F3,,=144.59, P < 0.001; ANOVA model 1, Fig.
2]. In WT mice, there was an effect of treatment on distance
moved to target [F;1,,=3.68; P < 0.05; ANOVA model 1].
However, Holm’s correction revealed that there were no
significant differences between treatment groups on either
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FIG. 2. Distance moved to the target platform during visible and hidden training sessions Panel a: WT mice, all groups showed daily
improvements in their abilities to locate during the hidden platform training (day 3 and 5). However, both RCI (*P < 0.05; day 3 and 4, Holms)
and trauma only (TP < 0.05; day 4, Holms) swam longer escape distances compared to sham mice. Panel b: There were no significant group
differences in CCR27~ mice during the visible or hidden platform training. During the visible platform training (day 1 and 2), all experimental
groups swam similar distances to the platform. Each datum point represents the mean of 9—10 mice; error bars are standard error of the mean

(SEM).

training day. For CCR2”" mice there was no treatment effect
on distance moved to target (P = 0.13; ANOVA model 1).
The mixed model repeated measures ANOVA also
showed that during hidden platform training, there was a
decrease in the average distance moved as a function of
training for both genotypes [distance moved, effect of day
WT: E, 7, =88.19, P < 0.001; CCR2": F; 46, = 110.10, P
< 0.001, ANOVA model 1, Fig. 2]. There was an effect of
trauma in WT mice [F,¢5 = 18.77; P < 0.001, ANOVA
model 1], and the subsequent post-hoc analysis showed that
these mice required longer distances to locate the platform
compared to z on day 4 (P < 0.01; Holm’s correction).
There was a genotype X trauma interaction [F, ¢5,=13.39, P
< 0.001; ANOVA model 1]. Wild-type mice that received
trauma moved significantly longer distances to the platform
compared to CCR27" animals that received trauma (P <
0.01; Holm’s correction). In addition, for WT mice there
was a day X radiation X trauma interaction [F, ;35 =5.20; P
< 0.05; ANOVA model 1] and subsequent post-hoc tests
showed that after RCI, significantly longer swim paths were
required to find the hidden platform compared to sham
treated mice on day 3 and day 4 (day 3, sham vs. RCL, P <
0.01; day 4, sham vs. RCI, P < 0.01; Holm’s correction;
Fig. 2b) and a trend toward significance on day 5 (day 5,
sham vs. RCI, P = 0.061). In the CCR27 mice there were
no differences in distance moved to locate the hidden
platform between any of the treatment groups, suggesting
that a deficiency in CCR2 modulates the adverse effects of
trauma or RCI on this measure of cognitive function.

Wild-Type Probe Trials

In WT mice, significant group differences were also
revealed during the probe trial (memory retention task) after
the first day of hidden platform training (Fig. 3b). Sham

animals and mice treated with trauma alone or irradiation
alone showed spatial memory retention by spending more
time in the target quadrant. In contrast, animals that received
RCI did not show spatial memory retention (sham: target vs.
any other quadrant, P < 0.05; trauma: target vs. any other
quadrant, P < 0.05; radiation: target vs. any other quadrant,
P < 0.05; RCI: target vs. any other quadrant, P > 0.05; Fig.
3b). During subsequent probe trials 2 and 3, there were no
significant differences between sham mice and mice that
received trauma, radiation or RCI. All of the treatment
groups showed memory retention, spending more time
searching in the target quadrant than in any other quadrant
(not shown).

CCR27~ Probe Trials

In CCR 27 mice, spatial memory retention was seen in
the first probe trial, regardless of treatment, with mice
spending more time in the target quadrant than in any other
quadrant (sham: target vs. any other quadrant, P < 0.05;
trauma: target vs. any other quadrant, P < 0.05; radiation:
target vs. any other quadrant: P < 0.05; RCI: target vs. any
other quadrant: P <0.05; Fig. 3b).

Immunohistochemistry
BrdU

Contralateral Hemisphere

The presence of BrdU™ cells 4 weeks after BrdU injection
represents the long-term survival of newly generated cells,
independent of phenotype. There was an interaction
between genotype and injury in the contralateral hemisphere
[Faso = 3.79; P < 0.05; two-way ANOVA] for BrdU™
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FIG. 3. Spatial memory retention in mice during the Morris water maze probe trial after the first day of hidden platform training. Panel a: WT
mice showed an impairment of hippocampal-dependent spatial memory during the day 3 probe trial. Panel b: All of the CCR27 mice, showed
memory retention in the water maze by spending most of their time in the target quadrant which contained the hidden platform. For all 4
treatments, when time spent in the target quadrant was compared to all other quadrants there was a significant (P < 0.05) preference. Each bar
represents the mean of 8—10 mice; error bars are standard error of the mean (SEM).

cells, suggesting that genotype influenced the magnitude of
how cells responded to injury. In addition, there was an
effect of genotype alone [F; 50, = 7.04; P < 0.001; two-way
ANOVA], with WT-sham animals having significantly
more BrdU" cells than CCR27 mice. The significant
interaction in the two-way ANOVA permits further analysis
of each genotype independently. A subsequent analysis of
WT mice showed there was a significant injury effect on the
number of BrdU" cells [F,s = 8.38; P < 0.001; one-way
ANOVA; Fig. 4a]. There was an average of 179.0 = 17.3
cells/mm? in WT-sham animals with a minor reduction after
trauma (146.3 = 12.6 cells/mm?; Fig. 4a) and a significant
decrease after irradiation only (126.1 = 12.2 cells/mm?; P
< 0.05). After RCI, the average number of BrdU* cells
(66.9 = 12.3 cells/mm?) was significantly less than all other
treatment groups (RCI vs. sham, P < 0.001; RCI vs.
radiation, P < 0.05; sham vs. radiation, P < 0.05; RCI vs.
trauma, P < 0.001; Fig. 4a).

In contrast, in the CCR 27 genotype, there were no
differences in the numbers of BrdU* cells between sham
animals and mice that received trauma alone or radiation
alone with the numbers averaging 118.0 = 10.9 cells/mm?,
120.8 = 8.7 cells/mm?, 129.2 = 15.31 cells/mm?,
respectively (Fig. 4b). There was a minor but insignificant
decease after RCI (103.6 = 6.2 cells/mm?; Fig. 4b).

Ipsilateral Hemisphere

There also was an interaction between genotype and
injury in the ipsilateral hemisphere for BrdU™ cells [F;ss =
6.58; P < 0.001; two-way ANOVA]. In addition, there was
an effect of treatment only [F,, 55, =32.7; P < 0.0001; two-
way ANOVA]. WT mice that received trauma only and RCI
had significantly increased numbers of newly born cells
compared to CCR2™ mice that received the same treatments
(WT-trauma vs. CCR27 trauma, P < 0.01; WT-RCI vs.
CCR27 RCI, P < 0.0001; two-way ANOVA). A
subsequent analysis of WT mice showed there was a

significant injury effect on the number of BrdU™ cells [F3 3,
=5.4; P < 0.05; one-way ANOVA]. There was an average
of 135.8 * 12.2 cells/mm? in sham animals with a minor
increase after trauma (167.4 = 18.7 cells/mm?; Fig. 4c).
There also was a minor but insignificant decrease after
radiation (122.5 + 7.1 cells/mm?) compared to sham and
trauma (Fig. 4¢). RCI (226.9 = 35.11 cells/mm?) signifi-
cantly increased the number of newly born cells compared
to the other treatment groups (WT-RCI vs. WT-sham, P <
0.001; WT-RCI vs. WT-radiation, P < 0.001; WT-RCI vs.
WT-trauma, P < 0.05; Fig. 4c).

In CCR27 animals, there was a significant injury effect
on the number of BrdU~ cells [F;,3 = 3.06; P < 0.05, one-
way ANOVA]. There was an average of 121 = 11.5 cells/
mm? in sham animals, and a minor but insignificant
decrease after irradiation only (92.8 = 5.1 cells/mm?) and
trauma only (93.9 = 18.7 cells/mm?; Fig. 4d). After RCI,
there was a significant decrease in the number of BrdU*
cells (87.1 = 12.6 cells/mm?* P < 0.05, Newman-Keuls;
Fig. 4d) compared to sham treated animals.

Neurogenesis

Contralateral Hemisphere

With respect to newly born neurons (BrdU*/NeuN™), the
results were generally similar to what was seen for BrdU,
with an interaction between genotype and injury in the
contralateral hemisphere of WT mice [Fss0 = 3.48; P <
0.05; two-way ANOVA]. However, there was no indepen-
dent genotype only or treatment only effects. A subsequent
analysis of WT mice showed there was a significant effect
of injury on the number of BrdU*"/NeuN* cells [Fg;. =
6.97; P < 0.001; one-way ANOVA; Fig. 5a]. There was an
average of 100.0 = 10.0 cells/mm? in sham animals. After
irradiation alone there was an insignificant decrease (76.2
* 7.1 cells/mm? Fig. 5a) relative to sham treatment, but
a significant difference with respect to animals that received



RADIATION COMBINED INJURY, CCR2, HIPPOCAMPAL FUNCTION 83

BrdU Wildtype Contra

a)
*kkok
"E 300+ I * 1
£ 250+ * T 1
) [ =L
© 200
(]
[
:-E 1504 —_ -
8100 2
] . -1
=2 .
T 50 v
m gl u 3
Sham Radiation Trauma RCI
BrdU Wildtype Ipsi
3k
c) 2 1
o 3007 sk |
EZSO
£ T
@© 200
o b
2150+
Z100. T
X | e
B 50 :
m o
Sham Radiation Trauma RCI

b) BrdU CCR2"" Contra
3001

250
200
150+

100

504

BrdU-positive Cells/mm?

0

Sham Radiation Trauma  RCI

d) BrdU CCR2"" Ipsi

£ 250- %

50+

o
1

Radiation Trauma RCI

Sham
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the numbers of BrdU* cells in irradiated and RCI mice compared to sham treated and trauma mice (RCI vs. sham, P < 0.001; RCI vs. radiation, P
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Panel c: In the WT mice ipsilateral hemisphere, there was a significant group difference for BrdU" cells (P < 0.05). RCI significantly increased
the numbers of BrdU" cells compared all treatment groups (WT-RCI vs. WT-sham, P < 0.001; WT-RCI vs. WT-radiation, P < 0.001; WT-RCI
vs. WT-trauma, P < 0.05. Panel d: In CCR2” mice RCI significantly decreased the number of newly born cells compared to sham (P < 0.05).
Each bar represents the mean of 9—10 mice; error bars are standard error of the mean (SEM).

trauma alone (108.8 = 11.3 cells/mm? P < 0.05; Fig. 5a).
Compared to sham treated mice and mice that received
trauma only, there was a significant decrease in numbers of
BrdU*/NeuN" cells in mice that received RCI (44.3 = 6.4
cells/mm?) (RCI vs. sham, P < 0.01; RCI vs. trauma, P <
0.05: Newman-Keuls; Fig. 5a).

In CCR2” animals, there were no significant group
differences [F;2,=1.7; P =0.18; one-way ANOVA] in the
number newly born neurons (Fig. 5b), suggesting the
deficiency in CCR2 negated any effects on single or
combined injury on hippocampal neurogenesis in the
contralateral hemisphere.

Ipsilateral Hemisphere

As seen in the contralateral hemisphere, there was also an
interaction between genotype and injury in the ipsilateral
hemisphere for BrdU*/NeuN™ cells [Fsss5) = 8.83; P <
0.001, two-way ANOVA]. In addition, there was an effect
of treatment only [F,s5, = 29.6; P < 0.0001; two-way
ANOVA] and genotype only. In WT mice, trauma only and
RCI significantly increased the number of newly born
neurons compared to CCR27 (WT-trauma vs. CCR27
trauma, P < 0.05; WT-RCI vs. CCR27 RCI, P < 0.0001).

There was also an effect of genotype only [Fss) = 4.69; P
< 0.05; two-way ANOVA], with WT mice generally
possessing more newly born cells. Step down analyses
showed that in WT mice, there was a significant group
difference for cells BrdU*/NeuN* [Fs., = 10.23; P <
0.001; one-way ANOVA, Fig. 5c]. There was an average of
924 £ 10.6 cellsy/mm? in sham mice with a minor
insignificant increase after trauma only (113.7 *= 18.6
cells/mm?; Fig. 5¢), and a minor but insignificant decrease
after radiation (67.95 £ 4.3 cells/mm?; Fig. 5c¢). RCI (226.9
+ 35.11 cells/mm?) significantly increased the number of
newly born neurons compared to all other treatment groups
(WT-RCI vs. Sham, P < 0.001; WT-RCI vs. WT-radiation,
P < 0.001; WT-RCI vs. WT-trauma, P < 0.05; Newman-
Keuls). In the CCR27" animals, there were no significant
group differences [Fs,3 = 1.76; P = 0.38] in the number
newly born neurons (Fig. 5d).

Activated Total and Newly Born Microglia

Contralateral Hemisphere

For total activated microglia, there was no significant
interaction between genotype and treatment in the contra-
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FIG. 5. Total number of BrdU*/NeuN" cells in the contralateral and ipsilateral dentate subgranular zone of the WT and CCR2”" mice. Panel a:
In the WT contralateral hemisphere, there was a significant group difference for BrdU* cells (P < 0.001). Radiation significantly decreased the
numbers BrdU"/NeuN" neurons in irradiated mice (WT-trauma vs. WT-radiation, P < 0.05) and RCI mice (WT-RCI vs. WT-sham, P < 0.01;
WT-RCI vs. WT-trauma, P < 0.01). Panel b: In CCR2” mice there were no significant group differences for BrdU*/NeuN" neurons across
treatment groups. Panel c: In the WT ipsilateral hemisphere, there was a significant group difference for BrdU" cells (P < 0.001). RCI
significantly increased the numbers of BrdU" cells compared all treatment groups (WT-RCI vs. WT-sham, P < 0.001; WT-RCI vs. WT-radiation,
P < 0.001; WT-RCI vs. WT-trauma, P < 0.05). Panel d: In the CCR2 animal, there were no significant differences across the various treatment
groups. Each bar represents the mean of 9-10 mice; error bars are standard error of the mean (SEM).

lateral hemisphere [Fass, = 090; P = 0.44; two-way
ANOVA]. However, genotype alone significantly influ-
enced the total number of activated microglia (CD68) [F,, s
= 9.63; P < 0.05; two-way ANOVA], with CCR27"
generally possessing more activated microglia. With respect
to newly born activated microglia (Fig. 6) there was also no
significant interaction between genotype and treatment
[Fassy = 1.81; P = 0.14; two-way ANOVA]. However,
genotype alone [F. s, = 26.22; P < 0.0001; two-way
ANOVA] had an effect on newly born microglia (BrdU*/
CD68"), CCR27 animals retained more newly born
activated microglia (Table 1).

Ipsilateral Hemisphere

As seen in the contralateral hemisphere, there was no
interaction between treatment and genotype [F 5o, = 2.46; P
= 0.07; two-way ANOVA] for total activated microglia.
There were also no independent genotype only [F sz =
2.69; P =0.10; two-way ANOVA] or treatment only [F sg
= 1.55; P = 0.20; two-way ANOVA] effects. For newly

born activated microglia, there was no interaction between
genotype and injury [Fss = 0.23; P = 0.87; two-way
ANOVA]. Independently, treatment only [F, 55, =4.01; P <
0.05; two-way ANOVA] and genotype only [Fs5) =21.54;
P < 0.001; two-way ANOVA, Fig. 7] affected newly born
microglia. CCR27 possessed more newly born activated
microglia and RCI increased in the numbers of newly born
microglia in both genotypes.

DISCUSSION

The results of this study showed that RCI impaired spatial
memory retention in WT mice. In contrast, RCI did not
affect spatial memory retention in CCR2”" mice. Cognitive
impairment in WT mice was associated with an increase in
the number of BrdU-labeled cells and neurogenesis in the
ipsilateral DG, but not in the CCR2”~ mice when compared
to their respective sham controls. There were more total
activated microglia and newly born activated microglia in
the CCR2” mice. RCI increased the number of newly born
activated microglia in WT and CCR2™ mice. Although the
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CD68 BrdU

FIG. 6. Representative image of a BrdU-positive cells that co-expressed CD68. Neuroinflammation was assessed by counting total activated
microglia CD68 (red in image). Proliferating cells were labeled with BrdU (green in image). Four weeks after injections the numbers newly born

activated microglia (BrdU"/CD68") were quantified.

mechanism behind these finding in not yet clear, our data
suggests that a CCR2 deficiency can exert a protective
effect preventing the impairment of cognitive function after
combined injury.

Chemokines control inflammation by functioning as
chemoattractants that recruit inflammatory cells to the
appropriate extravascular sites of inflammation (35).
Among the most thoroughly characterized chemokines are
the monocyte chemoattractant proteins (MCPs). MCP-1
binds primarily to the G-protein-coupled receptor CCR2
(36). In the CNS, CCR?2 is expressed by neural progenitors
and by mature granular and pyramidal neurons of the
hippocampus and could therefore modulate both neurogen-
esis and neuronal function in the hippocampus (22, 23). The
expression patterns of CCR2 are altered in neuropatholog-
ical conditions including multiple sclerosis, HIV encepha-
lopathy, Alzheimer’s disease and epilepsy and absence of
CCR?2 has also been shown to protect against insults like
cerebral ischemia/reperfusion injury (29, 37, 38). Deficien-
cy or inhibition of CCR2, results in a marked reduction in
the macrophage recruitment from the periphery to lesions in
the CNS (39). Given the reported role of CCR2 in the

pathogenesis of a variety of diseases or insults that can
induce cognitive sequelae, we used CCR27" mice to get an
insight as to whether deficiency in CCR2 can affect
neurocognitive functioning following combined radiation
injury.

Hippocampus-dependent cognitive impairments were
assessed using a water maze involving a probe trial at the
end of each day of multiple hidden platform training
sessions (40). Our data show that trauma and RCI affected
hippocampal-dependent learning. In addition, a significant
impairment was also observed after the first probe trial in
WT mice that received RCI, but the impairment was not
present in CCR27 mice. Overall these data suggest that
CCR2 deficiency is able to prevent the hippocampal-
dependent cognitive impairments induced by a combined
radiation-traumatic brain injury situation.

In humans and animals, cognitive changes after irradia-
tion alone or trauma alone often involve changes in
hippocampus-dependent learning and spatial information
processing (/1, 13, 27, 41-44). While the mechanisms
responsible for such changes remain elusive, they are likely
multifactorial and may involve the loss of mature neurons in

TABLE 1
Total Number of Activated Microglia (CD68") and Newly Born Microglia (BrdU*/CD68") per mm? in the Dentate Subgranular
Zone of the WT and CCR27~ Mice

Sham Trauma Radiation RCI
Genotype dose 0 Gy 4 Gy
CD68
WT Contra 212.6 £ 9.8 225.6 = 14.2 208.7 = 11.7 205.8 = 14.5
CCR27- Contra 234.2 £16.7 243.6 = 14.0 2324 =95 263.7 = 17.3
WT Ipsi 2142 + 12.6 278.1 = 26.7 2413 = 164 202.1 = 13.8
CCR2” Ipsi 237.6 £16.4 244.6 = 30.7 268.6 = 14.8 270.0 = 12.2
CD68/BrdU
WT Contra 185 = 7.0 11.1 =59 36.6 = 10.2 344 =56
CCR27- Contra 65.7 = 15.5 90.7 = 20.3 52.8 + 11.0 87.2 + 19.2
WT Ipsi 30.7 = 12.7 345 = 134 32.5 = 9.8 61.6 = 104
CCR27 Ipsi 59.5 £ 9.2 73.5 £ 124 79.3 = 109 109.5 + 15.2

Note. Bold numbers represent significance values compared to wild-type mice.
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FIG. 7. Total number of activated microglia (CD68%) and newly
born microglia (BrdU*/CD68%) per mm? in the dentate subgranular
zone of the WT and CCR27 mice. Both treatment (P < 0.05) and
genotype (P < 0.001) effected newly born microglia in the ipsilateral
hemisphere. CCR27 had more newly born activated microglia
compared to WT. RCI increased in the numbers of newly born
microglia in WT and CCR27 mice. Each bar represents the mean of
9-10 mice; error bars are standard error of the mean (SEM).

the DG (41), genetic risk factors (45), alterations in NMDA
subunits (46) and alterations in the neurogenic cell
populations in the DG (27, 43, 47). Within the hippocam-
pus, the subgranular zone of the DG harbors neural stem/
progenitor cells that continuously divide and give birth to
new cells that differentiate into neurons in the adult brain
(48). Increased neurogenesis results in improved perfor-
mance in hippocampal-dependent memory tasks (49), while
disruption of hippocampal neurogenesis can result in
decreased performance in hippocampal-dependent tasks.
Data from our laboratory have shown that cells in the
neurogenic zone of the hippocampal DG are extremely
sensitive to low doses of radiation, (47, 50-52) and that
such changes are associated with hippocampal dependent
cognitive impairments (27, 43). In addition, data from
rodent models have shown that focal traumatic brain injury
also induces significant changes in neurogenesis that can be
associated with altered cognitive outcome (53-55).

Our present data show that in WT mice there was a
decrease in neurogenesis in the ipsilateral hemisphere after
irradiation only. These results are in general agreement with
our previous published data and show a reduction in the
number of newly generated neurons after irradiation (43).
However, in the current study the decrease in neurogenesis
was not as large as seen after doses generally associated
with cognitive impairment (27, 43). In contrast, neurogen-
esis was increased in the ipsilateral hemisphere of animals
that received trauma only and those animals displayed no
cognitive deficits. The increase in neurogenesis might be an
adaptive response that contributes to the recovery of
learning and memory after trauma (56). However, in those
animals showing significant cognitive impairments (RCI)
the numbers of newly born neurons were significantly
higher than those seen in sham controls and animals that

received irradiation only. It is possible that the significant
increase in the absolute numbers of newly born neurons is
unable to adequately compensate for the factors responsible
for cognitive impairment.

A number of studies suggest that inflammation may
contribute to alterations in neurogenesis and cognitive
function after CNS irradiation or trauma (43, 47, 57, 58).
One of the hallmarks of inflammation is the activation of
microglia (59). In an un-injured brain, microglia monitor the
microenvironment to ensure that homeostasis is maintained
(60, 61). After injury, activated microglia play an important
role in the phagocytosis of dead cells, and sustained
microglial activation contributes to the chronic inflamma-
tory state in the brain (62). In the present study, we
quantified the numbers of total activated microglia (CD68*
only) and the numbers of newly born activated microglia
(BrdU*/CD68"). The data show a significant genotype
effect (P < 0.0001) with more newly born activated
microglia in the CCR27 mice (Fig. 7). However, none of
the CCR27" mice displayed any cognitive deficits suggest-
ing that these newly born cells may have a dual role in the
current injury paradigm. Microglia, depending on their
functional phenotype can be either detrimental or supportive
for neurogenesis in the injured brain (6/, 63). Classically
activated microglia (M1) are cytotoxic due to the secretion
of reactive oxygen species (ROS) and proinflammatory
cytokines. In contrast, alternatively activated microglia
(M2) release high levels of anti-inflammatory cytokines
and neurotrophic factors that can promote repair processes
such as angiogenesis and extracellular matrix remodeling
(61, 64). Due to technical limitations it was not possible to
determine the phenotype of the newly born activated
microglia in the current study. Further work is warranted
to delineate how CCR2 deficiency impacts the develop-
mental phenotypes of these cells and how those changes
may influence the effects of radiation and RCI on cognitive
performance.

In conclusion, the data from the current show that
radiation combined injury impaired spatial memory acqui-
sition and consolidation in WT mice. CCR2 deficiency
exerts a protective effect preventing the impairment of
cognitive function after combined injury. Additional
experiments are necessary to understand how CCR2
deficiency impacts various mediators of neuroinflammation
and whether those changes influence the effects of RCI on
cognition and cellular/molecular markers of learning and
memory.
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